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Abstract
Objective—The best current noninvasive surrogate for tumor biology is fluorodeoxyglucose
positron emission tomography (FDG–PET). Both FDG–PET maximal standardized uptake values
and selected tumor markers have been shown to correlate with stage, nodal disease, and survival in
non–small cell lung cancer (NSCLC). However, there are limited data correlating FDG–PET with
tumor markers. The purpose of this study was to determine the correlation of tumor marker
expression with FDG–PET maximal standardized uptake values in NSCLC.

Methods—FDG–PET maximal standardized uptake values were calculated in patients with
NSCLC (n = 149). No patient had induction chemoradiotherapy. Intraoperative NSCLC tissue was
obtained and tissue microarrays were created. Immunohistochemical analysis was performed for 5
known NSCLC tumor markers (glucose transporter 1, p53, cyclin D1, epidermal growth factor
receptor, and vascular endothelial growth factor). Each tumor marker was assessed independently
by two pathologists using common grading criteria. Subgroup analysis based on histologic
characteristics and regional nodal status was performed.

Results—FDG–PET correlated with T classification (P<.0001), N stage (P = .002), and greatest
tumor dimension (P<.0001). In addition, increasing maximal standardized uptake values correlated
with increased expression of glucose transporter 1 (P<.0001) and p53 (P =.04) in adenocarcinoma.
Epidermal growth factor receptor expression correlated with maximal standardized uptake values
without predilection for histologic subtype (P = .004).

Conclusion—FDG–PET maximal standardized uptake values correlate with an increased
expression of glucose transporter 1 and p53 in lung adenocarcinoma, but not squamous cell
cancer. Future studies attempting to correlate FDG–PET with tumor biology will need to consider
the effect of different tumor histologic types.

Fluorodeoxyglucose positron emission tomography (FDG–PET) has become an important
tool in the armamentarium of clinicians for diagnosing and staging of non–small cell lung
cancer (NSCLC). FDG–PET maximal standardized uptake values (SUVmax) of primary
tumors have been shown to correlate with both stage and nodal disease in NSCLC.1

Furthermore, tumor FDG–PET SUVmax have been shown to predict survival in patients
with NSCLC.2
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Although the classic TNM staging system includes widely known prognostic pathologic
factors of NSCLC, this system provides no assessment of the biologic or molecular events
leading to the development and progression of lung cancer. Molecular pathology has
provided considerable information regarding the differential expression of gene products
associated with lung carcinogenesis. A recent meta-analysis of immunohistochemical
studies investigating tumor marker expression and its correlation to survival in NSCLC
found 17 significant tumor markers that have been investigated by eight or more research
groups.3 With the advent of therapies directed at specific molecular pathways such as
epidermal growth factor receptor (EGFR) inhibitors and anti–vascular endothelial growth
factor (VEGF) antibodies, analysis of the relationship of molecular markers to diagnostic
methods, such as FDG–PET, used to assess treatment response and to provide prognostic
information is clearly needed.

Although glucose metabolism is the central factor for increased FDG uptake in tumor cells,
very few studies have investigated the correlation of FDG uptake with lung cancer tumor
marker expression. The 5 tumor markers selected for evaluation in this study were glucose
transporter 1 (GLUT-1), p53, EGFR, VEGF, and cyclin D1. We selected these markers
inasmuch as there is ample evidence in the literature suggesting their importance in the
development and progression of lung cancer.4-13

The purpose of this study is to examine the correlation of selective tumor marker expression
to FDG–PET, the best-known noninvasive surrogate marker of tumor biology. We
hypothesize that some or all of these 5 tumor markers will correlate with SUVmax in
NSCLC specimens. Subgroup analysis of patients by locoregional nodal status and
histologic characteristics will determine whether expression patterns of the selected tumor
markers and FDG–PET are different. Collectively, these studies will offer insight into the
correlative relationships between expression of these specific tumor markers and FDG–PET
in NSCLC.

PATIENTS AND METHODS
Patients

Paraffin-embedded primary lung tumor samples and patient-matched normal lung tissue in
149 consecutive patients were collected between January 2005 and October 2006. Approval
for collection of the patient tissue was obtained from the Institutional Review Board for
Health Science Research at the University of Virginia. Individual patient consent was
obtained for procurement of tissue for research purposes before patients underwent surgery.
Clinicopathologic data were collected from our general thoracic surgery database. Of the
149 patients, 56% had their FDG–PET scan performed and interpreted at the University of
Virginia with a dedicated fusion positron emission tomography/computed tomography
(PET/CT) scanner. The remaining 44% of patients had their FDG–PET imaging performed
at an outside institution with interpretation of the studies independently performed by our
nuclear radiologists at the University of Virginia.

