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Accelerated tumor cell repopulation is an important mechanism
adversely affecting therapeutic outcome in head and neck can-
cer. The noninvasive assessment of the proliferative state of a
tumor by PET may provide a selection tool for customized
treatment. 3'-deoxy-3'-'8F-fluorothymidine (8F-FLT) is a PET
tracer that is phosphorylated by thymidine kinase 1 (TK-1) and,
as such, reflects cellular proliferation. Before the use of
18F-FLT PET for tumor characterization is accepted and intro-
duced into clinical studies, validation against tumor histology is
mandatory. The aim of this study was to validate '8F-FLT PET
in squamous cell carcinomas of the oral cavity using immunohis-
tochemical staining for the proliferation marker iododeoxyuridine
and for TK-1. Methods: Seventeen patients with primary squa-
mous cell carcinomas of the oral cavity underwent an '8F-FLT
PET/CT scan before surgery, and iododeoxyuridine was admin-
istered 20 min before tumor resection. '8F-FLT PET/CT scans
were segmented, and PET/CT volumes and PET signal intensi-
ties were calculated (mean standardized uptake value [SUVean]
and maximum standardized uptake value [SUV,4]). Multiple
paraffin-embedded tumor sections were immunohistochemi-
cally stained for iododeoxyuridine and TK-1. For iododeoxyuri-
dine, labeling indices and optical densities were calculated and
correlated with SUV ean and SUV o« TK-1 staining was visually
and semiquantitatively assessed. Results: All primary tumors
were identified with 8F-FLT PET but with a large range in tracer
uptake (mean SUV ., 5.9; range, 2.2-15.2). Also, there was
a large variability in iododeoxyuridine labeling indices (mean,
0.09; range, 0.01-0.29) and optical densities (mean, 28.2; range,
12.6-37.8). The iododeoxyuridine optical densities correlated
significantly with SUVyean and SUV 4%, but the labeling indices
did not. In most tumors, TK-1 staining of varying intensity was
present but correlated with neither iododeoxyuridine binding
nor '8F-FLT uptake. Conclusion: The current study demon-
strated only a weak correlation between '8F-FLT uptake and
iododeoxyuridine staining intensity in oral cavity tumors. This
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weak correlation may be explained by differences in biomarker
characteristics, resolution, and quantification methods.
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PET with the glucose analog '8F-FDG is accepted as
a powerful, noninvasive metabolic imaging method suitable
for the diagnosis and staging of various types of cancer (/).
Tumor cell repopulation is an important indicator of tumor
aggressiveness and of its resistance to various types of
treatment. As a response to radiation therapy, squamous
cell carcinomas of the head and neck show accelerated
repopulation of clonogenic tumor cells during the course of
treatment that adversely affects treatment outcome (2-5).
Randomized trials have convincingly shown that the reduc-
tion of the overall treatment time by accelerated radiother-
apy schedules increases the locoregional tumor control rate
by about 10% (6-8). Targeting the signal transduction
pathways that control tumor cell proliferation by inhibition
of the epidermal growth factor receptor in combination
with radiotherapy improves not only local tumor control
but also ultimate survival (9,10).

Noninvasive assays monitoring the proliferative activity
of the tumor before and during therapy may assist in better
patient selection for these intensified treatment strategies.
The thymidine analog 3’-deoxy-3’-!8F-fluorothymidine
('8F-FLT) serves as a PET tracer for visualization of
proliferating (tumor) cells (/7). '8F-FLT is transported via
the membranous human nucleoside transporter 1, phos-
phorylated by the cytosolic thymidine kinase 1 (TK-1)
enzyme, and trapped intracellularly (/2). During the late G,
and S phases of the cellular cycle, TK-1 enzyme activity
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increases by almost 10-fold. As '8F-FLT trapping is related
to TK-1 activity, it is in turn also linked to cellular
proliferation (13,14).

