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INTRODUCTION

2-Deoxy-2-[18F]fluoro-D-glucose positron emission to-

mography (FDG-PET) is based on the theory that malig-
nant cells show increased glucose uptake and glycolysis
(the Warburg effect),1 while overexpression of glucose
transporter 1 (GLUT-1) is considered to play a major role
in the higher FDG uptake by malignant cells.2–5 GLUT-1
is the molecular species that aids FDG transit from outside
the cancer cell to inside the cell.

FDG-PET has been proven to be useful in the evalua-
tion of various malignant neoplasms;6–14 however, some
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particular histological subtypes and early gastric carcino-
mas are recognized to show low FDG uptake, with the
mechanism underlying this is not yet clarified.15 From the
view point of histological subtype, the intestinal type of
gastric carcinoma according to Lauren has been reported
to show higher FDG uptake compared to the non-intesti-
nal type.16,17 GLUT-1 expression in gastric carcinomas
has been also considered to be associated with the intes-
tinal type.18,19 On the other hand, advanced gastric carci-
noma has been reported to show higher FDG uptake and
GLUT-1 overexpression compared to early gastric carci-
noma.19,20

The relationship between higher FDG uptake and
GLUT-1 overexpression has been implied in gastric car-
cinoma as well as other human malignant tumors, but such
a relationship has not been fully investigated.

The aim of the present study is to clarify FDG uptake in
gastric carcinomas especially focusing on histological
subtypes, depth of tumor invasion, and GLUT-1 expres-
sion.

MATERIALS AND METHODS

Patients
This study group consisted of 40 lesions derived from 35
consecutive patients (24 men, 11 women; age, 42–83 y;
mean age, 67.7) with histologically proven gastric carci-
noma by surgical excision between April and December
2003. Macroscopically distinguishable lesions in one
surgical specimen were counted as independent lesions.
Patients with diabetes mellitus and/or previous anticancer
therapy were excluded. All patients underwent physical
examination, chest roentgenography, double-contrast
barium radiography, upper endoscopy, abdominal con-
trast enhanced CT, and FDG-PET to determine the clini-
cal stage within 2 weeks before surgery. All patients gave
informed consent, and the study protocol was approved
by the hospital ethics committee.

PET imaging
All patients fasted for at least 4 hours before PET imaging,
and the blood glucose level was measured before intrave-
nous injection of 200–300 MBq FDG. 50–60 min after
injection of FDG, a static whole-body PET scan was
performed using an Advance Nxi PET scanner (General
Electric Medical Systems, Milwaukee, WI). Emission
scans were obtained with a 2-min acquisition time at every
table position, requiring 6 or 7 bed positions to cover the
patient from the pelvis floor to the head. After emission
scanning, transmission scans were obtained using 68Ge
with a 1-min acquisition time at every table position. The
PET image was reconstructed by ordered subset expan-
sion maximization (OSEM) algorithm with segmented
attenuation correction (SAC), with the resulting resolu-
tion being approximately 4.5 mm full-width at half-
maximum (FWHM).

Image analysis
PET images were compared with the corresponding sur-
gical specimen and available morphological studies
(double-contrast barium radiography, upper endoscopy,
abdominal contrast enhanced CT). The degree of FDG
uptake of the tumor area was evaluated on a subjective
semiquantitative scale: no uptake, unclear uptake (dif-
fusely increased FDG accumulation indistinguishable
from physiological gastric uptake), low positive uptake
and high positive uptake. Focally increased FDG uptake
compared with surrounding tissue was considered to be
positive. In the evaluation of detectability, no uptake and
unclear uptake were considered to be undetectable, and
low and high positive uptakes were considered to be
detectable.