Preparation of the Tissue Microarrays
All tumor slides were reviewed for tumor type and grade by two pathologists. A
representative slide and the corresponding block of formalin-fixed paraffin-embedded tissue
were selected. For each case, three 1-mm cores of tumor and one core of uninvolved
epithelium were removed from the original block and embedded in a paraffin block with a
specialized manual arraying instrument (model MTA1; Beecher Instruments, Sun Prairie,
Wis).
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Immunohistochemical Analysis
A tissue microarray was constructed for immunohistochemical studies that evaluated p53,
VEGF, EGFR, cyclin-D1, and GLUT-1. Information for the antibody, antigen retrieval
mechanism, and staining pattern are shown in Appendix Table 1. Unstained tissue was used
as the negative control. Positive controls are as follows: p53–human lymph node, EGFR–
human placenta, GLUT-1–human red blood cells, cyclin D1–human tonsil, and VEGF–
colon cancer. Immunohistochemical staining was scored by calculating the percentage of
cells staining positive and by assessing the intensity of immunohistochemical staining.
Immunohistochemical intensity was scored as 0 = none, 1 = weak, 2 = moderate, and 3 =
intense. The product of each tumor marker’s immunohistochemical staining was then
calculated by multiplying the percentage of positive cells by the staining intensity.14 Product
scores ranged from 0% to 300%.

Statistical Analysis
Statistical analysis was performed with SAS version 9.1 for Windows software (SAS
Institute, Inc, Cary, NC). All P values were calculated with the Spearman rank correlation
test and the 2-tailed Student t test for continuous variables.

RESULTS
One hundred forty-nine patients were included in this study. The demographic
characteristics of the population are shown in Table 1.

Table 2 illustrates the selected tumor marker correlation coefficients to SUVmax and the
respective P values. FDG-SUVmax correlated with greatest tumor dimension, T
classification, and N classification. There was a positive correlation of increasing SUVmax
and increased expression of GLUT-1 and EGFR in all NSCLC samples. Figure 1 illustrates
the expression patterns of these 2 tumor markers in primary lung cancer specimens. Cyclin
D1, p53, and VEGF expression did not correlate with SUVmax for our cohort of patients.

NSCLC specimens were next stratified by histologic subtype (adenocarcinoma [n = 68] or
squamous [n = 64]) to determine whether the correlation of SUVmax to tumor markers
differed by tumor histology. Table 2 shows correlation coefficients of SUVmax with the 5
tumor markers for adenocarcinoma and squamous carcinoma. In adenocarcinoma
specimens, GLUT-1 expression strongly correlated with SUVmax, in contrast to squamous
histology, in which no significant correlation was found. Also, p53 was found to correlate
with SUVmax in adenocarcinoma but not in squamous carcinoma. Furthermore, EGFR
expression, found to correlate with SUVmax in the entire cohort, did not reach statistical
significance when stratifying by histologic subtype.

We next stratified all patents by FDG-SUVmax and sought to determine whether there was a
value that correlated with a significant difference in tumor marker expression. These results
are shown in Table 3. Given that SUVmax less than 2.5 in lung tumors are less indicative of
malignancy, we used these values as our control group.15 We noted a stepwise increase in
the percentage of patients with positive regional nodes who had increasing SUVmax.
GLUT-1 expression within tumor specimens was significantly higher in patients with
SUVmax greater than 10 compared with patients with SUVmax of 2.5 or less. Furthermore,
EGFR expression was found to be significantly greater in patients with primary tumor
SUVmax greater than 2.5 compared with tumors with SUVmax less than 2.5.

The percentage of NSCLC that had expression of the selected tumor markers and the
corresponding mean SUVmax based on regional nodal status is shown in Table 4. SUVmax
was significantly greater for tumors with regional node–positive disease (6.4 ± 0.5 vs 8.5 ±
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0.6; P = .005). GLUT-1 expression was found in a significantly greater proportion of tumors
with associated regional nodal disease as compared with GLUT-1 expression in tumors
without nodal disease. In the proportion of tumors demonstrating expression of GLUT-1,
p53, and cyclin D1, SUVmax was significantly greater in the tumors with associated
regional nodal disease than in those with node-negative disease.

