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Abstract
The present study aimed to investigate the prognostic value of intra-tumor metabolic heterogeneity on 2-[18F] Fluoro-
2-deoxy-d-glucose (18F-FDG) positron emission tomography/computed tomography (PET/CT) for patients with gastric 
cancer. Fifty-five patients with advanced gastric cancer that had received neoadjuvant chemotherapy and radical surgery 
were included. Clinicopathological information, 18F-FDG PET/CT before chemotherapy, pathological response, recurrence 
or metastasis, progression-free survival (PFS), and overall survival (OS) of the patients were collected. The maximum, 
peak, and mean standardized uptake values (SUVmax, SUVpeak, and SUVmean), tumor-to-liver ratio (TLR), metabolic tumor 
volume (MTV), and total lesion glycolysis (TLG) on PET/CT were measured. Heterogeneity index-1 (HI-1) was calculated 
as SUVmean divided by the standard deviation, and heterogeneity index-2 (HI-2) was evaluated through linear regressions of 
MTVs according to different SUV thresholds. Associations between these parameters and patient survival outcomes were 
analyzed. None of the parameters on PET were associated with tumor recurrence. Pathological responders had significantly 
smaller TLR, MTV and HI-2 values than non-responders (P = 0.017, 0.017 and 0.013, respectively). In multivariate analy-
sis of PFS, only HI-2 was an independent factor (hazard ratio [HR] = 2.693, P = 0.005) after adjusting for clinical tumor-
node-metastasis (TNM) stage. In multivariate analysis of OS, HI-2 was also an independent predictive factor (HR = 2.281, 
P = 0.009) after adjusting for tumor recurrence. Thus, HI-2 generated from baseline 18F-FDG PET/CT is significantly associ-
ated with survival of patients with gastric cancer. Preoperative assessment of HI-2 by 18F-FDG PET/CT might be promising 
to identify patients with poor prognosis.
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Introduction

Gastric cancer is one of the most aggressive tumors and 
has a dismal prognosis. The 5-year survival rate has been 
less than < 30% [1]. Preoperative neoadjuvant chemo-
therapy has demonstrated significant value for patient 
survival [2–4]. However, there is no practical method that 
can precisely identify patients with unfavorable treatment 
responses for intensified treatment, such as adjuvant chem-
otherapy or target therapy. The current prognostic model, 
which relies mainly on the tumor-node-metastasis (TNM) 
staging system, seems insufficient.

In recent years, 2-[18F] Fluoro-2-deoxy-d-glucose (18F-
FDG) positron emission tomography/computed tomography 
(PET/CT) has demonstrated efficiency in staging, detect-
ing recurrence, assessing treatment response, and predict-
ing prognosis in patients with gastric cancer [5–9]. In par-
ticular, many image-derived biomarkers in PET/CT have 
been reported to be effective to predict survival outcomes, 
such as the maximum standardized uptake value (SUVmax), 
peak SUV (SUVpeak), and the tumor-to-liver ratio (TLR) of 
SUV [7, 10]; as well as volumetric parameters, including 
the metabolic tumor volume (MTV) [7, 8, 11] and the total 
lesion glycolysis (TLG) [8, 11]. Furthermore, some stud-
ies have demonstrated positive associations between treat-
ment response and SUVmax in patients with gastric cancer 
[5, 12]. However, none of these parameters is able to reflect 
the intra-tumor metabolic heterogeneity.

Malignant tumors commonly demonstrate a heterogene-
ous growth pattern, even those of the same pathological type 
and stage. Intra-tumor heterogeneity has been demonstrated 
to correlate with treatment failure and worse patient outcome 
[13–16]. Several heterogeneity indices from 18F-FDG PET/
CT, such as the coefficient of variance [17] and the slope of 
linear regression [18, 19], have been reported in previous 
studies to show prognostic value in various cancers, such 
as pancreatic, breast, cervical and oral cavity cancers [18, 
20–22]. However, the prognostic value of these heterogene-
ity indices has not been studied in gastric cancer.

