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Abstract: Positron emission tomography imaging with 2-[fluorine-18]-fluoro-2-deoxy-D-glucose (18F-FDG) has been
established as a significant molecular imaging technique in the management of lung cancer. However, 18F-FDG accu-
mulation is not specific, therefore several other radiotracers targeting hypoxia, cell proliferation and amino acid me-
tabolism have been developed for the imaging of human cancers. This review summarizes the current data on the
correlation between the underlying molecular biology and tumor PET accumulation in lung cancer.
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Introduction

Lung cancer is the leading cause of cancer
death and has a poor prognosis. Positron emis-
sion tomography (PET) imaging with 2-[fluorine-
18]-fluoro-2-deoxy-D-glucose (18F-FDG) as a
tracer is a non-invasive diagnostic and prognos-
tic tool that measures tumor metabolism. The
usefulness of 18F-FDGPET for cancer diagnosis
has been investigated in many studies [1-3].
18F-FDG PET is a molecular imaging technique
that is based on glucose metabolism [4]. The
overexpression of glucose transporter 1 (Glutl)
has been shown to be closely related to 18F-FDG
uptake in human cancer [5,6]. Glucose phos-
phorylation enzyme (hexokinase) is also known
to play an important role for glucose metabo-
lism in cancer cells [7]. Glucose-6-phosphatase
is decreasing by the increased concentration of
hexokinase, and the acceleration of glucose
phosphorylation results in increased glucose
consumption. Glutl is thought to be a possible
intrinsic marker of hypoxia, and the expression
of Glutl has been found to be regulated by hy-
poxia in a Hypoxia inducible factor (HIF)-1-
dependent way [8,9]. HIF-1« is considered to
support tumor growth by the induction of angjo-
genesis via the expression of the vascular endo-

thelial growth factor (VEGF) and also by high
and anaerobic metabolic mechanism [10]. The
amount of 18F-FDG uptake has been docu-
mented to be determined by the presence of
glucose transporter 1 (Glutl), hypoxia (HIF-1c)
and angiogenesis (VEGF) [4]. However, the un-
derlying mechanisms for 18F-FDG accumulation
are still a matter of debate in various human
neoplasms, because many factors can influence
the extent of 18F-FDG uptake.

The aim of this review is to summarize the cur-
rent data on the correlation between the under-
lying molecular biology and tumor 18F-FDG accu-
mulation in lung cancer. Moreover, we also de-
scribe the data of the PET tracer targeting hy-
poxia, cell proliferation and amino acid metabo-
lism.

Glucose metabolism

Malignant cells show increased glucose uptake
in vitro and in vivo, and this process is thought
to be mediated by glucose transporters [11].
Currently, there are 14 known glucose trans-
porter protein subtypes, and Glutl and Glut3
are expressed in a variety of carcinomas
[12,13]. The upregulation of Glut protein is com-
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mon in most cancers and is hegative associated
with outcome [11]. The overexpression of Glut
(Glutl and Glut3) enhances tumor glucose me-
tabolism, and 18F-FDG is transported into tumor
cell and is phosphorylated to 18F-FDG-6-
phosphate by the overexpression of hexokinase.
18F-FDG-6-phosphate cannot be metabolized
further in the glycolytic pathway and becomes
trapped in the cell because of its negative
charge, and it leads to the tumor cell accumula-
tion of 18F-FDG-6-phosphate [14].

18F-FDG is not specific for human cancers and
can accumulate in granulomatous or inflamma-
tory processes [7,15,16]. The recent report has
described that the amount of 18F-FDG uptake in
benign pulmonary lesion is also determined by
the presence of glucose transporters (Glutl and
Glut3), glucose phosphorylation (hexokinase)
and angiogenesis (VEGF) [16]. Especially, Glut1l,
Glut3 and hexokinase were highly expressed in
granulomatous diseases as compared with non-
granulomatous diseases. Glucose transporter
and hexokinase seem to play a crucial role on
the 18F-FDG accumulation in not only cancers
but also benign lesions such as granulomatous
disease.

We performed a systemic search of the MED-
LINE and PUBMED databases to identify all Eng-
lish literatures regarding to the relationship be-
tween 18F-FDG PET and Glut in patients with
lung cancer. The search strategy included the
articles between April 1999 and May 2011 us-
ing the following key words: “PET” or “positron
emission tomography”; “positron emission to-
mography/computer tomography” or “PET/CT”;
“18F-FDG” or “fluorodeoxyglucose”; “lung can-
cer”, “Glut”, or “glucose transporter”. We did not
include preliminary sets published as abstracts
or meeting’'s proceedings. We identified 18
studies based on our research criteria [5-
7,13,17-31]. Most studies support a positive
correlation between 18F-FDG uptake and Glutl
expression in lung cancer, especially non-small
cell lung cancer (NSCLC). In all studies, the ex-
pression of Glutl was examined by immunohis-
tochemical staining. However, the evaluation of
Glutl immunohistochemical staining was differ-
ent among the individual studies. In the analysis
according to histology or tumor differentiation,
18F-FDG uptake and Glutl expression were sig-
nificantly higher in squamous cell carcinoma
(SQC) than in adenocarcinoma (AC) and in
poorly differentiated carcinoma than in other
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tumor differentiation grades. A PET study for
bronchioloalveolar carcinoma has shown that
the relatively lower sensitivity of 18F-FDG PET in
this clinical setting may be due to the varying
level and extent of tumor Glutl expression [26].
Song et al documented that there was a wide
range of 18F-FDG uptake in neuroendocrine tu-
mors of the lung and 18F-FDG uptake was
closely correlated with Glutl expression [28].
Kaira et al have described that 18F-FDG uptake
in pulmonary pleomorphic carcinoma is closely
associated with the presence of Glutl and
Glut3, and the level of Glutl, Glut3 and 18F-FDG
uptake was significantly higher in pulmonary
pleomorphic carcinoma than in other NSCLC
[13]. These reports suggest that the presence of
Glutl expression determines the amount of 18F-
FDG accumulation within tumor cells. Moreover,
an additional modulatory factor for 18F-FDG up-
take may be associated with the overexpression
of P-glycoprotein in tumors, but it remains un-
known about the exact underlying mechanism
and relationship to glucose metabolism [32]. It
has been observed that the lower 18F-FDG up-
take in bronchioloalveolar carcinoma was re-
lated to an overexpression of P-glycoprotein as
an in vivo marker of multidrug resistance [33].
Sasaki et al have described the relationship
between P-glycoprotein uptake and alterations
in tumor suppressor genes (Rb, p16, p27, p53)
in patients with NSCLC [34]. The study con-
cluded that the presence of any tumor suppres-
sor gene abnormality is related to an expected
augmentation of 18F-FDG uptake in lung cancer.
On the other hands, Marcom et al have de-
scribed that Glutl (p=0.085) and Glut3
(p=0.074) expression had no statistically signifi-
cant correlation with 18F-FDG uptake in poten-
tially resectable NSCLC [18]. They speculated
that these transporters alone do not affect the
variation in 18F-FDG activity in NSCLC. Because
their study is a small sample size (n=73), the
results may bias by the differences in the meth-
odology of Glut immunohistochemical staining.

