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Purpose:  To evaluate the impact of intratumoral metabolic heterogeneity (IMH) and other quantitative fluorine 18 (**F) fluorodeoxy-
glucose (FDG) PET/CT parameters for predicting progression-free survival (PES) and overall survival (OS) in patients with esophageal
cancer.

Materials and Methods: In this retrospective study, an automated gradient-based segmentation method was used to assess the maximum
standardized uptake value, mean standardized uptake value, metabolic tumor volume (MTV), and IMH index of the primary tumor in
patients with biopsy-proven adenocarcinoma or squamous cell carcinoma of the esophagus with an initial staging '*F-FDG PET/CT.
Data were collected between July 2006 and February 2016. OS and PES were calculated using multivariable Cox proportional hazards
regression with the adjustment (as covariates) of age, sex, weight, stage, tumor type, tumor grade, and treatment. All PET parameters
were standardized before analysis. Log-rank tests were performed, and corresponding Kaplan-Meier survival plots were generated.

Results: A total of 71 patients (mean age, 64 years = 10 [standard deviation], 62:9 men:women) were included. Median follow-up
time was 28.2 months (range, 4-38 months), and median survival was 16.1 months (range, 0.1-60.3 months). Higher MTV was as-
sociated with reduced PFS for every standard deviation increase (hazard ratio [HR], 0.193; 95% CI: 0.052, 0.711; P = .01). Higher
IMH was associated with reduced PES for every standard deviation decrease in the area under the curve (HR, 10.78; 95% CI: 1.31,
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88.96; P = .03).

Conclusion:  PES for patients with esophageal cancer was associated with MTV and with IMH.
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Esophageal cancer is the sixth most common cause of can-
cer-related death worldwide and continues to be a major
health challenge (1). It is estimated that 13200 people in
the United States are diagnosed annually with esophageal
cancer, and approximately 12500 people die of the disease
(2). Histologically, esophageal cancer is classified as either
squamous cell carcinoma (ESCC) or adenocarcinoma
(EAC) (3). ESCC and EAC have different predisposing fac-
tors, as smoking and alcohol use are risk factors for ESCC
and Barrett esophagus, obesity, and smoking are major risk
factors for EAC (4). In the past, ESCC used to account for
the majority of the esophageal cancer worldwide; however,
the incidence of EAC has increased by 350% over the past
25 years (1), faster than any other malignancy in the West-
ern world. EAC currently accounts for more than 60% of
all esophageal cancers in the United States, related to the
recent changes in lifestyle of this population (5,6).

Both types of esophageal cancer carry a poor prognosis
both in the locally advanced and metastatic setting (7) with
most patients requiring extensive treatment, including che-
motherapy, chemoradiotherapy, and/or surgical resection
(1). Tumor stage (based on the American Joint Committee
on Cancer) and lymph node involvement generally cor-
relate with outcome (8); however, staging based on clinical

and pathologic assessment only is often inaccurate (9).
Therefore, imaging modalities such as fluorine 18 (**F)
fluorodeoxyglucose (FDG) PET with simultaneous acqui-
sition of CT are currently encouraged, depending on avail-
ability, with findings incorporated into the treatment plans
(2,10,11). ¥E-FDG PET/CT has been proven to be the
most sensitive and specific imaging modality for detection
of distant metastasis and the most specific test for detection
of lymph node involvement of local-regional disease (12).

Multiple studies demonstrated the use of "*F-FDG PET/
CT parameters as imaging markers to predict outcomes
in patients with esophageal cancer (8,13—18). The most
common PET/CT parameters assessed in esophageal tu-
mors are maximum standardized uptake value (SUVmax),
metabolic tumor volume (MTV), and total lesion glycoly-
sis (TLG). SUVmax has traditionally been acknowledged
as the best imaging marker to predict response (13,14).
Several studies have found positive associations between
high SUVmax and high risk for recurrence in both types
of esophageal cancer (8,13,14). Similarly, increased MTV
has also been associated with poor overall survival (OS),
with few studies suggesting that of the most commonly
used PET/CT parameters, MTV has more prognostic im-
portance than SUVmax (17). Other studies showed that
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Abbreviations