DISCUSSION
This study investigates the correlation of 5 tumor markers in lung cancer with the best
noninvasive method of assessing tumor biology, FDG–PET. Previous studies have
demonstrated the correlation of FDG–PET SUVmax with survival in patients with lung
cancer.2,16

GLUT-1 overexpression, the human erythrocyte glucose transporter, has been correlated
with a poor prognosis in patients with lung cancer.17 Increased glucose uptake in tumor cells
is thought to be regulated by glucose transporter activity.5 In our study, SUVmax was found
to positively correlate with the expression of GLUT-1 in NSCLC and specifically
adenocarcinoma. These results support similar findings reported in other studies.18,19 In
addition, we demonstrated that the percentage of positive GLUT-1 tumor cells was
significant higher between those patients with primary tumor SUVmax greater than 10 when
compared with those with values less than 2.5. Stratifying this group of patients with lung
cancer by regional nodal status, we found that the number of lung cancers expressing
GLUT-1 was significantly higher in specimens with concurrent regional nodal disease.
Furthermore, SUVmax of these GLUT-1 positive tumors with regional nodal disease was
significantly greater than SUVmax for node-negative tumors. One previous study
demonstrated a correlation of GLUT-1 expression in primary lung tumor with metastatic
lymph nodes; however, no comparison was made between GLUT-1 expression of the tumor
and its nodal status.20

Alterations of tumor suppressor genes such as p53 by mutation or overexpression are
frequently found in lung carcinoma, with many studies, although not all, suggesting that is
associated with a poor prognosis.6,11,13 Our analysis of p53 expression in NSCLC,
demonstrated a significant correlation of p53 overexpression with SUVmax in lung
adenocarcinoma. This is the first larger cohort study demonstrating a correlation between
p53 expression and SUVmax in lung cancer. SUVmax of p53 immunopositive tumors with
regional nodal disease were significantly greater than SUVmax for node-negative tumors.
We did not find a significant increase in the number of NSCLCs expressing p53 on the basis
of regional nodal status. Aberrant expression of p53 in NSCLC has been associated with an
increased likelihood of mediastinal nodal metastasis.21 The discrepancy between our results
and that study may be related to the 3-fold higher representation of pathologic stage III and
IV disease in that study.

EGFR expression appears to have moderate prognostic value in NSCLC.9 Specific EGFR-
activating mutations within lung tumors have been associated with a dramatically improved
response to EGFR inhibitors in early-phase clinical trials.22 EGFR expression was found to
correlate to SUVmax in the entire cohort; however, statistical significance was not obtained
when the specimens were examined by histologic subtype. This discrepancy is likely a result
of the reduction in sample size associated with stratification. Also, this study illustrated that
EGFR expression was significantly greater in NSCLC with SUVmax greater than 2.5. These
results support the clinical utility of FDG–PET as a means of assessing response to EGFR
inhibitor therapy, as suggested by other groups.22 We did not find a significant difference in
EGFR expression on the basis of tumor nodal status. Additionally, SUVmax of EGFR-
positive tumors with regional nodal disease were not found to be greater for similar tumors
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without nodal disease. Fontanini and associates23 found a correlation of EGFR expression in
primary squamous cell lung cancers with the presence of node-positive disease. However,
this correlation was not found in patients with lung adenocarcinoma. Our study had an equal
number of patients with squamous and adenocarcinoma histologic features, and there were
fewer patient samples examined, both of which may account for the discrepancy between
our study and that one.

Cyclin D1, an important cell cycle regulator, is translocated to the cell nucleus when
exposed to tobacco carcinogens, and this nuclear accumulation induces uncontrolled cell
proliferation.7 Cyclin D1 overexpression has been demonstrated in NSCLC compared with
normal lung tissue.4 SUVmax did not correlate with the expression of cyclin D1. Other
studies have reported similar findings.24 We also did not find a significant difference in
cyclin D1 expression based on tumor nodal status. However, SUVmax in cyclin D1–positive
tumors with regional node–positive disease was significantly greater than in tumors without
nodal disease. Cyclin D1 overexpression in NSCLC has been associated with lymph node
metastasis.25 Closer inspection of these data supports that cyclin D1 overexpression and
nodal disease were significantly stronger for stage III (P = .001) versus stage I or II (P = .
048) disease. In this study 41% of patients had stage III disease, whereas in our study only
13% had stage III disease.