Recently, we reported the relationship between
18F-FDG uptake and Glutl in metastatic pulmo-
nary tumors as compared with primary lung can-
cer [24]. 18F-FDG uptake in metastatic pulmo-
nary tumors correlated significantly with the
expression of Glutl, but it was significantly
lower than primary lung cancer. However, the
expression of Glutl was significantly higher in
pulmonary metastatic tumors than in primary
lung cancer. Thus, the correlation between 18F-
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FDG uptake and Glutl expression was different
between primary lung cancer (y=0.7211,
p<0.001) and metastatic pulmonary tumors
(y=0.4579, p<0.001). In the analysis according
to histology, 18F-FDG uptake and Glutl expres-
sion were significantly higher in AC and SQC
than in sarcoma. High uptake of 18F-FDG was
significantly associated with poor outcome after
pulmonary metastasectomy in patients with
metastatic pulmonary tumors.

In vitro study using cancer cell lines, the uptake
of 18F-FDG was markedly decreased by the inhi-
bition of Glutl or hypoxic inducible factor-
lalpha (HIF-1«), whereas, Glutl upregulation by
the induction of HIF-1a increased the 18F-FDG
uptake [4]. The results of this study indicated
that cellular uptake of 18F-FDG is mediated by
Glutl and that the expression of Glutl protein
was regulated by HIF-1a.

Amino acid metabolism

Tumor cells have an increased demand for nu-
trients such as glucose, amino acids, fatty ac-
ids, vitamins and micronutrients. This demand
is increased by availability of nutrients through
vascular formation and enhanced by cellular
entry of nutrients through upregulation of spe-
cific transporters. Amino acids are essential not
only for protein synthesis but also as carbon
and nitrogen source in the synthesis of purine
and pyrimidine nucleotides, amino sugars, and
glutathione. Amino acid transporter systems
play an important role in the regulation of cellu-
lar proliferation, whereas the details of its func-
tion to promote tumor cell proliferation have not
been clarified. Among various types of amino
acid transporters, system L is a Na+-
independent large and neutral amino acid trans-
port agency [35]. L-type amino acid transporter
1 (LAT1) transports large neutral amino acids
such as leucine, isoleucine, valine, phenyla-
lanine, tyrosine, tryptophan, methionine and
histidine [36]. LAT1 is widely expressed in pri-
mary human cancers and several cancer cell
lines, where it has been shown to play essential
roles in growth and survival [37].

We have developed L-[3-18F]-a-methyltyrosine
(*8F-FAMT) as an amino-acid tracer for PET im-
aging, and confirmed its potential usefulness in
the detection of neoplasms using experimental
tumor models [38]. 18F-FAMT, an amino acid
analogue, is accumulated in tumor cells solely
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via an amino-acid transport system [39,40]. 18F-
FAMT is specific to neoplasm, whereas 18F-FDG
is taken up by inflammatory cells and granula-
tion tissue. Recent studies have demonstrated
that 18F-FAMT is useful to differentiate between
benign lesions and malignant tumors [15]. We
found that the uptake of 18F-FAMT was closely
correlated with the expression of LAT1 in pa-
tients with NSCLC [39], and both LAT1 expres-
sion and 18F-FAMT uptake in SQC were signifi-
cantly higher than those in AC [40-48]. 18F-FAMT
uptake within primary tumor is associated with
poor outcome of NSCLC, and we found that 18F-
FAMT uptake was a stronger prognostic factor
than 18F-FDG uptake [49]. Moreover, recent
studies demonstrated that a positive LAT1 ex-
pression is correlated with the grade of neuro-
endocrine tumors of the lung [50] and is fre-
quent in thymic carcinoma but is absent in thy-
moma [51]. These results indicate that both
LAT1 expression and 18F-FAMT uptake have an
important role on the progression and metasta-
sis of NSCLC.