AUC = area under the curve, CSH = cumulative SUV-volume
histogram, EAC = esophageal adenocarcinoma, ESCC = esopha-
geal squamous cell carcinoma, FDG = fluorodeoxyglucose, HR =
hazard ratio, IMH = intratumoral metabolic heterogeneity, MTV =
metabolic tumor volume, OS = overall survival, PFS = progression-
free survival, SUVmax = maximum standardized uptake value,
SUVmean = mean standardized uptake value, TLG = tumor lesion
glycolysis

Summary

In patients with esophageal cancer, intratumoral metabolic hetero-
geneity and metabolic tumor volume of the primary tumor derived
from pretreatment fluorine 18 fluorodeoxyglucose PET/CT were the
only quantitative parameters that were predictive of progression-free
survival.

Key Points

m There was an association of metabolic tumor volume (hazard ratio
[HR], 0.193; P = .01) and intratumoral metabolic heterogeneity
(HR, 10.78; P = .03) with progression-free survival for patients
with esophageal cancer.

= '®F fluorodeoxyglucose PET/CT quantitative parameters on initial
staging scan can provide prognostic information, potentially lead-
ing to a more personalized approach for a patient’s treatment.

MTYV and TLG should be used together to predict OS prior
to treatment (15), whereas a few showed only TLG as the best
prognostic parameter (18). In short, the literature indicates that
some combination of SUVmax, MTV, and/or TLG is helpful in
predicting prognosis, although it is unclear which parameter or
combinations of parameters are superior. However, a few studies
have found that SUVmax (19), MTV (20), and TLG (21) did
not correlate with survival.

Furthermore, there is increasing interest to assess the impact
of intratumoral metabolic heterogeneity (IMH) using *F-FDG
PET/CT imaging (22,23). Increased IMH has been associated
with a significant decrease in progression-free survival (PES) and/
or OS in other tumors such as breast cancer (24), colorectal can-
cer (25), adenocarcinoma, and squamous cell carcinoma of the
lung (26,27). Preliminary studies have suggested thac IMH has
the potential to identify esophageal cancers with adverse biologic
features and provide a prognostic indicator of survival (23). Chang
and Kim (28) concluded that in locally advanced esophageal can-
cer, IMH could be a prognostic factor but that MTV was still the
most important, whereas Dong et al (29) found that in resectable
ESCC, IMH was the only significant risk factor for postoperative
recurrence and reduced OS. The literature is still unsettled on the
value of IMH, SUVmax, MTV, and TLG and the role it should
play in patient management. The objective of this study was to
evaluate the impact of IMH as well as other quantitative parame-
ters for predicting PFS and OS in patients with esophageal cancer.

Materials and Methods

Study Design

The retrospective study was approved by the institutional re-
view board and was compliant with the Health Insurance Por-
tability and Accountability Act guidelines. The need for written

informed consent was waived. An initial search was performed
in our database to identify all the patients with biopsy-proven
ESCC and EAC who had undergone a baseline **F-FDG PET/
CT study (prior to any treatment) for initial staging between
July 2006 and February 2016. Of 175 possible patients, pa-
tients without a baseline study (7 = 81), with alternative his-
topathologic findings (7 = 6), or with predominately gastric
cancer with only minimal involvement of the esophagus (7 =
17) were excluded. A total of 71 patients met the study criteria
consisting of 61 patients with EAC and 10 with ESCC. These
patients were not used in previous research studies. Date of
death or last day of follow-up as well as date of progression per
the medical chart were noted. Patient demographics and tumor
staging were also collected. The median follow-up time from
biopsy was 28.2 months (range, 4-38 months). Endpoints
were PES and OS, which were calculated from the time of the
tumor biopsy to the time of recurrence or death.