Histological examination
Tissue sections were prepared from formalin fixed and
paraffin-embedded tissues of gastric carcinoma obtained
at surgery from this study group. The histopathological
parameters (histological subtypes, depth of invasion, lym-
phatic permeation, venous invasion and tumor size) were
evaluated according to the General Rules for the Clinical
and Pathological Recording of Gastric Carcinoma by the
Japanese Gastric Carcinoma Society.21

In addition, we divided gastric carcinomas into two
subtypes according to Uchino et al.,22 a cohesive type, i.e.,
papillary adenocarcinoma, tubular adenocarcinoma, and
solid type poorly differentiated adenocarcinoma, and
non-cohesive type, i.e., signet-ring cell carcinoma and
non-solid type poorly differentiated carcinoma. Muci-
nous adenocarcinoma was interpreted as either cohesive
or non-cohesive, depending on the other predominant
elements.21

Furthermore, to clarify the association of GLUT-1
expression and FDG uptake, we divided gastric carcino-
mas into four subgroups according to histological sub-
types and the depth of invasion, 1) early non-cohesive
gastric carcinoma (ENGC), 2) early cohesive gastric
carcinoma (ECGC), 3) advanced non-cohesive gastric
carcinoma (ANGC), 4) advanced cohesive gastric carci-
noma (ACGC). Early gastric carcinoma (EGC) is defined
as a lesion in which the depth of invasion is limited to the
mucosa, submucosa, or both, regardless of whether re-
gional lymph node metastasis is evident on histological
examination.21 This is equivalent to the pT1 category in
the pTNM (pathologic tumor/node/metastasis) system of
the UICC (International Union Against Cancer) classifi-
cation. The others were classified as advanced gastric
carcinoma (AGC).

Immunohistochemical analysis
GLUT-1 transporters were detected by immunohistochem-
istry using the labeled streptavidin biotin (LSAB) proce-
dure. Three micrometer sections were cut from paraffin-
embedded tissue blocks in the middle of the tumor area
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and deparaffinized. Before the immunohistochemical pro-
cedures, all sections were unmasked by the microwave
method using a citrate buffer, pH 6.0 for 40 min. Endog-
enous peroxidase was neutralized with 0.3% hydrogen
peroxide for 30 minutes. The samples were then washed
and incubated at room temperature for 1 hour in a 1:50
dilution of the polyclonal rabbit antihuman GLUT-1
antibody (A3536; DAKO, Carpinteria, CA) raised against
a 12 amino acid synthetic peptide corresponding to the

carboxyl terminus of human GLUT-1. Parallel sections
were incubated with healthy rabbit immunoglobulin G (Ig
G) as negative controls. The samples were then washed
off, and biotinylated secondary antibody (DAKO LSAB
Kit, biotinylated anti-mouse, anti-rabbit, and anti-goat)
was applied to the slides for 45 minutes in a humidity
chamber. The slides were again washed and incubated
with streptavidin peroxidase for an additional 45 minutes
and then submerged in a DAB bath for 5 minutes. Tissues

Table 1   Results of GLUT-1 expression and FDG uptake in 40 gastric carcinomas

Patient Age Gender Histologya lya va Ta Size GLUT-1 FDG
[mm] expression uptake

1 71 M Tub2 1 1 2 35 − −
2 74 M Tub2 2 1 2 50 − ±
3 63 M Tub2 0 0 1 15 − ±
4 53 M Tub2 0 0 1 15 − ±
5 73 F Por2 3 1 3 115 − +
6 60 M Por2 1 1 2 95 − +
7 58 F Por2 0 0 1 55 − ±
8 73 F Sig 0 0 1 25 − ±
9 69 F Sig 0 0 1 25 − ±

10b 66 F Sig 0 0 1 55 − −
Sig 0 0 1 33 − −

11 50 F Sig 0 0 1 5 − −
12 45 M Sig 1 0 1 25 − −
13 42 M Sig 0 0 1 35 − ±
14b 76 M Sig 2 3 3 210 − ±

Pap 2 3 1 80 + ++
15 77 M Pap 1 3 2 95 + ++
16 83 F Tub1 0 1 1 60 ++ ++
17 79 M Tub1 0 0 1 27 + ±
18 69 M Tub1 0 0 1 17 + ±
19 67 M Tub1 3 1 2 37 + +
20 83 M Tub2 3 3 3 51 ++ ++
21 72 M Tub2 2 2 2 65 ++ ++
22 83 M Tub2 2 3 2 90 ++ ++
23b 77 M Tub2 3 1 2 40 ++ +