11C-labeled methionine (MET) has been investi-
gated in the imaging of various cancers [52-54].
11C-MET is better for imaging malignant tumors
than 18F-FDG due to higher specificity resulting
in improved differentiation between cancer and
benign processes. There are several clinical
studies obtained with other tyrosine derivatives
such as 2-18F-fluoro-L-tyrosine (18F-FET) and 3-
123]-jodo-a-methyl-L-tyrosine (123I-IMT) [55-57].
Pauleit et al investigated the diagnostic poten-
tial of 18F-FET for the imaging of lung cancer
[56]. In their study, all SQCs were found to be
18F-FET-positive, whereas most ACs were found
to be 18F-FET-negative. Compared with 18F-FDG,
18F-FET PET may allow a better distinction be-
tween tumors and inflammatory tissues in pa-
tients with SQC, however, 18F-FET PET seems
not to be a useful method to diagnose NSCLC,
because 18F-FET PET shows no uptake in most
ACs. 123|-IMT SPECT has a high sensitivity for the
detection of primary tumors of NSCLC
(sensitivity, 94%), but it is not useful for small
metastases (<2 cm in diameter) [57]. Experi-
ments with Xenopus oocytes showed that the
radioiodinated tyrosine derivative 123|-IMT was
selectively transported via the human LAT1
[58]. However, several observations suggest
that 18F-FET may be selectively transported via
LAT2, which is expressed in normal cells [56].
The synthetic leucine amino acid analog anti-1-
amino-3-18F-fluorocyclobutane-1-carboxylic acid
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(anti-18F-FACBC) has been reported to be a
ligand that permits the evaluation of the L-type
amino acid transporter system [59]. 18F-FACBC
may prove useful for imaging brain and pelvic
tumors because of its low uptake within the
brain and the urinary bladder. However, there
are no clinical studies on 18F-FACBC with PET in
NSCLC. Radiochemical yield of 18F-FAMT is
lower than 18F-FET and is equivalent to FACBC
[38]. However, it remains unclear whether the
uptake of 11C-MET, 123|F-FET, 123|-IMT and 18F-
FACBC is correlated with the expression of
amino acid transporters in human neoplasms.
Only 18F-FAMT PET has been investigated in the
relationship the uptake of amino acid PET tracer
and LAT1 expression using the tumor speci-
mens.

Hypoxic imaging

Tumor hypoxia is considered a significant im-
pact on the biologic behavior of various malig-
nancies, including lung cancer because it pro-
motes resistance to radiotherapy and chemo-
therapy and increases tumor aggressiveness,
angiogenesis, and metastatic potential, ulti-
mately resulting worse prognosis [60,61].
Therefore, hypoxia itself could be a target for
tumor imaging. During the past two decades,
several hypoxia-targeting radiopharmaceuticals
have been developed. 18F-fluoromisonidazole
(FMISO) and 60Cu or 64Cu-diacetyl-bis (4-(N)-
methylthiosemicarbazone) (ASTM) are the prin-
cipal PET tracers clinical available [62,63].
Dehdashti et al described that the usefulness of
treatment monitoring (chemotherapy, radiother-
apy or chemoradiotherapy) of NSCLC using PET
imaging with 60Cu-ASTM and 18F-FDG [64]. Their
preliminary results indicate that 60Cu-ASTM may
have great potential in identifying patients who
are less likely to respond to conventional ther-
apy. FMISO is another tracer that is selectively
taken up by hypoxic cells but has a slower wash-
out from normoxic cells than does 60Cu-ASTM.
Cherk et al reported the relationship between
FMISO uptake and tumor markers of hypoxia
and angiogenesis in 17 patients with NSCLC
[65]. Their study demonstrated that no correla-
tion was seen between either FMISO or 18F-FDG
uptake and microvessel density (MVD), HIF-1q,
VEGF and Glutl expression, but there was a
weakly positive correlation between both FMISO
and 18F-FDG uptake and the proliferative
marker Ki-67. However, previous studies have
documented that 18F-FDG uptake is closely cor-
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related with the expression of Glutl, HIF-1q,
MVD and VEGF in resectable NSCLC [24,27],
and these studies were a sample size of more
than one hundred patients with NSCLC. As their
study is a small sample size of 17 patients with
NSCLC, the sample size may bias the correla-
tion between FMISO uptake and tumor bio-
markers. Therefore, larger studies are needed
to evaluate the relationship between hypoxia
PET imaging and tumor markers such as HIF-1q,
MVD, VEGF and Glut1.

DNA synthesis

3’-deoxy-3’-[18F] fluorothymidine (18F-FLT) is a
thymidine analog used to assess cell prolifera-
tion [66]. 18F-FLT is phosphorylated by
thymidine kinase and enters the salvage path-
way without incorporation into DNA molecule.
Recent study revealed that 18F-FLT uptake cor-
related with the proliferation of cancer cells, as
indicated by immunohistochemical analysis with
Ki-67 [67]. 18F-FLT is described to be more tu-
mor-specific than 18F-FDG, and it is thought to
be useful for identifying malignant cells and for
monitoring tumor response in human cancers
[68]. Since 18F-FLT accumulates in the bone
marrow and the liver, tumors in these organs
are not studied for PET diagnosis with 18F-FLT.
Recently, Yamamoto et al described the correla-
tion of 18F-FLT and 18F-FDG uptake on PET with
Ki-67 immunohistochemistry in 18 patients with
NSCLC [67]. The sensitivity of 18F-FLT and 18F-
FDG PET for the detection of lung cancer was
72% and 89%, respectively. A statistically signifi-
cant correlation was observed between 18F-FLT
uptake and Ki-67 index (y=0.77; p<0.0002) and
for 18F-FDG uptake (y=0.81; p<0.0001). Their
preliminary study demonstrated that 218F-FLT
mat be less sensitive for primary staging of
NSCLC patients as compared with 18F-FDG, and
the correlation of 18F-FLT uptake and prolifera-
tive activity was not better than that of 18F-FDG
uptake. In some studies, 18F-FLT correlated
significantly better with the proliferative activity
than did 18F-FDG [69,70], but pulmonary metas-
tases and benign lesions were included. Thus,
the differences in patients selection may bias
the relationship between 18F-FLT uptake and Ki-
67. As only a small number of NSCLC patients
have been examined in the previous studies,
larger studies are needed to assess the biologic
correlation of 18F-FLT PET in patients with
NSCLC.
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Discussion and conclusion

This review described the relationship between
the underlying molecular biology and the uptake
of the PET tracer targeting glucose metabolism,
amino acid metabolism, hypoxia and DNA syn-
thesis. The level of 18F-FDG uptake in lung can-
cer is modulated by many histologic and mo-
lecular factors. Higher 18F-FDG accumulation is
recognized by the overexpression of Glut,
hexokinase and HIF-1a. Moreover, a positive
correlation was also found between 18F-FDG
uptake and Ki-67 proliferation index and angio-
genesis (VEGF and MVD) [24,44]. The analysis
according to histology demonstrated that higher
18F-FDG uptake is generally noted in SQC than
in AC and in poorly differentiated carcinoma
than in other tumor grades. These phenotypes
are generally secondary to Glutl overexpression
and to some extent Glut3. The Glutl-mediated
increased 18F-FDG uptake within tumor cells is
modulated by hypoxic markers including HIF-1a
and hexokinase, alternations in tumor sup-
presser genes, and P-glycoprotein activity.