PET/ CT Technical Parameters

BE-FDG PET/CT scans were acquired according to our
clinical protocol. Patient preparation included fasting for at
least 4 hours before the study and a blood glucose level lower
than 200 mg/dL (11.1 mmol/L) at the time of "®*F-FDG in-
jection (PETNET Solutions of Siemens Healthineers). Pa-
tients drank 450 mL of Bracco Readi-Cat 2 barium sulfate
(2% weight/volume) as oral contrast medium before radio-
tracer was injected and were oriented to void before initia-
tion of the study. PET/CT images were acquired following
an uptake time of 60 minutes = 10 (standard deviation)
after "F-FDG injection (dose 0.07 mCi [2.59 MBq] per
pound, 10 mCi [370 MBq] minimum, 20 mCi [740 MBq]
maximum) with a Biograph TruePoint PET/CT 64-section
scanner (Siemens Healthcare). No intravenous contrast ma-
terial was used. The PET images were reconstructed using
iterative reconstruction (four iterations and eight subsets),
with Gaussian filter and matrix of 168 X 168. For the CT
acquisition, section thickness of 5 mm, matrix of 512 X
512, 120 kVp, 200 mAs, and field of view of 70 cm? were
used.

PET/CT Image Analysis

The MIMyvista software was used to review all F-FDG
PET/CT studies (version 6.2, MIM Software, Cleveland,
Ohio). A physician who is board certified in nuclear medi-
cine and in radiology with 10 years of experience reviewed
the PET/CT images, blinded to any clinical information.
The PET, CT, and fused PET/CT axial, coronal, and sagittal
images were used for identification of the primary tumor.
The IMH was calculated as the area under the curve (AUC)
of a cumulative SUV-volume histogram (CSH) by using a
gradient-based method, consisting of an edge detection tool
that automatically generated the region of interest based
on the boundaries of the ®F-FDG-avid lesion as described
by Chirindel et al (30). The lower AUC corresponded to a
higher degree of IMH. The segmentation method was gen-
erated automatically and reviewed manually to ensure that
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Table 1: Patient Clinical Characteristics
Characteristic Value
Age (y) 64 (38-81)*
Men:women 62:9 (87.3)
Tumor stage
Stage [ 6 (8.5)
Stage 11 11 (15.5)
Stage 11T 31 (43.7)
Stage IV 21 (29.6)
Unknown 2(2.8)
Treatment received
Surgery only 4 (5.6)
Chemotherapy only 12 (16.9)
Chemoradiation 17 (23.9)
Chemotherapy and surgery 1(1.4)
Chemoradiation and surgery 36 (50.7)
Declined treatment 1(1.4)
Survival status
Alive 15 (21.1)
Death 46 (64.8)
Unknown 10 (14.1)
Note.—Categorical variables are expressed as counts, with per-
centages in parentheses.
* Age shown as mean with range in parentheses.
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Statistical Analysis

To put different imaging parameters to the same scale, variable
standardization (minus mean then divided by standard devia-
tion) was performed. Cox proportion hazard regression model
was used for both PFS and OS. Estimated hazard ratios (HRs),
therefore, can be interpreted as HR associated with change in 1
standard deviation in the imaging parameter. To adjust for pos-
sible confounders, age, sex, weight, stage, tumor type, tumor
grade, and treatment were also included in the Cox regression
models (as covariates). To investigate whether a combination
of imaging parameters had more association with survival than
a single parameter, stepwise variable selection algorithm (on
all imaging parameters) was used with multivariable analysis.
Age, sex, stage, weight, tumor type, tumor grade, and treat-
ment were adjusted as covariates as well. A subanalysis was
performed to include only the patients with adenocarcinoma
(n = 61). Firth penalized likelihood adjustment was used to
reduce bias from data. For significant imaging measurements,
patients were further grouped according to their median value,
and Kaplan-Meier curves were used to illustrate the difference
in survival between the groups. Log-rank tests were also per-
formed to test the difference in the distributions of survival. A
P value of .05 or less was considered as statistically significant.
All analysis was performed using SAS 9.4 software (SAS Insti-
tute, Cary, NC).

Results

Table 2: Estimated Adjusted Hazard Ratios for PFS for Each
Imaging Parameter

Patient demographics are shown in Table 1. Of the 71 pa-
tients, 61 patients had EAC and 10 patients had ESCC.