Tub2 0 0 1 30 + ±
Tub1 0 0 1 7 + ±

24 57 F Tub2 3 0 3 20 + +
25 72 F Tub2 1 1 4 85 + ++
26 81 M Tub2 2 2 2 75 + +
27 49 M Tub2 1 1 2 20 + ±
28 80 M Por1 2 2 3 80 ++ ++
29 74 F Por1 2 1 2 55 + ++
30 54 F Por1 3 2 2 35 + +
31 79 M Por1 3 2 3 80 + +
32 58 M Por1 3 3 2 65 + ++
33 75 M Por1 2 2 2 25 + ++
34 73 M Sig 2 1 2 25 + ±
35b 56 M Sig 1 2 2 140 + ±

Sig 0 1 1 35 − ±
a According to the General Rules for the Clinical and Pathological Recording of Gastric Carcinoma by the Japanese Gastric
Carcinoma Society. Pap = papillary adenocarcinoma; Tub1 = well-differentiated tubular adenocarcinoma; Tub2 = moderately-
differentiated tubular adenocarcinoma; Por1 = solid type poorly differentiated adenocarcinoma; Por2 = non-solid type poorly
differentiated adenocarcinoma; Sig = signet-ring cell carcinoma; ly = lymphatic permeation; v = venous invasion T = depth of
invasion, b Multiple lesions coexisted in one specimen.
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were counterstained with hematoxylin. All slides were
examined by light microscopy. We used the erythrocytes
in the tissue sections for the positive control of GLUT-1
expression. Staining was considered to be positive only
when strong membrane associated immunoreactivity was
observed.18 GLUT-1-immunostaining was evaluated with-
out the clinical information including FDG uptake for
each tumor. GLUT-1-immunoreactivity was evaluated
for each tumor based on the percentage of tumor cells that
expressed GLUT-1 on a subjective semiquantitative scale:
no expression (0–1%), low positive expression: (2–30%),
and high positive expression (>30%).

Statistical analysis
The nonparametric statistical analysis of FDG uptake and
histological parameters were evaluated by chi-square test.
The difference in FDG uptake between subgroups (ENGC,
ECGC, ANGC, ACGC) was evaluated using the Kruskal
Wallis test. The multiple regression analysis of FDG
uptake (detectability and the degree) and GLUT-1 expres-
sion with the histological parameters (lymphatic perme-
ation, venous invasion, depth of invasion, tumor size,
histological subtypes, and GLUT-1 expression) were
evaluated by a polytomous universal model using the
SPSS software (SPSS Inc., Chicago, IL). The correlation
coefficient was evaluated for each parameter, and corre-
lated parameters were represented by one parameter to
avoid multicollinearity in multiple regression analysis of
GLUT-1 expression and detectable FDG uptake. This
representation was not applied in the multiple regression

analysis of the degree of FDG uptake to determine the
most influential factor. Probability values of less than 0.05
were considered statistically significant.

RESULTS

Table 1 summarizes the tumor characteristics, the results
of immunohistochemical findings and the FDG-PET im-
aging of 35 patients. The correlations between the histo-
logical parameters and FDG uptake in gastric carcinoma
are shown in Table 2.

Immunohistochemical staining of GLUT-1
Twenty-four of the 40 gastric carcinoma lesions (60%)
showed positive GLUT-1 expression. The positive rate of
GLUT-1 expression was 85% (22 of 26) in the cohesive
type and 14% (2 of 14) in the non-cohesive type. All of the
6 solid type poorly differentiated adenocarcinomas showed
positive GLUT-1 expression (Fig. 1). GLUT-1 expres-
sion of gastric carcinoma differed significantly between
the cohesive and non-cohesive types (p < 0.0001) (Fig. 2).
Frequency of GLUT-1 expression in each subgroup is
shown in Table 3. GLUT-1 expression was seen from an
early cancer stage and related to the cohesive type of
gastric carcinoma.