However, 18F-FDG accumulation is not tumor-
specific, therefore several other radiotracers
have been developed for the imaging of human
cancers. Most of these PET tracers are more
tumor-specific than 18F-FDG. Nowadays, PET is
considered to be one of the standard means of
molecular imaging using these tracers as
probes for cellular metabolism, proliferation,
angiogenesis, hypoxia, receptor and apoptosis.
18F-FAMT, an amino acid analogue, is accumu-
lated in tumor cells solely via L-type amino acid
transporter, and is specific to neoplasms. How-
ever, 18F-FAMT PET has a low sensitivity for the
detection of primary lung cancer (sensitivity,
90%) as compared with 18F-FDG PET (sensitivity,
94%), demonstrating no significant difference
(p=0.35) [39]. Biologically, the uptake of 18F-
FAMT was closely correlated with the expression
of not only LAT1 but also VEGF, MVD and Ki-67
[37,40-45]. 18F-FAMT PET is a promising PET
tracer for monitoring response to chemoradio-
therapy and for predicting the prognosis of pa-
tients with lung cancer [49,71]. Recently, we
reported the antitumor activity of inhibiting LAT1
in lung cancer cell lines, and found that inhibi-
tion of LAT1 reduced the level of phosphoryla-
tion of mammalian target of rapamycin (MTOR),
p70S6K and 4EBP1 [37]. Considering a close
correlation of 18F-FAMT uptake and LAT1 ex-
pression, 18F-FAMT accumulation within tumor
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cells may be also associated with the activation
of mTOR signal pathway. As it has not been yet
examined whether the uptake of the other
amino acid PET tracers is correlated with the
expression of amino acid transporter in human
neoplasms, further investigation is warranted.

The recent small-scale study demonstrated a
negative correlation between FMISO uptake and
the expression of hypoxic markers [65]. This
result concluded that hypoxic cell fraction of
NSCLC measured by FMISO is consistently low,
and there is no significant correlation between
hypoxia and glucose metabolism in NSCLC as-
sessed by 18F-FDG. Therefore, it remains un-
known whether hypoxic PET tracer could be use-
ful molecular imaging for representing the hy-
poxic condition with tumor cells.

18F-FLT PET is a cell proliferation tracer and has
more-specific potential than 18F-FDG PET. There-
fore, 18F-FLT PET may be more useful in deter-
mining therapeutic response than measure-
ments of glucose metabolism. However, it re-
mains unclear whether the uptake of 18F-FLT is
correlated with the expression of Glutl, LAT1,
hexokinase, HIF-1a, VEGF and MVD. As cell me-
tabolism, hypoxia and angiogenesis are associ-
ated with tumor cell proliferation, 18F-FLT PET
may have an alternative role on the imaging of
these molecular markers.

18F-FDG PET is accepted as a diagnostic imag-
ing tool for the assessment of various human
cancers, but the potential uses of PET in oncol-
ogy extend beyond the imaging of glucose me-
tabolism, including hypoxia, cell metabolism
synthesis and DNA synthesis. These PET tracers
could be an alternative imaging tool for repre-
senting the underlying molecular biology in lung
cancer. The role of these more targeted radio-
pharmaceuticals will most certainly continue to
evolve as the utility of molecular biology in fu-
ture.

Conflicts of interest statement

We, all authors, have no financial or personal
relationships with other people or organizations
that could inappropriately influence our work.

Address correspondence to: Kyoichi Kaira, MD, Divi-
sion of Thoracic Oncology, Shizuoka Cancer Center,
1007 Shimonagakubo Nagaizumi-cho Sunto-gun,
Shizuoka, 411-8777, Tel:+81 55 989 5222, Fax:+81
55 989 5634, E-mail: kkairal1l970@yahoo.co.jp

Am J Transl Res 2011;3(4):383-391



PET and biology in lung cancer

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

388

Vansteenkiste JF, Stroobants SG, De Leyn PR,
Dupont PJ, Bogaert J, Maes A, Deneffe GJ,
Nackaerts KL, Verschakelen JA, Lerut TE, Mor-
telmans LA, Demedts MG. Lymph node stag-
ing in non-small-cell lung cancer with FDG-PET
scan: a prospective study on 690 lymph node
stations from 68 patients. J Clin Oncol 1998;
16: 2142-9.

Brock CS, Meikle SR, Price P. Does fluorine-18
fluorodeoxyglucose metabolic imaging of tu-
mours benefit oncology? Eur J Nucl Med
1997; 24: 691-705.

Hoffman JM, Waskin HA, Schifter T, Hanson
MW, Gray L, Rosenfeld S, Coleman RE. FDG-
PET in differentiating lymphoma from nonma-
lignant central nervous system lesions in pa-
tients with AIDS. Nucl Med 1993; 34: 567-75.
Kaira K, Endo M, Abe M, Nakagawa K, Ohde Y,
Okumura T, Takahashi T, Murakami H, Tsuya
A, Nakamura Y, Naito T, Hayashi |, Serizawa
M, Koh Y, Hanaoka H, Tominaga H, Oriuchi N,
Kondo H, Nakajima T, Yamamoto N. Biologic
correlation of 2-[18F]-fluoro-2-deoxy-D-glucose
uptake on positron emission tomography in
thymic epithelial tumors. J Clin Oncol 2010;
28: 3746-53.