The mean age of the patients was 64 years * 10; 43%
of patients had stage III and 30% had stage IV cancer

Parameter P Value Hazard Ratio  95% CI
SUVmax 72 0.841 0.327,2.162
SUVmean .76 1.139 0.490, 2.649
AUC-CSH .007 29.2 2.5, 336.2
TLG 12 0.242 0.040, 1.464
MTV .009 0.161 0.041, 0.638

on initial staging. Approximately half (36 of 71) of the
patients underwent chemoradiation and surgery as
treatment. A total of 65% of the patients (46 of 71) were
confirmed dead by the end of this study, with 21% alive
(15 of 71), and 14% with no recent survival data (10 of

Note.—Hazard ratios for progression-free survival for each imaging

dardized uptake volume histogram, MTV = metabolic tumor volume,
PFES = progression-free survival, SUVmax = maximum standardized
uptake value, SUVmean = mean standardized uptake value, TLG =
total lesion glycolysis.

parameter, adjusted by age, sex, weight, stage, tumor type, tumor grade,
and treatment. AUC-CSH = area under the curve of a cumulative stan-

71), which were consequently censored in the last day of
contact. The median survival was 16.1 months (range,
0.1-60.3 months). Of all 71 patients, 18 patients had
progression. The average time for progression was 15.4
months (range, 0.8-64.6 months).

The average SUVmax was 9.6 £ 4.8, the average SU-
Vmean was 5.4 = 2.2, the average MTV was 29.4 mL *

adjacent "*F-FDG-avid structures were not included in the
region of interest. This method was previously described by
van Velden et al (31).

Other parameters that were evaluated using the gradient-
based method were SUVmax, representing the maximum
single-pixel value of the volume of interest adjusted for lean
body mass; mean standardized uptake volume (SUVmean),
representing the average of SUV in the volume of interest; the
MTYV, representing the *F-FDG-avid tumor volume; and the
TLG, defined as the MTV multiplied by average SUV of in-

cluded voxels.
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42.1, the average TLG was 185 * 303, and the average

AUC-CSH was 6056.8 = 1099.7. In the univariable analy-
sis adjusted for age, sex, weight, stage, tumor type, tumor grade,
and treatment, a lower AUC-CSH (greater IMH) was associated
with reduced PFS for every standard deviation decrease in the
AUC (HR, 10.78; 95% CI: 1.31, 88.96; P = .03). Higher MTV
was associated with reduced PES for every standard deviation in-
crease (HR, 0.193; 95% CI: 0.052, 0.711; P=.01) (Table 2). In
multivariable Cox regression analysis, with AUC-CSH included
in the model, addition of any other variable did not increase the
association with PES. There was no significant correlation of any
of the imaging parameters with OS (Table 3). Kaplan-Meier sur-

vival curves showed lower survival in patients with greater IMH
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(higher AUC-CSH index) (P =.03) (Fig 1) and lower sur-
vival in patients with higher MTV.

A subanalysis of the data, including only patients with
EAC, is shown in Tables 4 and 5. The findings of the sub-
analysis were similar to the combined data showing that a
lower AUC-CSH (greater IMH) was also associated with
reduced PFS for every standard deviation decrease in the
AUC (HR, 47; 95% CI: 2.1, 1090; P = .02) and a higher
MTYV was associated with reduced PFS for every standard
deviation increase (HR, 0.192; 95% CI: 0.039, 0.942; P
= .04). No significant association was observed for any of
the imaging parameters and OS for the EAC-only subset
of data.

Discussion

Our objective was to assess the prognostic value of the
quantitative parameters taken during the baseline pre-
treatment '*F-FDG PET/CT in patients with esophageal
cancer by correlating the quantitative parameters with
PFS and OS. We evaluated SUVmax, SUVmean, MTV,
TLG, and specifically IMH, which was calculated using
AUC-CSH indexes. We found a statistically significant as-
sociation of AUC-CSH with PES, both on the combined
ESCC and EAC data and the EAC data only, but not with
OS. MTV also showed a significant association with PES,
but not with OS.

The purpose of having accurate prognostic informa-
tion at the time of diagnosis is to provide an individual
risk assessment for patients to tailor treatment and provide
individualized care (Fig 2). Although there has been an in-
creased interest to evaluate quantitative parameters (SUV-
max, MTV, TLG, and IMH) to predict outcomes, it is still
unclear which parameters should primarily be used.