FDG-PET imaging
Nineteen of the 40 gastric carcinomas showed detectable
FDG uptake (48%), with GLUT-1 overexpression seen in
17 of them (89%). FDG uptake in gastric carcinoma

Table 2   Comparison between histopathological parameters and FDG uptake in gastric carcinoma

Histopathological
FDG uptake

parameters
Undetectable Detectable p value

No Unclear Low positive High positive

GLUT-1 expression < 0.001
     Negative 5 9 2 0
     Positive 0 7 6 11
Histologic subtypes < 0.01

Non-cohesive type 4 8 2 0
Cohesive type 1 8 6 11

Depth of invasion < 0.001
T1 4 11 0 2
T2–4 1 5 8 9

Lymphatic permeation < 0.001
None 3 11 0 1
Present 2 5 8 10

Venous invasion < 0.001
None 4 10 1 0
Present 1 6 7 11

Tumor size < 0.01
< 10 mm a 1 1 0 0
10–30 mm 1 9 1 1 (< 0.01) b

> 30 mm 3 6 7 10
a smaller than double of FWHM, b excluding the lesions smaller than double of FWHM
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differed significantly depending on GLUT-1 expression
(p < 0.01). The detectable rate of FDG uptake in the
cohesive type was 65% (17 of 26), in contrast to 14% (2
of 14) in the non-cohesive type. All of the 6 solid type
poorly differentiated adenocarcinomas showed detect-
able FDG uptake (Fig. 1). FDG uptake of gastric carci-
noma differed significantly between the cohesive and
non-cohesive types (p < 0.01) (Fig. 2).

Statistical analysis revealed significant associations
between FDG uptake and the depth of invasion, lymphatic
permeation, and vascular invasion (Table 2). Frequency
of detectable FDG uptake in each subgroup is shown in
Table 4. FDG uptake was significantly different between
subgroups (p < 0.001), and higher in ACGC.

Multiple regression analysis of GLUT-1 expression and
FDG-PET uptake in gastric carcinoma
The correlation coefficient of histological parameters in
gastric carcinoma is shown in Table 5. The correlation
coefficient between GLUT-1 expression and histological
subtype was higher (r = 0.71). The depth of tumor inva-
sion was correlated to lymphatic permeation (r = 0.82),
venous invasion (r = 0.66) and tumor size (r = 0.58), but
its correlation to GLUT-1 expression was weak (r = 0.36).
GLUT-1 expression was represented by histological sub-
type, and the other parameters (lymphatic permeation,
venous invasion and tumor size) were represented by the
depth of invasion, respectively in multiple regression
analysis of GLUT-1 expression and detectable FDG up-
take to avoid multicollinearity. Multiple regression analy-
sis revealed that the cohesive type is an independent factor
that influences the overexpression of GLUT-1 in gastric

Fig. 1   Patient 14, a case of advanced gastric carcinoma, in which
cohesive and non-cohesive types coexisted. a: Macroscopic
view of the surgical specimen with distribution of carcinomas.
Entire gastric wall thickening by signet ring cell carcinoma
infiltration and protruded portion consisting of papillary adeno-
carcinoma in the lesser curvatures (arrow) were observed. b, c:
Coronal and transaxial images of FDG PET. Elevated FDG
uptake was visualized in the protruded portion (arrow). No FDG
uptake was seen in the rest of the tumor. d: Corresponding
transaxial CT image. e: Immunostaining with antiGLUT-1
showed positive GLUT-1 expression at papillary adenocarci-
noma component in the protruded portion. f: No GLUT-1 ex-
pression was seen at signet ring cell carcinoma component in the
rest of the tumor.

Fig. 2   Patient 31, a case of advanced gastric carcinoma (solid
type poorly differentiated adenocarcinoma). a: Macroscopic
view of the surgical specimen with distribution of carcinomas.
Ulcerated portion consisting of solid type poorly differentiated
adenocarcinoma (arrow) was observed in anterior wall. b, c:
Coronal and transaxial images of FDG PET. Elevated FDG
uptake was visualized in the ulcerated portion (arrow) and
separate lymph node metastases (arrowhead). d: Corresponding
transaxial CT image. e: Solid type poorly differentiated adeno-
carcinoma composed of tumor cells with an intimate cohesion,
proliferating in solid nests was observed on HE staining.
f: Immunostaining with antiGLUT-1 showed positive GLUT-1
expression.
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carcinoma (p = 0.001) (R2 = 0.66), but the correlation
between the depth of tumor invasion and GLUT-1 expres-
sion was weak (p = 0.164) (Table 6). Both the depth of
invasion (p = 0.005) and the cohesive type (p = 0.005)
were independent factors  influencing the detectable FDG
uptake in gastric carcinoma (R2 = 0.66) (Table 7). Mul-
tiple regression analysis also revealed that the GLUT-1
expression is the most influential factor for the degree of
FDG uptake in gastric carcinoma (p = 0.021) (R2 = 0.68).