VEGF plays a critical role in tumor angiogenesis and metastasis in NSCLC. Studies have
demonstrated overexpression of VEGF in NSCLC.8,10 A recent review of angiogenesis in
NSCLC uncovered 16 studies highlighting the prognostic significance of VEGF
overexpression in lung cancer.26 VEGF expression did not correlate with SUVmax in our
population. Our study is the first to define the relationship of VEGF expression to FDG–
PET in lung cancer. Stratification by regional nodal disease found no significant difference
in VEGF expression based on tumor nodal status. However, an insignificant trend favoring
increased SUVmax of VEGF-positive tumors with nodal disease compared with similar
tumors with node-negative disease was noted. Previous studies investigating the correlation
of VEGF expression in NSCLC and the presence of nodal disease have had discordant
conclusions.27-30 Therefore, in this complex milieu of growth factors, VEGF expression
alone in lung tumors is unlikely to predict the presence of lymph node metastasis.

Limitations of this study include the limited sample size used. A larger sample size may
elucidate further relationships between FDG–PET and the investigated tumor markers.
Second, use of tissue microarrays in which small tissue cylinders are studied may not in fact
adequately represent the entire specimen owing to tissue heterogeneity. Third, despite our
efforts to use a well-established protocol, inherent drawbacks of immunohistochemical
analysis include interlaboratory differences in antigen retrieval, staining protocols, and
antibodies used. A fourth limitation is that PET/CT imaging was performed on multiple
scanners, which could influence the interpretation of SUVmax. We attempted to address this
by having our nuclear radiologists interpret the images at our institution.

Future study directions will evaluate expression of these tumor markers at a transcriptional
level using a more sensitive method, quantitative real-time polymerase chain reaction. This
investigation will use cryopreserved lung tumors, thereby circumventing the potential pitfall
of using paraffin-embedded tissue for the assessment of transcriptional regulation.

In conclusion, GLUT-1 and EGFR expression in primary NSCLC correlates with FDG-
SUVmax. The correlation between SUVmax and GLUT-1 expression is significantly
stronger in lung adenocarcinoma. Additionally, p53 expression significantly correlated with
SUVmax in lung adenocarcinoma. GLUT-1 expression in NSCLC is significantly greater in
patients with regional mediastinal nodal disease. In tumors expressing GLUT-1, p53, and
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cyclin D1, SUVmax was significantly greater in patients with regional nodal disease.
Finally, the correlation of EGFR expression with FDG–PET in lung cancer suggests
potential clinical utility in monitoring response to EGFR inhibitor therapy. In contrast, a lack
of correlation between FDG–PET and VEGF expression points to limited utility of FDG–
PET to assess clinical response of lung adenocarcinoma to anti-VEGF therapies.

Appendix

Appendix:
TABLE 1

Antibodies for immunohistochemical analysis

Antibody Company Catalog No. Type Clone Dilution Antigen retrieval Positive staining pattern

VEGF DAKO M7273 Monoclonal mouse VG1 1/6400 Citrate buffer Cytoplasmic

EGFR DAKO M3563 Monoclonal mouse H11 1/400 Citrate buffer Cytoplasmic

p53 DAKO M7001 Monoclonal mouse DO-7 1/50 Citrate buffer Nuclear

GLUT-1 DAKO A3536 Polyclonal rabbit Not available 1/300 Citrate buffer Cytoplasmic membrane

Cyclin D1 DAKO M7155 Monoclonal mouse DCS-6 1/50 Citrate buffer Nuclear

VEGF, Vascular endothelial growth factor; EGFR, epidermal growth factor receptor; GLUT-1, glucose transporter 1.

Abbreviations and Acronyms

CT computed tomography

EGFR epidermal growth factor receptor

FDG F-deoxyglucose

FDG–PET fluorodeoxyglucose positron emission tomography

GLUT-1 glucose transporter 1

NSCLC non–small cell lung cancer

SUVmax maximal standardized uptake values

VEGF vascular endothelial growth factor
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FIGURE 1.
NSCLC tissue microarray. A, Representative 2× magnification tissue microarray of GLUT-1
expression in NSCLC demonstrates differential expression patterns between patient tumor
samples. B, Representative 20× magnification illustrating diffuse GLUT-1 expression in
NSCLC. C, Representative 10× magnification tissue microarray of EGFR expression in lung
adenocarcinoma. D, Representative 10× magnification tissue microarray of EGFR
expression in lung squamous carcinoma. NSCLC, Non–small cell lung cancer; GLUT-1,
glucose transporter 1; EGFR, epidermal growth factor receptor.
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TABLE 1