Dong et al (32) conducted a study in patients with
ESCC who underwent initial staging PET/CT who under-
went surgical resection as part of the treatment plan. They
found that AUC-CSH and MTV were significant prognos-
tic factors for PES. In their multivariable analysis, AUC-
CSH was identified as the only significant risk factor for
PES and OS. Our study paralleled the findings of Dong
et al because both AUC-CSH and MTV were prognostic
of PES. Our multivariable analysis also found AUC-CSH
was an independent predictor of PFS, however, not OS. A
possible explanation could be that the patient populations
were slightly different. In the Dong et al study, only patients
undergoing surgical resection were included, in compari-
son with our study which included patients undergoing not
only surgery, but also chemoradiation.

Tixier et al (33) studied patients with newly diagnosed
esophageal cancer treated with chemoradiation only, who
were classified as nonresponders (progressive or stable dis-
ease), partial responders, or complete responders. Tixier et
al computed IMH by textural features defined as a spatial
arrangement of a predefined number of voxels which was
different than the AUC-CSH method used in our study, yet
still found that IMH was the best method of stratification

Table 3: Estimated Hazard Ratios for OS for Each Imaging
Parameter

Parameter P Value Hazard Ratio 95% CI

SUVmax .68 0.930 0.658, 1.313
SUVmean .83 0.961 0.674, 1.371
AUC-CSH .64 1.094 0.746, 1.605
TLG .76 0.952 0.692, 1.309
MTV .92 1.017 0.732, 1.413

Note.—Hazard ratios for progression-free survival for each imaging
parameter, adjusted by age, sex, weight, stage, tumor type, tumor grade,
and treatment. AUC-CSH = area under the curve of a cumulative
standardized uptake volume histogram, MTV = metabolic tumor vol-
ume, OS = overall survival, SUVmax = maximum standardized uptake
value, SUVmean = mean standardized uptake value, TLG = total lesion
glycolysis.

Kaplan-Meier Survival analysis by heterogeneity (AUC-CSH)
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Figure 1: Progression-free survival curve based on median cutoff points for area under

the curve of cumulative standardized uptake value volume histogram (P=.03). AUC-CSH =
area under the curve of a cumulative standardized uptake-volume histogram.

Table 4: Estimated Hazard Ratios for PFS for only Patients
with Adenocarcinoma for Each Imaging Parameter

Parameter P Value Hazard Ratio  95% CI
SUVmax 48 1.572 0.443, 5.574
SUVmean .19 2.036 0.706, 5.876
AUC-CSH .02 47 2.1, 1090
TLG .70 0.824 0.306, 2.216
MTV .04 0.192 0.039, 0.942

Note.—Hazard ratios for progression-free survival for each imaging
parameter, adjusted by age, sex, weight, stage, tumor type, tumor grade,
and treatment. AUC-CSH = area under the curve of a cumulative stan-
dardized uptake volume histogram, MTV = metabolic tumor volume,
PFES = progression-free survival, SUVmax = maximum standardized
uptake value, SUVmean = mean standardized uptake value, TLG =
total lesion glycolysis.
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Table 5: Estimated Hazard Ratios for OS for only Patients
with Adenocarcinoma for Each Imaging Parameter

of patients with esophageal cancer in the context of therapy-
response prediction. Another similar study done by Gane-

shan et al (23), which evaluated heterogeneity using CT
texture analysis carried out using a software algorithm that

Parameter P Value Hazard Ratio 95% CI

SUVmax .58 0.897 0.611, 1.319
SUVmean .69 0.921 0.613, 1.384
AUC-CSH .64 1.114 0.709, 1.750
TLG .67 0.926 0.650, 1.320
MTV .94 1.013 0.711, 1.442

selectively filters and extracts textures at different anatomic
scales, found that CT heterogeneity was an independent
predictor of survival. However, this study evaluated CT
heterogeneity instead of IMH and did not select patients
by treatment type.