 DISCUSSION

The results of this study clarify that the degree of FDG
uptake in gastric carcinoma is related to GLUT-1
overexpression. On the other hand, the detectability of
gastric carcinoma in FDG-PET depends on histological
subtype and the depth of tumor invasion. In other words,
the non-cohesive type of gastric carcinoma tends to be
undetectable in FDG-PET because GLUT-1 overexpres-
sion is related to the cohesive type of gastric carcinoma.
And also early gastric carcinoma tends to be undetectable
in FDG-PET regardless of histological subtype or GLUT-

Table 3   Frequency of positive GLUT-1 expression in gastric
carcinoma

Histological subtype
Depth of invasion

EGC a AGC b

Non-cohesive   0% (0/9) 40% (2/5)
Cohesive 75% (6/8) 89% (16/18)

a early gastric carcinoma, b advanced gastric carcinoma

Table 4    Frequency of detectable positive FDG uptake in gastric
carcinoma

Histological subtype
Depth of invasion

EGC a AGC b

Non-cohesive   0% (0/9) 40% (2/5)
Cohesive 25% (2/8) 83% (15/18)

a early gastric carcinoma, b advanced gastric carcinoma

Table 5   The correlation coefficient of histological parameters
in gastric carcinoma

Parameters GLUT-1 subtypea Tb lyc vd Size

GLUT-1 1.00 0.71 0.37 0.47 0.48 0.01
subtypea 0.71 1.00 0.27 0.35 0.33 −0.18
Tb 0.37 0.27 1.00 0.82 0.66 0.58
lyc 0.47 0.35 0.82 1.00 0.69 0.36
vd 0.48 0.33 0.66 0.69 1.00 0.64
Size 0.01 −0.18 0.58 0.36 0.64 1.00

a cohesive or non-cohesive type, b the depth of invasion,
c lymphatic permeation, d venous invasion

Table 6   The multiple regression analysis of GLUT-1 expres-
sion with the histological parameters in gastric carcinoma

Parameters Ba p value

Histological subtypesb 4.151 0.001
Depth of invasion 1.393 0.164

a regression coefficient, b cohesive or non-cohesive type

Table 7   The multiple regression analysis of FDG uptake with the histological parameters in gastric carcinoma

Parameters
Detectable FDG uptake Degree of FDG uptake

Ba p value Ba p value

GLUT-1 expression 1.866 0.021
Histological subtypesb 2.875 0.018 1.492 0.181
Depth of invasion 2.327 0.002 0.385 0.672
Lymphatic permeation −0.045 0.934
Venous invasion 0.858 0.169
Tumor size 0.013 0.406
a regression coefficient, b cohesive or non-cohesive type

1 expression.
The association of GLUT-1 overexpression and high

FDG uptake has been reported in various malignan-
cies.2–5 In gastric carcinoma, Kim et al. showed that
GLUT-1 expression is associated with the intestinal type
of gastric carcinoma.18 On the other hand, Stahl et al.
reported that the intestinal type shows high FDG uptake
compared to the non-intestinal type.16 These studies sug-
gested an association between FDG uptake and GLUT-1
expression in gastric carcinoma, while the present study
clarified for the first time that a direct correlation exists
between the two. Moreover, the marked differences in
FDG uptake and GLUT-1 expression between solid type
poorly differentiated adenocarcinoma and the other non-
intestinal type of gastric carcinomas described in this
study have never been reported before.