Patient demographics

Variable Value

Patients (N) 149

Median age (y) 69 (range, 36–88)

Sex (M/F) 79 (53%): 70 (47%)

Histology

 Adenocarcinoma 68 (45.6%)

 Squamous 64 (43.0%)

 Large cell 11 (7.4%)

 Bronchioloalveolar  6 (4.0%)

Pathologic stage

 I 93 (62.4%)

 II 35 (23.5%)

 III 20 (13.4%)

 IV  1 (0.7%)
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TABLE 2

Correlation between FDG-SUVmax and tumor marker expression and pathologic stage in all patients with
NSCLC (n = 149), lung adenocarcinoma (n = 68), and squamous carcinoma (n = 64)

All NSCLC specimens Adenocarcinoma Squamous

Correlation coefficient P value Correlation coefficient P value Correlation coefficient P value

Greatest tumor dimension 0.56 <.0001 0.36 .002 0.63 <.0001

T classfication 0.38 <.0001 0.28 .02 0.42 .0005

N classification 0.25 .002 0.26 .03 0.17 .18

GLUT-1 intensity 0.36 <.0001 0.38 .001 0.10 .42

GLUT-1 percent 0.36 <.0001 0.47 <.0001 0.07 .56

GLUT-1 product 0.37 <.0001 0.46 <.0001 0.07 .56

p53 intensity 0.10 .20 0.26 .03 −0.14 .23

p53 percent 0.11 .16 0.23 .06 −0.05 .66

p53 product 0.12 .14 0.25 .04 −0.09 .50

EGFR intensity 0.20 .01 0.12 .32 0.18 .14

EGFR percent 0.24 .003 0.17 .16 0.19 .12

EGFR product 0.23 .004 0.15 .21 0.19 .12

Cyclin D1 intensity −0.06 .46 0.03 .79 −0.009 .94

Cyclin D1 percent −0.13 .11 −0.019 .87 −0.07 .57

Cyclin D1 product −0.12 .13 −0.03 .79 −0.05 .69

VEGF intensity 0.02 .79 0.21 .08 −0.13 .31

VEGF percent 0.03 .66 0.21 .08 −0.11 .34

VEGF product 0.04 .58 0.24 .06 −0.04 .38

GLUT-1, Glucose transporter 1; EGFR, epidermal growth factor receptor; VEGF, vascular endothelial growth factor.
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TABLE 3

FDG–PET SUVmax and tumor marker expression

SUVmax No.
Node

positive (%)

Immunohistochemistry
percent scores (mean ± SEM)

GLUT-1 (%) EGFR (%)

0–2.5 25 1/25 (4%) 28 ± 6 reference 10 ± 4 reference

2.5–5.0 37 10/37 (27%) 39 ± 6 P = .25 27 ± 6 P = .02*

5–10 53 20/53 (38%) 44 ± 5 P = .06 34 ± 5 P = .0003*

10 or greater 34 14/34 (41%) 65 ± 6 P = .0001* 37 ± 7 P = .002*

SUVmax, Maximal standardized uptake values; SEM, standard error of the mean; GLUT-1, Glucose transporter 1; EGFR, epidermal growth factor
receptor.

*
Two-tailed Student t test, P < .05.
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TABLE 4

Tumor marker expression and SUVmax by nodal status

Node-negative (n = 104) Node-positive (n = 45) P value

Tumor marker Percent positive (%) Mean SUVmax* Percent positive (%) Mean SUVmax* Percent positive (%) Mean SUVmax

GLUT-1 73 7.0 ± 0.6 87 8.9 ± 0.6 .03 .02

p53 75 6.4 ± 0.5 78 8.3 ± 0.7 .16 .03

Cyclin D1 81 6.3 ± 0.5 78 8.4 ± 0.6 .16 .01

VEGF 52 6.4 ± 0.6 53 8.2 ± 0.9 .14 .08

EGFR 52 7.6 ± 1.0 49 8.8 ± 1.9 .43 .28

SUVmax, Maximal standardized uptake values; GLUT-1, glucose transporter 1; VEGF, vascular endothelial growth factor; EGFR, epidermal
growth factor receptor.

*
Mean ± standard error of the mean.
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