Before treatment decisions can be based on these
functional imaging modalities, it is of utmost importance
to perform histologic validation studies. Quantitative !8F-
FLT PET data must be correlated with quantitative data of
proliferation at the tissue and cellular levels obtained by
histologic examination.

The first aim of this study was to validate '8F-FLT PET
by immunohistochemical staining of the exogenous pro-
liferation marker iododeoxyuridine and TK-1, the enzyme
phosphorylating '8F-FLT, in primary resection specimens
of oral cavity tumors. Second, the resection specimens were
stained for the endogenous proliferation marker Ki-67 for
IBF-FLT PET validation purposes.

MATERIALS AND METHODS

Patients

From July 2005 to March 2008, 17 patients with newly
diagnosed clinical stage II-IV primary squamous cell carcinoma
of the oral cavity eligible for surgical tumor resection were
included in this study after giving written informed consent. The
Institutional Review Board of the Radboud University Nijmegen
Medical Centre approved this study.

18F-FLT Synthesis

I8F-FLT was obtained from the Department of Nuclear Med-
icine and PET Research, VU University Medical Centre, Am-
sterdam, The Netherlands. Synthesis was performed as described
previously (/5,16).

PET/CT Acquisition

Before the surgical tumor resection, integrated PET and CT
images were acquired on either a hybrid PET/CT scanner or by
means of software fusion of dedicated stand-alone PET and CT
images. All scans were obtained with the patients supine and fixed
in a rigid customized mask covering the head and neck area, to
increase position accuracy and to reduce movement artifacts
during PET/CT.

Hybrid PET/CT images were acquired using a Biograph Duo
scanner (Siemens/CTI). Emission images of the head and neck
area were recorded 60 min after intravenous injection of approx-
imately 250 MBq of '3F-FLT, with 7 min per bed position in
3-dimensional mode. PET images were reconstructed using the
ordered-subset expectation maximization iterative algorithm with
parameters optimized for the head and neck area (i.e., 4 iterations,
16 subsets, and 5-mm 3-dimensional gaussian filter (/7)), with
correction for photon attenuation. In addition, CT images were
acquired for anatomic correlation and attenuation correction using
80 mAs, 130 kV, a 3-mm slice width, and a venous phase
intravenous contrast agent (Optiray; Mallinckrodt Inc.).

Dedicated PET images were acquired using an ECAT Exact
scanner (Siemens/CTI). Emission and transmission images of the
head and neck area were recorded 60 min after intravenous
injection of approximately 250 MBq of '8F-FLT, with 5 min per
bed position in 3-dimensional mode for emission and 3 min per
bed position in 2-dimensional mode for transmission. PET image
reconstruction parameters were identical to the hybrid PET/CT
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parameters. Dedicated CT images were acquired using an AcQsim
CT scanner (Philips), applying the same acquisition parameters as
those for the hybrid PET/CT. PET and CT image sets were
anatomically coregistered using iterative closest point—based
optimization of surface maps derived from PET transmission
and CT images, with an average registration accuracy of 3 mm
19).

PET Tracer Uptake Analysis and Image Segmentation

After reconstruction and coregistration, standardized uptake
value (SUV) PET images were created with software developed
in-house, which corrected for injected dose, tracer decay, and
patient body weight. Subsequently, these SUV PET images were
resliced using the CT image as reference. SUV PET and CT
images were imported into Pinnacle® (version 8.0d; Philips
Radiation Oncology System), the radiotherapy planning system
routinely used at our department.

The gross tumor volume (GTV) was first delineated on CT.
Self-written scripts in Pinnacle® aided with the segmentation of
the primary tumor and with the calculation of the mean and
maximum standardized uptake value (SUV ., and SUV .y,
respectively) from the PET data. For segmentation of the PET
images, an adaptive threshold delineation based on the signal-to-
background ratio (GTVgsgr) was performed (/9). For this mean,
the SUV,,,x was defined as mean activity of the hottest voxel in
the tumor and its 8 surrounding voxels in a transversal slice. Mean
background activity was acquired in a manually defined region of
interest in the left neck musculature (~10 cm?) at a sufficient
distance from the primary tumor, metastatic cervical lymph nodes,
and vertebrae. Within the segmented volumes, the SUV ., and
SUV ax were calculated.