The reason for this difference in FDG uptake and
GLUT-1 expression between the cohesive and non-cohe-
sive types is unclear, but may be related to oncogenic
alterations of glucose metabolism. Uchino et al. classified
gastric carcinomas into cohesive and non-cohesive types
and showed that p53 alteration occurs selectively in the
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former from the intramucosal cancer stage.22 Solid type
poorly differentiated adenocarcinoma is included in the
cohesive type and thought to be transformed from the
intestinal type.22–25 The human p53 gene is a tumor
suppressor gene, and the alteration is commonly seen in
human solid tumors where it plays a role in tumor survival
from hypoxic cell death.26 The mechanism of p53 alter-
ation and GLUT-1 overexpression is not fully clarified;
however, the up-regulation of GLUT-1 expression medi-
ated by hypoxia-inducible transcription factor 1 alpha
(HIF-1α) activation may be associated.27 The alteration of
p53 is also responsible for activating type-II-hexokinase
(HKII), which plays a role in the initiation and mainte-
nance of high rates of glucose catabolism in rapidly grow-
ing tumors.28 The correlation of HKII overexpression
and high FDG uptake has been reported in malignant
tumors.29 On the other hand, p53 alteration is rarely seen
in the non-cohesive type of gastric carcinoma.22 There-
fore metabolic adaptation including GLUT-1 overex-
pression may not occur and result in low FDG uptake.
The low tumor cell density and rich stroma could be
another possible reason of lower FDG uptake of non-
cohesive type of gastric carcinoma.

Our results also showed higher FDG uptake in progres-
sive gastric carcinomas represented as the depth of inva-
sion, lymphatic permeation, vascular invasion and the
tumor size. Increased glycolysis to maintain cell division
and tumor growth is considered to be the cause of higher
FDG uptake in advanced carcinoma.20 In this study group,
the size of all tumors was larger than FWHM (4.5 mm),
but two of the early gastric carcinomas were smaller than
double of FWHM (9.0 mm). Although early carcinoma
tended to be smaller than advanced carcinoma (r = 0.58),
the evaluation of FDG uptake excluding these smaller
lesions showed a significant difference depending on the
tumor size. Therefore not only the partial volume effect
and the physiological mucosal FDG uptake including
inflammation but also lower tumor metabolism could be
possible reasons for the lower detection rate of FDG-PET
study in early gastric carcinoma.16,20 As our results showed,
the degree of FDG uptake is well related to GLUT-1
expression. There were also significant associations be-
tween GLUT-1 positivity and adverse tumor features and
survival.19 Therefore the degree of FDG uptake associ-
ated with GLUT-1 expression may be a prognostic factor
of gastric carcinoma representing tumor metabolism.

A limitation of our study is that the evaluation of FDG
uptake was not made by a quantitative way such as
standardized uptake value (SUV). But gastric mucosa
often shows physiologically higher uptake and some-
times the tumor area is difficult to distinguish from normal
mucosa. In this study group, more than half of gastric
carcinomas were undetectable making it difficult to deter-
mine proper SUV. We decided this effect is not ignorable
and chose semiquantitative visual evaluation for this
study as a practical way.

In our multiple regression analysis, R2 was 0.68 for
FDG uptake in gastric carcinoma, which means two-
thirds of the phenomenon can be explained by the histo-
logical parameters considered in this study, but the other
third is of unknown factors. Further investigation of the
association of p53 alteration and glucose metabolism
including the expression of HIF-1α, and HKII is needed
to clarify the mechanism of high FDG uptake in gastric
carcinoma.

In conclusion, GLUT-1 overexpression is highly corre-
lated to the cohesive type of gastric carcinoma and the
most influential factor of higher FDG uptake. On the other
hand, the detectability of gastric carcinoma in FDG-PET
depends on not only the histological subtype but also the
depth of tumor invasion. From these conclusions, this
study provided important information on the clinical
application of FDG-PET in gastric carcinoma that early or
non-cohesive gastric carcinoma may show lower FDG
uptake. Therefore, the usefulness of FDG-PET for the
detection of gastric carcinoma is limited. But there is a
possibility that FDG uptake associated with GLUT-1
expression is a prognostic factor of gastric carcinoma
representing tumor metabolism, and further investigation
is needed.
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