Higashi K, Ueda Y, Sakurai A, Wang XM, Xu L,
Murakami M, Seki H, Oguchi M, Taki S,
Nambu Y, Tonami H, Katsuda S, Yamamoto I.
Correlation of Glut-1 glucose transporter ex-
pression with. Eur J Nucl Med 2000; 27: 1778
-85.

Chung JH, Cho KJ, Lee SS, Baek HJ, Park JH,
Cheon GJ, Choi CW, Lim SM. Overexpression
of Glutl in lymphoid follicles correlates with
false-positive (18) F-FDG PET results in lung
cancer staging. J Nucl Med 2004; 45: 999-
1003.

Mamede M, Higashi T, Kitaichi M, Ishizu K,
Ishimori T, Nakamoto Y, Yanagihara K, Li M,
Tanaka F, Wada H, Manabe T, Saga T. [18F]
FDG uptake and PCNA, Glut-1, and
Hexokinase-ll expressions in cancers and in-
flammatory lesions of the lung. Neoplasia
2005; 7:369-79.

Vleugel MM, Greijer AE, Shvarts A, van der
Groep P, van Berkel M, Aarbodem Y, van
Tinteren H, Harris AL, van Diest PJ, van der
Wall E. Differential prognostic impact of hy-
poxia induced and diffuse HIF-lalpha expres-
sion in invasive breast cancer. J Clin Pathol
2005; 58: 172-7.

Elson DA, Ryan HE, Snow JW, Johnson R, Ar-
beit JM. Coordinate up-regulation of hypoxia
inducible factor (HIF)-1alpha and HIF-1 target
genes during multi-stage epidermal carcino-
genesis and wound healing. Cancer Res
2000; 60:6189-95.

Elson DA, Ryan HE, Snow JW, Johnson R, Ar-

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

beit JM. Coordinate up-regulation of hypoxia
inducible factor (HIF)-1alpha and HIF-1 target
genes during multi-stage epidermal carcino-
genesis and wound healing. Cancer Res
2000; 60: 6189-95.

Medina RA, Owen Gl. Glucose transporters:
expression, regulation and cancer. Biol Res
2002; 35: 9-26.

Younes M, Brown RW, Stephenson M, Gondo
M, Cagle PT. Overexpression of Glutl and
Glut3 in stage | nonsmall cell lung carcinoma
is associated with poor survival. Cancer 1997;
80: 1046-51.

Kaira K, Endo M, Abe M, Nakagawa K, Ohde Y,
Okumura T, Takahashi T, Murakami H, Tsuya
A, Nakamura Y, Naito T, Hayashi I, Kondo H,
Nakajima T, Yamamoto N. Biologic correlates
of 18F-FDG uptake on PET in pulmonary pleo-
morphic carcinoma. Lung Cancer 2011; 71:
144-50.

Caracé C, Aloj L, Chen LY, Chou JY, Eckelman
WC. Cellular release of [18F] 2-fluoro-2-
deoxyglucose as a function of the glucose-6-
phosphatase enzyme system. J Biol Chem
2000; 275: 18489-94.

Kaira K, Oriuchi N, Otani Y, Yanagitani N, Su-
naga N, Hisada T, Ishizuka T, Endo K, Mori M.
Diagnostic usefulness of fluorine-18-alpha-
methyltyrosine positron emission tomography
in combination with 18F-fluorodeoxyglucose in
sarcoidosis patients. Chest 2007; 131: 1019-
27.

Kaira K, Ohde Y, Okumura T, Nakagawa K,
Takahashi T, Murakami H, Naito T, Tsuya A,
Nakamura Y, Oriuchi N, Endo M, Kondo H,
Nakajima T, Yamamoto N. Relationship be-
tween F-FDG uotake on PET and various bio-
logic molecular markers in benign pulmonary
lesion: comparison with primary lung cancer.
Ann Nucl Med 2011 in press.

Brown RS, Leung JY, Kison PV, Zasadny KR,
Flint A, Wahl RL. Glucose transporters and
FDG uptake in untreated primary human non-
small cell lung cancer. J Nucl Med 1999; 40:
556-65.

Marom EM, Aloia TA, Moore MB, Hara M,
Herndon JE 2nd, Harpole DH Jr, Goodman PC,
Patz EF Jr. Correlation of FDG-PET imaging
with Glut-1 and Glut-3 expression in early-
stage non-small cell lung cancer. Lung Cancer
2001; 33: 99-107.

Chung JK, Lee YJ, Kim SK, Jeong JM, Lee DS,
Lee MC. Comparison of [18F] fluorodeoxyglu-
cose uptake with glucose transporter-1 ex-
pression and proliferation rate in human
glioma and non-small-cell lung cancer. Nucl
Med Commun 2004; 25: 11-7.

Chung JH, Cho KJ, Lee SS, Baek HJ, Park JH,
Cheon GJ, Choi CW, Lim SM. Overexpression
of Glutl in lymphoid follicles correlates with
false-positive (18) F-FDG PET results in lung

Am J Transl Res 2011;3(4):383-391



[21]

[22]

(23]

[24]

(25]

[26]

[27]

(28]

[29]

[30]

389

PET and biology in lung cancer

cancer staging. J Nucl Med 2004; 45: 999-
1003.

Chung JH, Lee WW, Park SY, Choe G, Sung
SW, Chung JK, Lee MC, Kim SE. FDG uptake
and glucose transporter type 1 expression in
lymph nodes of non-small cell lung cancer. Eur
J Surg Oncol 2006; 32: 989-95.

de Geus-Oei LF, van Krieken JH, Aliredjo RP,
Krabbe PF, Frielink C, Verhagen AF, Boerman
OC, Oyen WJ. Biological correlates of FDG
uptake in non-small cell lung cancer. Lung
Cancer 2007; 55: 79-87.

Nguyen XC, Lee WW, Chung JH, Park SY, Sung
SW, Kim YK, So Y, Lee DS, Chung JK, Lee MC,
Kim SE. FDG uptake, glucose transporter type
1, and Ki-67 expressions in non-small-cell lung
cancer: correlations and prognostic values.
Eur J Radiol 2007; 62: 214-9.