In the present study, we aimed to investigate the prognos-
tic value of heterogeneity parameters from 18F-FDG PET/CT 
for patients with gastric cancer in comparison with conven-
tional 18F-FDG PET/CT prognostic parameters.

Methods

This study was approved by the Ethics Committee of 
Zhongshan Hospital of Fudan University (approval 
number: IRB2015-098). Written informed consent was 
obtained from all patients.

Study subjects

In this study, 55 patients with gastric cancer, who had 
received neoadjuvant chemotherapy followed by radical 
surgery, were included. The chemotherapy regimen was 
one of the following: Oxaliplatin and 5-FU; oxaliplatin and 
capecitabine; epirubicin, oxaliplatin and capecitabine; doc-
etaxel, oxaliplatin and 5-FU; or docetaxel and oxaliplatin. 
The inclusion criteria are as follows: (1) Pathologically 
confirmed gastric adenocarcinoma; (2) clinical staging was 
cT2N3M0 or cT3-4N + M0; (3) the patient underwent 18F-
FDG PET/CT before chemotherapy; (4) the tumor in situ 
was FDG avid with an SUVmax > 3.5. The exclusion crite-
ria are as follows: (1) A second primary malignancy; (2) 
another life threatening illness.

Clinicopathologic information

The clinicopathological information of the patients was 
recorded. According to the Japanese classification of gas-
tric cancer [23], all tumors were classified into well dif-
ferentiated adenocarcinoma (WDA, including papillary 
adenocarcinoma and tubular adenocarcinoma), moderately 
differentiated adenocarcinoma (MDA), poorly differentiated 
adenocarcinoma (PDA), signet-ring cell carcinoma (SRC), 
and mucinous adenocarcinoma (MAC). In addition, the 
tumors were classified into two types by the Lauren clas-
sification: Intestinal and non-intestinal (including diffuse, 
mixed, and unclassifiable types).

18F‑FDG PET/CT scanning

After fasting for at least 6 h, patients were injected with 
18F-FDG (3.7 MBq/kg; range, 240.5–488.4 MBq). PET/CT 
scanning was performed approximately 1 h (63.1 ± 12.5 min) 
later using a hybrid GE Discovery VCT 64 PET/CT scan-
ner (General Electric, Milwaukee, WI, USA). Helical CT 
acquisition was performed initially from the skull base to 
the proximal thigh in a supine position (200 mAs; 120 kV; 
collimation, 64 × 0.6 mm; matrix size, 512 × 512; scanning 
time, 0.8 s per rotation; slice thickness, 1.5 mm; increments, 
1.25 mm). PET acquisition of the same area was performed 
for 2 min every bed position in three-dimensional mode, and 
images were reconstructed using ordered-subsets expecta-
tion maximization iterative reconstruction.

Analysis of PET/CT images

Metabolic and volumetric parameters were measured by a 
reviewer who had more than 5 years of working experience 
on a uWS-MI R001 workstation (United Imaging, Shang-
hai, China), by creating a volume of interest (VOI) using 
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an isocontour threshold of SUV ≥ 2.5. The SUV was calcu-
lated as: SUV = (activity in the volume of interest [Bq/g])/
(injected dose [Bq]/body weight [g]). The metabolic param-
eters included SUVmax, SUVmean, and SUVpeak. SUVpeak was 
the mean SUV from a fixed 1-cm3 spherical VOI centered 
over the highest metabolic part of the tumor. In addition, 
the tumor-to-liver ratio (TLR) was calculated as the SUVmax 
of gastric cancer divided by the SUVmean of the liver. The 
volumetric parameters included MTV (cm3) and TLG (g). 
MTV was the sum of the metabolic volume, while TLG was 
the product of MTV and SUVmean.

In addition, two heterogeneity indices were calculated: 
1) Heterogeneity index-1 (HI-1), namely the coefficient of 
variance, which was the ratio of the standard deviation (SD) 
of SUV to SUVmean as described previously [22, 24]; and 2) 
heterogeneity index-2 (HI-2), which was the negative form 
of the slope of the linear regression of MTV according to 
various SUV thresholds (2.5, 3.0 and 3.5), calculated by 
a slight modification of previous methods [18, 20, 21], as 
shown in Fig. 1.