Administration of lododeoxyuridine and
Immunohistochemical Staining for lododeoxyuridine,
Ki-67, and TK-1

Twenty minutes before the start of surgery, iododeoxyuridine
(Centre Hospitalier Universitaire Vaudois) (200 mg diluted in 100
mL of NaCl 0.9%) was administered intravenously as a bolus
injection.

The paraffin blocks containing the resection material from the
17 primary oral cavity tumors were collected from the Pathology
Department. To obtain a representative sample of the tumor, we
aimed at collecting 3 blocks per patient, 1 from the tumor center
and 2 localized more peripherally.

From these blocks, 5-wm consecutive sections were stained for
iododeoxyuridine, Ki-67, and TK-1. The staining protocols for
iododeoxyuridine and Ki-67 have been described elsewhere (16).
For TK-1 staining, primary tumor sections were rinsed with 0.1
M phosphate-buffered saline (Klinipath), pH 7.4, between all
steps of this procedure. The staining procedure was performed at
room temperature unless stated differently. The sections were
deparaffinized and rehydrated in Histosafe (Adamas Instrumenten
B.V.) and graded alcohols (100%—96%—70%). For antigen
retrieval, slides were heated (90°C) in 10 mM citrate buffer, pH
6.0, for 30 min (DAKO). The endogenous peroxidase was blocked
with 3% H,0, in methanol for 10 min, followed by preincubation
with primary antibody diluent (GeneTex Inc.) and incubation with
5% normal donkey serum diluted in primary antibody diluent for 30
min. Finally, sections were incubated overnight with mouse anti-TK-
1 (AbD Serotec), diluted 1:800 in primary antibody diluent at 4°C.
Next, all sections were incubated with donkey—antimouse-biotin
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(Jackson Immuno Research Laboratories), diluted 1:200 (TK-1) in
phosphate-buffered saline for 60 min, and subsequently diluted with
avidin-biotin complex reagent (Vector Laboratories) for 30 min.
Then, sections were rinsed with deionized water before incubation
with diaminobenzidine (Zymed Laboratories) for 15 min. Finally,
after rinsing with tap water and staining with hematoxylin (Klini-
path) for 30 s, sections were dehydrated and captured in mounting
medium (Klinipath).

Immunohistochemical Image Acquisition and Image
Processing

lododeoxyuridine and Ki-67 Labeling Index and Optical
Density. After immunohistochemical staining, the entire tumor
sections were scanned at X200 magnification using a digital
image-processing system consisting of a color charge-coupled
device camera (Retiga SRV, 1,392 x 1,040 pixels; QImaging) and
a red, green, blue filter (Slider Module; QImaging) attached to
a motorized bright field microscope (DM6000; Leica). Whole-
tumor sections were scanned using a Macintosh computer (Apple
Inc.) running IPLab (Scanalytics Inc.), which controlled this
motorized system and generated 24-bit color composite images.
For every scan session, separate background images were re-
corded. To extract and separate the color information from the
diaminobenzidine and hematoxylin signals, the red, green, blue
linear unmixing module in the TRI2 software (Apple Inc.) was
applied using the absorption mode (20). For this procedure,
reference files from single-stained control sections were used
containing color information for the blue (hematoxylin; all nuclei)
and brown (proliferating nuclei) signal. Additionally, each red,
green, blue color image was corrected for the microscope
illumination using the background image and was subsequently
normalized. Next, threshold values for the diaminobenzidine and
hematoxylin signal were manually set. For the image analysis,
a tumor mask was delineated including tumor, intratumoral
stroma, and areas of necrosis but excluding surrounding normal
tissues. Within this mask, the labeling index for iododeoxyuridine
and Ki-67 was calculated by dividing the diaminobenzidine-
positive area (representing nuclei positive for iododeoxyuridine
or Ki-67) by the hematoxylin area (representing all nuclei).