Kaira K, Okumura T, Ohde Y, Takahashi T,
Murakami H, Oriuchi N, Endo M, Kondo H,
Nakajima T, Yamamoto N. Correlation Be-
tween 18F-FDG Uptake on PET and Molecular
Biology in Metastatic Pulmonary Tumors. J
Nucl Med 2011; 52: 705-11.

Usuda K, Sagawa M, Aikawa H, Ueno M, Ta-
naka M, Machida Y, Zhao XT, Ueda Y, Higashi
K, Sakuma T. Correlation between glucose
transporter-1 expression and 18F-fluoro-2-
deoxyglucose uptake on positron emission
tomography in lung cancer. Gen Thorac Car-
diovasc Surg. 2010; 58: 405-10.

Khandani AH, Whitney KD, Keller SM, Isasi CR,
Donald Blaufox M. Sensitivity of FDG PET,
GLUT1 expression and proliferative index in
bronchioloalveolar lung cancer. Nucl Med
Commun 2007; 28: 173-7.

van Baardwijk A, Dooms C, van Suylen RJ,
Verbeken E, Hochstenbag M, Dehing-Oberije
C, Rupa D, Pastorekova S, Stroobants S, Buell
U, Lambin P, Vansteenkiste J, De Ruysscher D.
The maximum uptake of (18) F-deoxyglucose
on positron emission tomography scan corre-
lates with survival, hypoxia inducible factor-
lalpha and GLUT-1 in non-small cell lung can-
cer. Eur J Cancer 2007; 43: 1392-8.

Song YS, Lee WW, Chung JH, Park SY, Kim YK,
Kim SE. Correlation between FDG uptake and
glucose transporter type 1 expression in neu-
roendocrine tumors of the lung. Lung Cancer
2008; 61: 54-60.

Nguyen XC, So Y, Chung JH, Lee WW, Park SY,
Kim SE. High correlations between primary
tumours and loco-regional metastatic lymph
nodes in non-small-cell lung cancer with re-
spect to glucose transporter type 1-mediated
2-deoxy-2-F18-fluoro-D-glucose uptake. Eur J
Cancer 2008; 44: 692-8.

Mees G, Vangestel C, Dierckx R, Pauwels P,
Van Meerbeeck J, Van de Wiele C. Carbonic
anhydrase IX expression correlates with FDG
uptake by primary non-small cell lung cancer.

(31

[32]

(33]

[34]

[35]

[36]

[37]

[38]

[39]

Cancer Biother Radiopharm 2010; 25: 149-
54.

Kim SJ, Hwang SH, Kim 1J, Lee MK, Lee CH,
Lee SY, Lee EY. The association of 18F-
deoxyglucose (FDG) uptake of PET with poly-
morphisms in the glucose transporter gene
(SLC2A1) and hypoxia-related genes (HIF1A,
VEGFA, APEX1) in non-small cell lung cancer.
SLC2A1 polymorphisms and FDG-PET in
NSCLC patients. J Exp Clin Cancer Res
2010;29:69.

Marian T, Szab6 G, Goda K, Nagy H, Szincsak
N, Juhész I, Galuska L, Balkay L, Mikecz P,
Trén L, Krasznai Z. In vivo and in vitro multi-
tracer analyses of P-glycoprotein expression-
related multidrug resistance. Eur J Nucl Med
Mol Imaging 2003; 30: 1147-54.

Higashi K, Ueda Y, Ikeda R, Kodama Y, Guo J,
Matsunari |, Oguchi M, Tonami H, Katsuda S,
Yamamoto |.  P-glycoprotein expression is
associated with FDG uptake and cell differen-
tiation in patients with untreated lung cancer.
Nucl Med Commun 2004; 25: 19-27.

Sasaki M, Sugio K, Kuwabara Y, Koga H, Na-
kagawa M, Chen T, Kaneko K, Hayashi K,
Shioyama Y, Sakai S, Honda H. Alterations of
tumor suppressor genes (Rb, p16, p27 and
p53) and an increased FDG uptake in lung
cancer. Ann Nucl Med 2003; 17: 189-96.
Kanai Y, Segawa H, Miyamoto K, Uchino H,
Takeda E, Endou H. Expression cloning and
characterization of a transporter for large neu-
tral amino acids activated by the heavy chain
of 4F2 antigen (CD98). J Biol Chem 1998;
273: 23629-32.

Chairoungdua A, Segawa H, Kim JY, Miyamoto
K, Haga H, Fukui Y, Mizoguchi K, Ito H, Takeda
E, Endou H, Kanai Y. ldentification of an
amino acid transporter associated with the
cystinuria-related type Il membrane glycopro-
tein. J Biol Chem 1999; 274: 28845-8.

Imai H, Kaira K, Oriuchi N, Shimizu K, Tomi-
naga H, Yanagitani N, Sunaga N, Ishizuka T,
Nagamori S, Promchan K, Nakajima T, Yama-
moto N, Mori M, Kanai Y. Inhibition of L-type
amino acid transporter 1 has antitumor activ-
ity in non-small cell lung cancer. Anticancer
Res 2010; 30: 4819-28.

Tomiyoshi K, Amed K, Muhammad S, Higuchi
T, Inoue T, Endo K, Yang D. Synthesis of iso-
mers of 18F-labelled amino acid radiopharma-
ceutical: position 2- and 3-L-18F-alpha-
methyltyrosine using a separation and purifi-
cation system. Nucl Med Commun 1997; 18:
169-75.

Kaira K, Oriuchi N, Otani Y, Shimizu K, Tanaka
S, Imai H, Yanagitani N, Sunaga N, Hisada T,
Ishizuka T, Dobashi K, Kanai Y, Endou H, Na-
kajima T, Endo K, Mori M. Fluorine-18-alpha-
methyltyrosine positron emission tomography
for diagnosis and staging of lung cancer: a

Am J Transl Res 2011;3(4):383-391



[40]

(41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

390

PET and biology in lung cancer

clinicopathologic study. Clin Cancer Res 2007;
13: 6369-78.