Treatment response assessment

Immediately after neoadjuvant chemotherapy, tumor resect-
ability was confirmed in all patients, and radical surgery was 
performed within 4–6 weeks. Postoperatively, pathological 
response was defined if the percentage of the residual tumor 
volume was roughly less than two thirds of the tumor bed 
[23].

Patient follow‑up

Patients were followed up every 3–4 months in the first 
3 years and every 4–6 months thereafter, according to the 
National Comprehensive Cancer Network guidelines [25]. 
Recurrence and metastasis were diagnosed based on either 
a positive biopsy or unequivocal clinical/radiographical 
evidence. The overall survival (OS) and progression-free 
survival (PFS) times were recorded, which were defined as 
the time (in months) from the date of baseline PET/CT to the 
date when patients died of any cause and to the date when 
progression was confirmed, respectively. Progression was 
defined as at least a 20% increase in the sum of the diameters 
of the lesions, according to the Response Evaluation Criteria 
in Solid Tumor (RECIST 1.1) criteria [26].

Statistical analysis

Statistical analyses were performed using SPSS 20 (IBM 
Corp., Armonk, NY, USA) and all hypothesis tests were two 
sided with a significance level of 0.05. Comparisons of cat-
egorical variables were performed using the Chi square test 
or Fisher’s exact test. Comparisons of continuous variables 

were conducted using Student’s t test when normal distribu-
tions were obtained, otherwise the Mann–Whitney U test 
was used. The cutoff value for classifying high and low PET 
parameter groups was the median value of each variable. 
Kaplan–Meier survival analysis with the log-rank test was 
performed to compare PFS and OS between patient groups. 
Univariate and multivariate Cox regression were conducted 
and hazard ratios (HR) were calculated to compare the pre-
dictive values of clinicopathological factors and PET param-
eters with patient clinical outcomes.

Fig. 1   Process of measuring metabolic heterogeneity indices on 18F-
FDG PET/CT. a Fused PET/CT image showing an 18F-FDG avid 
tumor in the cardiac area of the stomach. A rectangle (blue) was 
drawn to include the whole tumor and an isocontour volume of inter-
est (VOI; red) was automatically generated by using a SUV cutoff 
of 2.5. Heterogeneity index-1 was defined as the coefficient of vari-
ance, which was calculated as standard deviation of the SUV divided 
by SUVmean. b Metabolic tumor volumes (MTVs) were calculated 
at three different SUV cutoffs (2.5, 3.0, and 3.5) and general linear 
regression was performed to determine the slope of MTVs. The slop 
was −  16.6 in this case and heterogeneity index-2 was its negative 
form, namely, 16.6
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Results

Patient basic information

Basic information about the patients is shown in Table 1. None 
of these clinical and pathological characteristics were signifi-
cantly associated with tumor recurrence (Table 2).

18F‑FDG PET/CT and quantitative parameters

The metabolic parameters on PET were 9.8 ± 5.74 (mean ± SD) 
for SUVmax, 7.9 ± 4.72 for SUVpeak, 4.2 ± 1.17 for SUVmean 
and 5.4 ± 3.20 for TLR. For the volumetric parameters, the 
MTV and TLG were 61.9 ± 55.12 mL and 335.4 ± 396.63 g, 
respectively. The heterogeneity indices were calculated as 
0.79 ± 0.20 for HI-1 and 36.5 ± 27.09 for HI-2 (Table 1). None 
of these quantitative parameters were significantly associated 
with tumor recurrence (Table 2). Restricted by the retrospec-
tive nature of this study, information regarding pathological 
response was only available for 36 patients. Pathological 
responders had significantly smaller TLR, MTV, and HI-2 
than non-responders (P = 0.017, 0.017, and 0.013, respec-
tively), while the other parameters were not significant factors 
(Table 3).