To adjust for different sizes of immunohistochemically stained
nuclei and for variation in the staining intensity for iododeoxyur-
idine and Ki-67, mean optical densities were calculated for the
entire tumor area using a Macintosh computer running IPLab.

Analysis of Immunohistochemical Staining for TK-1. Because
of a relatively weak immunohistochemical staining of TK-1 in
most of the tumors, automated quantitative analyses were not
possible. Therefore, 2 investigators, who were unaware of the
results obtained by PET and iododeoxyuridine immunohistochem-
istry, visually and semiquantitatively assessed the entire tumor
sections, using X200 magnification. The percentage of positive
cells, their localization, and the staining intensity were estimated.
Staining intensity was classified as no staining, weak staining
visible only under high magnification, and strong staining also
visible under lower magnification. The combination of staining
intensity with percentage of positive cells resulted in 4 categories:
absence of TK-1 staining, weak and sparse (=5%) staining, weak
and abundant (>5%—20%) staining, and strong and abundant
(>5%—20%) staining. There were no tumors with strong and
sparse TK-1 staining. Agreement on all tumor sections was
achieved before further analysis. TK-1 staining categories were
subsequently correlated to the SUV,,,, of '8F-FLT PET, iodo-
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deoxyuridine labeling indices, and iododeoxyuridine optical
densities.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism
(version 4.0c; GraphPad Software) for Macintosh. Gaussian
distribution of the values was analyzed using the Kolmogorov—
Smirnov test. GTV first delineated on CT and GTVggr were
compared using a 2-tailed Mann—Whitney test. SUVs for PET
with iododeoxyuridine and Ki-67 labeling indices were correlated
using the 2-tailed Pearson test. Linear regression was performed
for the SUV and iododeoxyuridine and Ki-67 optical densities
under the assumption that an optical density of zero resulted in an
SUV of zero for '8F-FLT PET. The results of the semiquantitative
analysis for TK-1 versus the SUV ,,«, iododeoxyuridine and Ki-67
labeling indices, and optical densities were analyzed using
a Kruskal-Wallis test. A P value less than or equal to 0.05 was
regarded as statistically significant.

RESULTS

Patient and Tumor Characteristics

Thirteen men and 4 women, with an average age of 57 y,
participated in this study. Patient and tumor characteristics
are given in Table 1. Most tumors were clinically and
pathologically classified as T2. Patients 1-3 were scanned
on the dedicated CT and PET machines on the same day;
the other patients underwent '8F-FLT PET/CT on the
hybrid scanner. The median interval between PET/CT scan
and surgery was 5 d (range, 2-36 d). The longest interval of
36 d was caused by an intercurrent infection, which delayed
the surgery.

18F-FLT Uptake in Primary Tumor

ISF_FLT PET data were available for all 17 patients, and
all primary tumors were detected by !'3F-FLT PET, as
opposed to only 12 by contrast-enhanced CT (Supple-
mental Fig. 1; supplemental materials are available online
only at http://jnm.snmjournals.org). The mean GTV first
delineated on CT = SD (13.6 = 8.2 cm?) was significantly
larger than the mean GTVgpr (7.2 = 5.6 cm3; P = 0.03).
The mean '8F-FLT SUV,,, in the primary tumors was
5.9 £ 3.2, and the mean SUV,,.,, Within the GTVggr was
4.0 £22.

lododeoxyuridine Labeling Index and Optical Density
and Correlations with '8F-FLT PET

No adverse events occurred during the intravenous
administration of iododeoxyuridine or '8F-FLT. Paraffin
blocks containing primary tumor tissue were available from
all 17 patients. We aimed at collecting 3 blocks per patient,
1 from the tumor center and 2 more peripherally. However,
only 1 block was available for 6 patients, 2 blocks were
retrieved for 7 patients, and 3 tumor blocks were available
for the remaining 4 patients, because the tumor tissue was
present in only 1 or 2 blocks in most cases. In all tumor
sections, tumor cells stained positively for iododeoxy-
uridine, and in 2 cases, iododeoxyuridine staining was also
present in peritumoral inflammatory tissue (Fig. 1A). There
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TABLE 1. Patient Characteristics, Clinical and Pathologic Stages, and Therapeutic Procedures