Note.—Hazard ratios for progression-free survival for each imaging
parameter, adjusted by age, sex, weight, stage, tumor type, tumor grade,
and treatment. AUC-CSH = area under the curve of a cumulative
standardized uptake volume histogram, MTV = metabolic tumor vol-
ume, OS = overall survival, SUVmax = maximum standardized uptake

On the basis of the previously mentioned studies, IMH
appears to be a promising prognostic indicator in patients
who underwent surgical treatment as well as chemoradia-
tion. However, Nakajo et al (16) found that in patients with
initial staging PET/CT prior to chemoradiation, MTV,

value, SUVmean = mean standardized uptake value, TLG = total lesion

; TLG, or IMH were not independent prognostic factors on
glycolysis.

univariate or multivariate analysis. Nakajo et al concluded

Volume (%)

70 8 90 100

&0

UV Max (9%)

1;) 20 '5;_1 4‘n 5‘_]

Figure 2: A, Axial '°F fluorodeoxyglucose ('*F-FDG) PET/CT images in a 55-year-old man with stage Il moderately differentiated adenocarcinoma (outlined in purple),
with maximum standardized uptake value (SUVmax) of ©.54, metabolic tumor volume (MTV) of 19.12 mL, area under the curve of cumulative standardized uptake value
volume histogram (AUC-CSH) of 6458, and a large area under the curve, corresponding to low IMH, B. This patient survived for 91 months after diagnosis. C, Axial '®F-
FDG PET/CT images in an 80-year-old man with stage Il moderately differentiated adenocarcinoma, with a higher SUVmax of 20.4 and slightly higher MTV of 22.45 mlL
(compared with the patient in A and B), D, but a lower AUC-CSH of 4805 (significantly smaller area under the curve), corresponding fo high IMH. This patient survived for
60 months affer diagnosis.
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that while PET/CT parameters can predict tumor response,
these parameters have limited value in prognosis prediction.
However, Nakajo et al characterized IMH through analysis at
the level of groups of voxels to calculate intensity variability, size-
zone variability, and zone percentage as the parameters. Hatt et
al (17) analyzed a database that included patients with cancers
of the breast, cervix, esophagus, head and neck, and lung for
prognosis prediction from initial PET/CT. This study found that
while both MTV and IMH were independent prognostic factors
in non—small cell lung cancers, in esophageal cancer specifically,
volume and IMH had less value in prognosis prediction because
of smaller overall tumors volumes. In the studies by Nakajo et
al and Hatt et al, they found that IMH may not be as valuable
of a marker as we expected, but the method in which IMH of a
tumor is calculated could potentially explain the difference.

Although measuring IMH is an innovative marker for char-
acterizing malignancies, only a few studies have evaluated this
parameter in esophageal cancer. Among the studies that have
conducted evaluations, there have been differences in diagnosis
(adenocarcinoma vs squamous cell carcinoma), treatment (sur-
gery vs chemoradiation), and the approach to quantifying IMH
between studies. As outlined by Wilson et al (34), currently the
sensitivity and specificity of PET/CT parameters to predict sur-
vival is not currently high enough to significantly impact treat-
ment plans, and therefore we suggest that a multiparameter
combined approach may be more useful in the future.

Although our findings were promising for using IMH as a
prognostic indicator, there were some notable limitations of
our retrospective study. We used a public registry to search
for patient death, which can have variable accuracy compared
with patients who were followed closely by our hospital until
death. Few patients were altogether lost to follow-up which
limited our sample size of usable patients, leading to a small
decrease in power. Another limitation included the inherent
bias related to the retrospective nature of the study. The pa-
tients in our sample had a wide variety of clinical stages at
diagnosis, and consequently underwent different treatment
regimens, which included chemoradiation or radiation only
at varying doses and/or surgery, which could have affected the
outcome. Patients included in this study had several nonsig-
nificant findings at PET/CT, but there was no particular as-
sociation with any of the quantitative PET parameters. Also,
although the obtained HRs related specifically to our insti-
tution, it can be generalized to some extent. Future studies
should evaluate larger cohorts with more patients to better
control for differences in tumor type, stage, and treatment,
as well as establish a standard clinically feasible method for
calculating IMH in PET/CT imaging to allow for optimal
application.

Our study evaluated a large cohort of patients with either ad-
enocarcinoma or squamous cell carcinoma of the esophagus and
demonstrated that IMH and MTV of the primary tumor de-
rived from pretreatment *F-FDG PET/CT were the only quan-
titative parameters that were predictive of PES. "F-FDG PET/
CT quantitative parameters on initial staging scan can provide
prognostic information, potentially leading to a more personal-
ized approach for a patient’s treatment.
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