Univariate and multivariate analyses for PFS

Univariate and multivariate analyses for associations with PFS 
are summarized in Table 4. Baseline carbohydrate antigen 
19-9 (CA19-9) (HR = 1.947, P = 0.036), clinical TNM stage 
(P = 0.002), and HI-2 (HR = 1.967, P = 0.026; Fig. 2) were sig-
nificantly correlated with PFS. Multivariate analysis showed 
that HI-2 (HR = 2.639, P = 0.005) was an independent variable 
that was significantly associated with PFS after correction for 
clinical TNM stage.

Univariate and multivariate analyses for OS

The results of univariate and multivariate analyses for signifi-
cant variables with OS are summarized in Table 5. In univari-
ate analysis, recurrence (HR = 2.285, P = 0.020; Fig. 3a) and 
HI-2 on PET (HR = 2.447, P = 0.005; Fig. 3b) were significant 
variables. On multivariate analysis, both of these variables 
independently correlated with patient OS, with HRs being 
2.054 and 2.281, and P values of 0.043 and 0.009 for distant 
metastasis and HI-2, respectively.

Table 1   Baseline clinicopathological information of patients

WDA, well differentiated adenocarcinoma; MDA, moderate differen-
tiated adenocarcinoma; PDA, poorly differentiated adenocarcinoma; 
SRC, signet-ring cell carcinoma; MAC, mucinous adenocarcinoma; 
TNM, tumor-node-metastasis; CA19-9, carbohydrate antigen 19-9; 
CA72-4, carbohydrate antigen 72-4; CEA, carcinoembryonic anti-
gen; PET/CT, positron emission tomography/computed tomography; 
SUV, standardized uptake value; Max, maximum; TLR, tumor-to-
liver ratio; MTV, metabolic tumor volume; TLG, total lesion glycoly-
sis; HI-1, heterogeneity index-1, namely the coefficient of variance of 
SUV; HI-2, heterogeneity index-1, namely the negative value of the 
slope of linear regression of MTVs according to various SUV thresh-
olds (2.5, 3.0 and 3.5)

Variables Value

Sex
 Male 37 (67.3%)
 Female 18 (32.2%)

Median age (range) 62 (37–82)
Location
 Esophagogastric junction 14 (25.5%)
 Siewert I 0
 Siewert II 6 (10.9%)
 Siewert III 8 (14.6%)
 Stomach 41 (74.5%)

Pathological types
 WDA 15 (27.3%)
 MDA 19 (34.5%)
 PDA 17 (30.9%)
 MAC/SRC 4 (7.3%)

Lauren classifications
 Intestinal 25 (62.5%)
 Non-intestinal 15 (37.5%)

Clinical TNM stage
 II 4 (7.3%)
 III 16 (29.1%)
 IVa 35 (63.6%)

Median (range) CEA (ng/ml) 3.4 (0.4–776.4)
Median (range) CA19-9 (U/ml) 9.5 (0.6–807.1)
Median (range) CA72-4 (U/ml) 2.5 (0.8–131.2)
Pathological response (n = 36)
 Responder 14 (38.9%)
 Non-responder 22 (61.1%)

Recurrence
 Yes 37 (67.3%)
 No 18 (32.7%)

Parameters on PET
 SUVmax (mean ± SD) 9.8 ± 5.74
 SUVpeak (mean ± SD) 7.9 ± 4.72
 SUVmean (mean ± SD) 4.2 ± 1.17
 TLR (mean ± SD) 5.4 ± 3.20
 MTV (mL, mean ± SD) 61.9 ± 55.12
 TLG (g, mean ± SD) 335.4 ± 396.63
 HI-1 (mean ± SD) 0.79 ± 0.20
 HI-2 (mean ± SD) 36.5 ± 27.09
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Discussion

In the present study, the heterogeneity index-2 (HI-2), calcu-
lated by the slope of linear regression of serial MTVs under 
different SUV cutoffs, was significantly associated with the 
response to neoadjuvant chemotherapy. Furthermore, this 
index independently predicted PFS and OS. When compared 
with the conventional PET quantitative parameters, HI-2 
showed superiority in predicting patient clinical outcomes. 