Kaira K, Oriuchi N, Imai H, Shimizu K, Yanagi-
tani N, Sunaga N, Hisada T, Tanaka S, Ishi-
zuka T, Kanai Y, Endou H, Nakajima T, Mori M.
Prognostic significance of L-type amino acid
transporter 1 expression in resectable stage |-
Il nonsmall cell lung cancer. Br J Cancer
2008; 98: 742-8.

Kaira K, Oriuchi N, Imai H, Shimizu K, Yanagi-
tani N, Sunaga N, Hisada T, Tanaka S, Ishi-
zuka T, Kanai Y, Endou H, Nakajima T, Mori M.
I-type amino acid transporter 1 and CD98
expression in primary and metastatic sites of
human neoplasms. Cancer Sci 2008; 99:
2380-6.

Kaira K, Oriuchi N, Shimizu K, Ishikita T, Higu-
chi T, Imai H, Yanagitani N, Sunaga N, Hisada
T, Ishizuka T, Kanai Y, Endou H, Nakajima T,
Endo K, Mori M. Evaluation of thoracic tumors
with (18)F-FMT and (18)F-FDG PET-CT: a clini-
copathological study. Int J Cancer 2009; 124:
1152-60.

Kaira K, Oriuchi N, Imai H, Shimizu K, Yanagi-
tani N, Sunaga N, Hisada T, Ishizuka T, Kanai
Y, Endou H, Nakajima T, Mori M. Prognostic
significance of L-type amino acid transporter 1
(LAT1) and 4F2 heavy chain (CD98) expres-
sion in early stage squamous cell carcinoma
of the lung. Cancer Sci 2009; 100: 248-54.
Kaira K, Oriuchi N, Shimizu K, Ishikita T, Higu-
chi T, Imai H, Yanagitani N, Sunaga N, Hisada
T, Ishizuka T, Kanai Y, Endou H, Nakajima T,
Endo K, Mori M. Correlation of angiogenesis
with 18F-FMT and 18F-FDG uptake in non-small
cell lung cancer. Cancer Sci 2009; 100: 753-
8.

Kaira K, Oriuchi N, Imai H, Shimizu K, Yanagi-
tani N, Sunaga N, Hisada T, Ishizuka T, Kanai
Y, Nakajima T, Mori M. Prognostic significance
of L-type amino acid transporter 1 (LAT1) and
4F2 heavy chain (CD98) expression in stage |
pulmonary adenocarcinoma. Lung Cancer
2009; 66: 120-6.

Imai H, Kaira K, Oriuchi N, Yanagitani N, Su-
naga N, Ishizuka T, Kanai Y, Endou H, Naka-
jima T, Mori M. L-type amino acid transporter
1 expression is a prognostic marker in pa-
tients with surgically resected stage | non-
small cell lung cancer. Histopathology 2009;
54: 804-13.

Kaira K, Oriuchi N, Imai H, Shimizu K, Yanagi-
tani N, Sunaga N, Hisada T, Kawashima O,
Kamide Y, Ishizuka T, Kanai Y, Nakajima T,
Mori M. CD98 expression is associated with
poor prognosis in resected non-small-cell lung
cancer with lymph node metastases. Ann Surg
Oncol 2009; 16: 3473-81.

Kaira K, Oriuchi N, Shimizu K, Imai H, Tomi-
naga H, Yanagitani N, Sunaga N, Hisada T,
Ishizuka T, Kanai Y, Oyama T, Mori M, Endo K.
Comparison of L-type amino acid transporter 1

[49]

(50]

(51]

(52]

(53]

(54]

[55]

[56]

[57]

(58]

[59]

expression and L-[3-18F]-a-methyl tyrosine
uptake in outcome of non-small cell lung can-
cer. Nucl Med Biol 2010; 37: 911-6.

Kaira K, Oriuchi N, Shimizu K, Tominaga H,
Yanagitani N, Sunaga N, Ishizuka T, Kanai Y,
Mori M, Endo K. 18F-FMT uptake seen within
primary cancer on PET helps predict outcome
of non-small cell lung cancer. J Nucl Med
2009; 50: 1770-6.

Kaira K, Oriuchi N, Imai H, Shimizu K, Yanagi-
tani N, Sunaga N, Hisada T, Kawashima O,
lijima H, Ishizuka T, Kanai Y, Endou H, Naka-
jima T, Mori M. Expression of L-type amino
acid transporter 1 (LAT1) in neuroendocrine
tumors of the lung. Pathol Res Pract 2008;
204: 553-61.

Kaira K, Oriuchi N, Imai H, Shimizu K, Yanagi-
tani N, Sunaga N, Hisada T, Ishizuka T, Kanai
Y, Endou H, Nakajima T, Mori M. L-type amino
acid transporter 1 (LAT1) is frequently ex-
pressed in thymic carcinomas but is absent in
thymomas. J Surg Oncol 2009; 99: 433-8.
Yasukawa T, Yoshikawa K, Aoyagi H, Yama-
moto N, Tamura K, Suzuki K, Tsujii H, Murata
H, Sasaki Y, Fujisawa T. Usefulness of PET
with 11C-methionine for the detection of hilar
and mediastinal lymph node metastasis in
lung cancer. J Nucl Med 2000; 41: 283-90.
Kubota K, Matsuzawa T, Fujiwara T, Ito M,
Hatazawa J, Ishiwata K, Iwata R, Ido T. Differ-
ential diagnosis of lung tumor with positron
emission tomography: a prospective study. J
Nucl Med 1990; 31: 1927-32.

Tian M, Zhang H, Oriuchi N, Higuchi T, Endo K.
Comparison of 11C-choline PET and FDG PET
for the differential diagnosis of malignant
tumors. Eur J Nucl Med Mol Imaging 2004;
31: 1064-72.