Patient no. Site Sex Age (y) Surgical procedure Clinical stage Pathologic stage Tumor grade
1 Lower alveolar ridge M 46  TE + MRND, right T4N2bMO pT4pNOMO 2
2 Floor of mouth F 58 TE + bilateral SND T2NOMO pT2pNOMO 2
3 Tongue M 43  TE + SND, right T3NOMO pT3pN1MO 3
4 Tongue M 70 TE + MRND, left T4NOMO pT2pNOMO 2
5 Floor of mouth M 61 TE + SND, left T2NOMO pT2pNOMO 2
6 Floor of mouth F 49 TE + SND, right T2NOMO pT2pNOMO 2
7 Floor of mouth M 72  TE + MRND, right T4N2bMO pT2pN2bMO 3
8 Retromolar trigone M 75 TE + SND, left T4ANOMO pT4pN1MO 3
9 Hard palate M 54 TE T4NOMO pT4pNOMO 2

10 Tongue/floor of mouth M 62 TE + SND, left, + MRND, right T2N1MO pT2pN2bMO 3

11 Tongue F 45 TE + bilateral MRND T4N2cMO pT4pN2cMO 3

12 Floor of mouth M 53 TE + MRND, right T2N1MO pT2pN1MO 2

i3 Floor of mouth M 56 TE + MRND, left T3NOMO pT1pN2bMO 2

14 Tongue M 67  TE + SND, right T2NOMO pT1pNOMO 2

15 Tongue/floor of mouth M 45 TE + MRND, left T2N1MO pT2pN2bMO 2

16 Tongue F 59 TE + bilateral SND T2NOMO pT2pN2bMO 2

17 Tongue M 43  TE + SND, left T2NOMO pT1pN1MO 2

TE = tumor excision; MRND = modified radical neck dissection; SND = supraomohyoid neck dissection (levels I-lll).

was a large variability in iododeoxyuridine labeling indices,
with a mean value of 0.09 and an SD of *=0.14 (range,
0.01-0.29). Furthermore, there was a large range in optical
densities for iododeoxyuridine, with a mean of 28.2 = 12.7
(range, 12.6-37.8). There was no statistically significant
correlation between the mean iododeoxyuridine labeling
index and the SUV,,, or SUV .., of '8F-FLT PET (Fig.
2A; data for SUV .., not shown). In contrast to this, the
signal intensities (i.e., optical densities for immunohisto-
chemical iododeoxyuridine staining vs. !'8F-FLT PET
SUV,ax and SUV c.n) demonstrated a significant, albeit
weak, correlation (P < 0.0001; Fig. 2B; data for SUV ean
not shown).

Ki-67 Labeling Index and Optical Density and
Correlations with 18F-FLT PET

As for iododeoxyuridine, there was no statistically
significant correlation between the mean Ki-67 labeling
index and the SUV,.. or SUV e of '8F-FLT PET
(Supplemental Fig. 2A; data for SUV .., not shown).
However, the optical densities for Ki-67 staining versus
I8E_.FLT PET SUV .« and SUV .., demonstrated a signif-
icant, albeit weak, correlation (P < 0.0001; Supplemental
Fig. 2B; data for SUV ,e., not shown).

TK-1 Staining and Correlations with lododeoxyuridine
and 8F-FLT PET

In 13 oral cavity tumors, TK-1 staining was found in the
cytoplasm of tumor cells, with an intensity ranging from
weak to intense (Figs. IA—1C). In 1 tumor, TK-1 staining
was predominantly localized in the invasive tumor front
(Fig. 1D). Overall, staining for TK-1 was substantially
weaker than for iododeoxyuridine, and fewer tumor cells
stained positively. Mostly, TK-1 and iododeoxyuridine
colocalized in the same tumor areas, but correlation at the
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cellular level could not be assessed, because the stainings
were performed on consecutive sections.