To the best of our knowledge, this is the first study to inves-
tigate the prognostic value of metabolic heterogeneity on 
18F-FDG PET/CT to survival outcomes of patients with 
gastric cancer.

Malignant tumors always grow in a heterogeneous pat-
tern. The differences in properties, such as gene expression, 
cellular proliferation, growth rate, vascularity, necrosis, and 
hypoxia in tumor cells contribute to tumor heterogeneity 
[19, 27–29]. Tumor heterogeneity is a major challenge to 
personalized medicine and always results in treatment failure 
[28]. The distribution of 18F-FDG PET activity correlates 
highly with several physiological processes, including glu-
cose metabolism, necrosis, vascularization, and angiogen-
esis [30]. Analyzing metabolic heterogeneity on PET/CT 
has the potential to assess the heterogeneous characteristics 
of tumors. In the current study, patients that did not respond 
to neoadjuvant chemotherapy presented significantly larger 
metabolic heterogeneity of their primary tumors. Besides, 
the risk of disease progression and death increased with 
increasing metabolic heterogeneity index. These findings 
highlighted the importance of tumor heterogeneity and the 
possibility that it might be a powerful predicator of patient 
clinical outcomes. In addition, this imaging parameter has 
the potential to improve risk stratification and optimize 
patient selection for more aggressive treatment.

Several methods have been proposed to investigate the 
heterogeneity of tumors on 18F-FDG PET/CT, among which 
texture analysis is used widely. Recent studies have shown 
that the heterogeneity index on 18F-FDG PET/CT from 
texture analysis was useful to predict therapy response and 
prognosis in many patients with cancer [31–33]. However, 
texture analysis is not clinically available, because a standard 

Table 2   Comparisons of clinicopathological characteristics and PET 
parameters according to tumor recurrence

WDA, well differentiated adenocarcinoma; MDA, moderate differen-
tiated adenocarcinoma; PDA, poorly differentiated adenocarcinoma; 
SRC, signet-ring cell carcinoma; MAC, mucinous adenocarcinoma; 
CA19-9, carbohydrate antigen 19-9; CA72-4, carbohydrate antigen 
72-4; CEA, carcinoembryonic antigen; PET/CT, positron emission 
tomography/computed tomography; SUV, standardized uptake value; 
Max, maximum; TLR, tumor-to-liver ratio; MTV, metabolic tumor 
volume; TLG, total lesion glycolysis; HI-1, heterogeneity index-
1, namely the coefficient of variance of SUV; HI-2, heterogeneity 
index-1, namely the negative value of the slope of linear regression of 
MTVs according to various SUV thresholds (2.5, 3.0 and 3.5); *, stu-
dent’s t test; †, Chi square test; ‡, Fisher’s exact test; #, Mann–Whit-
ney U test