Pauleit D, Floeth F, Tellmann L, Hamacher K,
Hautzel H, Muller HW, Coenen HH, Langen KJ.
Comparison of O-(2-18F-fluoroethyl)-L-tyrosine
PET and 3-123l-iodo-alpha-methyl-L-tyrosine
SPECT in brain tumors. J Nucl Med 2004; 45:
374-81.

Pauleit D, Stoffels G, Schaden W, Hamacher
K, Bauer D, Tellmann L, Herzog H, Broer S,
Coenen HH, Langen KJ. PET with O-(2-18F-
Fluoroethyl)-L-Tyrosine in peripheral tumors:
first clinical results. J Nucl Med 2005; 46: 411
-6.

Jager PL, Groen HJ, van der Leest A, van Put-
ten JW, Pieterman RM, de Vries EG, Piers DA.
L-3-[123]] iodo-alpha-methyl-tyrosine SPECT in
non-small cell lung cancer: preliminary obser-
vations. J Nucl Med 2001; 42: 579-85.
Shikano N, Kanai Y, Kawai K, Inatomi J, Kim
DK, Ishikawa N, Endou H. Isoform selectivity of
3-125l-iodo-alpha-methyl-L-tyrosine  mem-
brane transport in human L-type amino acid
transporters. J Nucl Med 2003; 44: 244-6.
Nye JA, Schuster DM, Yu W, Camp VM, Good-

Am J Transl Res 2011;3(4):383-391



(60]

[61]

[62]

(63]

[64]

[65]

391

PET and biology in lung cancer

man MM, Votaw JR. Biodistribution and radia-
tion dosimetry of the synthetic nonmetabo-
lized amino acid analogue anti-18F-FACBC in
humans. J Nucl Med 2007; 48: 1017-20.
Thomlinson RH, Gray LH. The histological
structure of some human lung cancers and
the possible implications for radiotherapy. Br J
Cancer 1955; 9: 539-49.

Evans SM, Koch CJ. Prognostic significance of
tumor oxygenation in humans. Cancer Lett
2003; 195: 1-16.

Rischin D, Hicks RJ, Fisher R, Binns D, Corry J,
Porceddu S, Peters LJ; Trans-Tasman Radia-
tion Oncology Group Study 98.02. Prognostic
significance of [18F]-misonidazole positron
emission tomography-detected tumor hypoxia
in patients with advanced head and neck can-
cer randomly assigned to chemoradiation with
or without tirapazamine: a substudy of Trans-
Tasman Radiation Oncology Group Study
98.02. J Clin Oncol 2006; 24: 2098-104.
O'Donoghue JA, Zanzonico P, Pugachev A,
Wen B, Smith-Jones P, Cai S, Burnazi E, Finn
RD, Burgman P, Ruan S, Lewis JS, Welch MJ,
Ling CC, Humm JL. Assessment of regional
tumor hypoxia using 18F-fluoromisonidazole
and  64Cu(ll)-diacetyl-bis(N4-methylthiosemi-
carbazone) positron emission tomography:
Comparative study featuring microPET imag-
ing, Po2 probe measurement, autoradiogra-
phy, and fluorescent microscopy in the R3327
-AT and FaDu rat tumor models. Int J Radiat
Oncol Biol Phys 2005; 61: 1493-502.
Dehdashti F, Mintun MA, Lewis JS, Bradley J,
Govindan R, Laforest R, Welch MJ, Siegel BA.
In vivo assessment of tumor hypoxia in lung
cancer with 60CuU-ATSM. Eur J Nucl Med Mol
Imaging 2003; 30: 844-50.

Cherk MH, Foo SS, Poon AM, Knight SR,
Murone C, Papenfuss AT, Sachinidis JI, Saun-
der TH, O'Keefe GJ, Scott AM. Lack of correla-
tion of hypoxic cell fraction and angiogenesis
with glucose metabolic rate in non-small cell
lung cancer assessed by 18F-Fluoromisoni-
dazole and 18F-FDG PET. J Nucl Med 2006;
47:1921-6.

[66]

[67]

[68]

[69]

[70]

[71]

Mankoff DA, Shields AF, Krohn KA. PET imag-
ing of cellular proliferation. Radiol Clin North
Am 2005; 43: 153-67.

Yamamoto Y, Nishiyama Y, Kimura N, Ishi-
kawa S, Okuda M, Bandoh S, Kanaji N, Asa-
kura M, Ohkawa M. Comparison of (18) F-FLT
PET and (18) F-FDG PET for preoperative stag-
ing in non-small cell lung cancer. Eur J Nucl
Med Mol Imaging 2008; 35: 236-45.

Leyton J, Latigo JR, Perumal M, Dhaliwal H, He
Q, Aboagye EO. Early detection of tumor re-
sponse to chemotherapy by 3'-deoxy-3-[18F]
fluorothymidine positron emission tomogra-
phy: the effect of cisplatin on a fibrosarcoma
tumor model in vivo. Cancer Res 2005; 65:
4202-10.

Buck AK, Halter G, Schirrmeister H, Kotzerke
J, Wurziger |, Glatting G, Mattfeldt T, Neumaier
B, Reske SN, Hetzel M. Imaging proliferation
in lung tumors with PET: 18F-FLT versus 18F-
FDG. J Nucl Med 2003; 44: 1426-31.

Yap CS, Czernin J, Fishbein MC, Cameron RB,
Schiepers C, Phelps ME, Weber WA. Evalua-
tion of thoracic tumors with 18F-
fluorothymidine and 18F-fluorodeoxyglucose-
positron emission tomography. Chest 2006;
129: 393-401.

Kaira K, Oriuchi N, Yanagitani N, Sunaga N,
Ishizuka T, Mori M, Endo K. Assessment of
therapy response in lung cancer with 8F-o-
methyl tyrosine PET. AJR Am J Roentgenol
2010; 195: 1204-11.

Am J Transl Res 2011;3(4):383-391