Variables Recurrence P value

Yes No

Sex (M/F) 25/12 12/6 0.947†

Age (mean ± SD) 60.1 ± 11.1 59.8 ± 11.6 0.935*
Location 0.701†

 Esophagogastric junction 10 4
 Stomach 27 14

Pathological types 0.840†

 WDA/MDA 12 23
 PDA/MAC/SRC 16 13

Lauren classifications 0.191‡

 Intestinal 15 10
 Non-intestinal 12 3

Pathological response 1.000‡

 Responder 9 5
 Non-responder 14 8

Median CEA (ng/ml) 3.2 4.4 0.961#

Median CA19-9 (U/ml) 9.3 9.5 0.388#

Median CA72-4 (U/ml) 2.3 3.2 0.913#

Parameters on PET/CT
 SUVmax (median) 8.2 7.9 0.747#

 SUVpeak (median) 6.2 6.5 0.809#

 SUVmean (median) 4.0 3.8 0.929#

 TLR (median) 4.8 3.7 0.667#

 MTV (mL, median) 49.3 44.3 0.389#

 TLG (g, median) 240.0 231.7 0.507#

 HI-1 (median) 0.8 0.9 0.296#

 HI-2 (median) 28.3 28.4 0.147#

Table 3   Comparisons of PET parameters according to pathological 
response

PET/CT, positron emission tomography/computed tomography; SUV, 
standardized uptake value; Max, maximum; TLR, tumor-to-liver 
ratio; MTV, metabolic tumor volume; TLG, total lesion glycolysis; 
HI-1, heterogeneity index-1, namely the coefficient of variance of 
SUV; HI-2, heterogeneity index-1, namely the negative value of the 
slope of linear regression of MTVs according to various SUV thresh-
olds (2.5, 3.0 and 3.5); #, Mann–Whitney U test

Variables Pathological response P value

Yes No

SUVmax (median) 5.7 8.7 0.087#

SUVpeak (median) 4.7 7.1 0.305#

SUVmean (median) 3.5 3.9 0.305#

TLR (median) 2.9 5.6 0.017#

MTV (mL, median) 36.7 76.9 0.017#

TLG (g, median) 171.5 338.5 0.087#

HI-1 (median) 0.73 0.77 0.732#

HI-2 (median) 25.1 39.7 0.013#
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method has not been established, the software remains inac-
cessible in most PET viewing workstations, and it is a com-
plicated and time-consuming process. In addition, most stud-
ies using texture analysis to characterize tumor heterogeneity 

considered volumes greater than 3–5 cm3, indicating that 
texture analysis might not be suitable to assess the heteroge-
neity of tumors with smaller volumes [33]. Adequate MTV 
is necessary for the efficient use of texture features in texture 

Table 4   Univariate and 
multivariate COX regression 
assessing associations between 
parameters and PFS

PFS, progression-free survival; HR, hazards ratio; CI, confidence index; EGJ, esophagogastric junction; 
WDA well differentiated adenocarcinoma; MDA moderate differentiated adenocarcinoma; PDA, poorly 
differentiated adenocarcinoma; SRC, signet-ring cell carcinoma; MAC, mucinous adenocarcinoma; TNM, 
tumor-node-metastasis; CA19-9, carbohydrate antigen 19-9; CA72-4, carbohydrate antigen 72-4; CEA, 
carcinoembryonic antigen; PET/CT, positron emission tomography/computed tomography; SUV, standard-
ized uptake value; Max, maximum; TLR, tumor-to-liver ratio; MTV, metabolic tumor volume; TLG, total 
lesion glycolysis; HI-1, heterogeneity index-1, namely the coefficient of variance of SUV; HI-2, heteroge-
neity index-2, namely the negative value of the slope of linear regression of MTVs according to various 
SUV thresholds (2.5, 3.0 and 3.5)

Variables Univariate analysis Multivariate analysis

HR 95% CI P HR 95% CI P

Sex
 Male 0.894 0.486–1.644 0.718
 Female* 1.000

Age (years)
 ≥ 62 1.806 0.999–3.263 0.052
 < 62* 1.000

Location
 EGJ 0.906 0.469–1.750 0.768
 Stomach* 1.000

Pathological types
 WDA/MDA 0.818 0.441–1.516 0.523
 PDA/MAC/SRC* 1.000

Lauren classifications
 Intestinal 0.767 0.390–1.508 0.442
 None-intestinal* 1.000

Clinical TNM stage 0.002 0.004
 II* 1.000 1.000
 III 5.111 0.668–39.12 0.116 6.27 0.784–50.136 0.083
 IVa 13.293 1.780–99.260 0.012 16.29 2.068–98.436 0.008

Baseline CEA (ng/ml)
 ≥ 3.4 1.001 0.550–1.822 0.998
 < 3.4* 1.000

Baseline CA19-9 (U/ml)
 ≥ 9.5 1.947 1.045–3.628 0.036 1.627 0.856–3.092 0.136
 < 9.5* 1.000 1.000

Baseline CA72-4 (U/ml)
 ≥ 2.5 0.828 0.408–1.679 0.601
 < 2.5* 1.000

SUVmax (≥ 7.9 vs. < 7.9) 1.462 0.814–2.627 0.204
SUVpeak (≥ 6.4 vs. < 6.4) 1.380 0.768–2.480 0.282
SUVmean (≥ 3.9 vs. < 3.9) 1.513 0.841–2.719 0.167
TLR (≥ 4.6 vs. < 4.6) 1.682 0.930–3.402 0.085
MTV (≥ 48.2 vs. < 48.2) 1.229 0.684–2.209 0.491
TLG (≥ 234.7 vs. < 234.7) 1.049 0.583–1.887 0.874
HI-1 (≥ 0.81 vs. < 0.81) 1.273 0.709–2.287 0.419
HI-2 (≥ 28.4 vs. < 28.4) 1.967 1.084–3.572 0.026 2.639 1.349–5.161 0.005
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analysis. By contrast, HI-2 can be easily achieved on the 
commonly used workstation, and thus is suitable for clini-
cal practice.

The method for generating HI-2 in this study was slightly 
different from that of previous studies. A percentage thresh-
old method (usually 40%, 50%, 60% and 80% of SUVmax) 
had been proposed to generate an MTV-based heterogeneity 
index, and had demonstrated significant prognostic value 
in breast cancer [20] and oral cavity cancer [21]. However, 
the percentage threshold method relies strongly on the 
SUVmax of the tumor, leading to a large variance between 
cancer lesions with high FDG uptake. In addition, the physi-
ological uptake by the adjacent normal gastric wall might 
hamper accurate evaluation of the gastric-cancer margin, 
especially in tumors with low FDG uptake, such as MAC/
SRC. In contrast, Kim et al. [18] chose the absolute SUV 
threshold method (2.0, 2.5, and 3.0) to obtain the slope of 
linear regression in patients with pancreatic cancer. How-
ever, physical uptake by the gastric wall commonly has an 
SUVmax higher than 2.0. The MTV generated from an SUV 
cutoff of 2.0 commonly cannot accurately reflect the real 
metabolic volume of the tumor. Therefore, we altered the 
method to use SUV cutoffs of 2.5, 3.0, and 3.5 to generate 
the slope of linear regression and a significant result was 
achieved.

Another easily acquired parameter to characterize meta-
bolic tumor heterogeneity is the coefficient of variance, 
namely HI-1. Previous studies have demonstrated the prog-
nostic values of this index in many cancers, such as uter-
ine cervical cancer [22] and ovarian cancer [24]. However, 
this index failed to correlate with the clinical outcomes of 

patients with gastric cancers in the current study. Negative 
result was also identified in pancreatic ductal carcinoma 
[18]. Thus, the prognostic value of HI-1 is inconstant across 
different types of cancer, and should not be recommended 
for clinical practice. The underlying reason might be related 
to its threshold-dependent property, because the VOI under 
different SUV thresholds might generate different SDs and 
different SUVmean values, while different types of cancer 
have different optimal thresholds for VOI delineation.

The metabolic parameters, including SUVmax, SUVmean, 
SUVpeak, and TLR, are commonly used in the clinic. Some 
studies have advocated the prognostic values of these param-
eters in patients with cancer [34–36]. However, the prog-
nostic value of these parameters was negative in patients 
with gastric cancer in the current study, although TLR 
was associated significantly with treatment response. This 
might be related to the heterogeneity of the tumor, a partial 
volume effect, the time of SUV evaluation, and body size 
[37]. In recent years, the volumetric parameters, including 
the metabolic tumor volume (MTV) and total lesion glyco-
lysis (TLG), have demonstrated excellent performance in 
predicting clinical outcomes of patients with gastric cancer 
[10, 11]. One problem is that these volumetric parameters 
cannot escape from influences of volume effects from adja-
cent lesions with high radioactivity, for example, metastatic 
lymph nodes.

Several limitations of this study should be mentioned. 
Firstly, this study was a retrospective review of a small 
patient cohort who had been treated with various regimens 
of adjuvant chemotherapy. The heterogeneity of treatment 
modality could have confounded the prognostication. Sec-
ondly, restricted by the method for calculating HI-2, we only 
included patients with SUVmax higher than 3.5; therefore, the 
bias in patient selection might have influenced the results 
of the survival analysis. Thirdly, the relationship between 
intra-tumor heterogeneity and the underlying biological 
mechanisms remains unclear.

Conclusions

The HI-2 value generated by the MTV-based linear regres-
sion from baseline 18F-FDG PET/CT was significantly 
associated with survival outcomes of patients with gastric 
cancer. The method for determining this index is simple and 
convenient. Preoperative assessment of HI-2 by 18F-FDG 
PET/CT might be a promising method to identify patients 
with poor prognosis.

Fig. 2   Kaplan–Meier curves for comparing PFS according to 
HI-2 > 28.4 and HI-2 ≤ 28.4
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Table 5   Univariate and 
multivariate COX regression 
assessing associations between 
parameters and OS

OS, overall survival; HR, hazards ratio; CI, confidence index; EGJ, esophagogastric junction; WDA well 
differentiated adenocarcinoma; MDA moderate differentiated adenocarcinoma; PDA, poorly differentiated 
adenocarcinoma; SRC, signet-ring cell carcinoma; MAC, mucinous adenocarcinoma; TNM, tumor-node-
metastasis; CA19-9, carbohydrate antigen 19-9; CA72-4, carbohydrate antigen 72-4; CEA, carcinoembry-
onic antigen; PET/CT, positron emission tomography/computed tomography; SUV, standardized uptake 
value; Max, maximum; TLR, tumor-to-liver ratio; MTV, metabolic tumor volume; TLG, total lesion glyco-
lysis; HI-1, heterogeneity index-1, namely the coefficient of variance of SUV; HI-2, heterogeneity index-1, 
namely the negative value of the slope of linear regression of MTVs according to various SUV thresholds 
(2.5, 3.0 and 3.5)

Variables Univariate analysis Multivariate analysis

HR 95% CI P HR 95% CI P

Sex
 Male 0.930 0.98–1.736 0.820
 Female* 1.000

Age (years)
 ≥ 62 1.378 0.756–2.502 0.297
 < 62* 1.000

Location
 EGJ 0.952 0.489–1.854 0.886
 Stomach* 1.000

Pathological types
 WDA/MDA 0.950 0.509–1.775 0.873
 PDA/MAC/SRC* 1.000

Lauren classifications
 Intestinal 0.612 0.303–1.235 0.170
 None-intestinal* 1.000

Baseline CEA (ng/ml)
 ≥ 2.9 1.165 0.629–2.159 0.627
 < 2.9* 1.000

Baseline CA19-9 (U/ml)
 ≥ 9.0 1.633 0.856–3.115 0.136
 < 9.0* 1.000

Baseline CA72-4 (U/ml)
 ≥ 2.8 0.937 0.451–1.947 0.861
 < 2.8* 1.000

Clinical TNM stage 0.200
 II* 1.000
 III 2.242 0.501–10.039 0.291
 IVa 3.209 0.762–13.504 0.112

Recurrence
 Yes 2.285 1.140–4.580 0.020 2.054 1.021–4.129 0.043
 No* 1.000

SUVmax (≥ 7.9 vs. < 7.9) 1.235 0.679–2.249 0.489
SUVpeak (≥ 6.4 vs. < 6.4) 1.074 0.590–1.957 0.815
SUVmean (≥ 3.9 vs. < 3.9) 1.212 0.666–2.207 0.529
TLR (≥ 4.6 vs. < 4.6) 1.268 1.696–2.310 0.438
MTV (≥ 48.2 vs. < 48.2) 0.990 0.543–1.803 0.973
TLG (≥ 234.7 vs. < 234.7) 1.030 0.564–1.880 0.924
HI-1 (≥ 0.81 vs. < 0.81) 1.015 0.557–1.849 0.961
HI-2 (≥ 28.4 vs. < 28.4) 2.447 1.317–4.545 0.003 2.281 1.228–4.239 0.009
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