After semiquantitative analysis of TK-1 staining, 4
categories were identified on the basis of staining intensity
and percentage of positive cells. These categories were
correlated to the SUV,, of 8F-FLT PET (Fig. 3A),
iododeoxyuridine labeling indices (Fig. 3B), and iododeox-
yuridine optical densities (Fig. 3C). However, no statisti-
cally significant correlations between these parameters
were found.

DISCUSSION

In primary squamous cell carcinomas of the oral cavity,
we validated '8F-FLT PET against immunohistochemical
staining of the exogenous proliferation marker iododeox-
yuridine, immunohistochemical staining of the endogenous
marker Ki-67, and immunohistochemical expression of the
TK-1 enzyme.

In oral cavity tumors, we found a relatively high mean
SUVax for 8F-FLT PET. The sensitivity for tumor de-
tection was high (100%) in comparison to contrast-en-
hanced CT (76%), which was hampered by the relatively
small tumor size and dental artifacts. Lower SUV,.x
(mean, 1.6; range, 1.0-5.7) was observed in laryngeal
tumors with a lower sensitivity (88%), possibly because
of the generally smaller volumes of laryngeal carcinomas
(21). Two other publications involving head and neck
cancers of various sites and non—small cell lung cancer
both reported a mean SUV ,, of 4.8 (22,23).

The GTVs delineated after segmentation of the PET
signal (GTVggr) were significantly smaller than the GTVs
manually delineated on contrast-enhanced CT scans. A
similar finding has previously been reported for laryngeal
tumors using '8F-FDG PET (24). Daisne et al. (24) found
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FIGURE 1. Immunohistochemical staining for TK-1 (left;
brown), iododeoxyuridine (right; brown), and nuclei (blue) in
adjacent sections of squamous cell carcinomas of oral
cavity. Absence of staining for TK-1 and intense staining for
iododeoxyuridine in tumor and adjacent inflammatory cells
(A), weak staining for TK-1 and intense staining for
iododeoxyuridine in tumor cells (B), intense staining for TK-
1 and iododeoxyuridine in tumor cells (C), and positive
staining for both markers (TK-1, weak; iododeoxyuridine,
strong) in invasive front of squamous cell carcinoma (D).

the GTVs using PET, compared with CT and MRI, to be the
smallest. Furthermore, these GTVs, compared with laryn-
geal resection specimens, were the most accurate.
However, the potential application of '8F-FLT PET in
oncology may not be so much in improving the sensitivity
of tumor detection or its anatomic extensions as in
characterizing the biologic behavior of a tumor. Therefore,
we compared quantitative analysis of '8F-FLT uptake with
standard methods for quantification of proliferation by
immunohistochemical markers. Iododeoxyuridine is an S
phase—specific marker of proliferation. It was hypothesized
that iododeoxyuridine binding should correlate with '8F-
FLT uptake, because the activity of TK-1—the key enzyme
in '8F-FLT phosphorylation—is also mainly upregulated
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FIGURE 2. (A) Two-tailed Pearson correlation of mean

iododeoxyuridine labeling indices with SUV,,,x for all
squamous cell carcinomas of oral cavity; P = 0.18, r? =
0.12. (B) Linear regression analysis of mean iododeoxyur-
idine optical densities vs. SUV.x; P < 0.0001. IdUrd =
iododeoxyuridine; LI = labeling indices.

during the S phase (25). Somewhat unexpectedly, we did
not find a correlation between the iododeoxyuridine label-
ing indices and the '8F-FLT SUV ,,,x or SUV,can. This may
be due to the relatively unstable nature of iododeoxyuridine
because of deiodination. Therefore, we also correlated the
SUV hax and SUV e, with Ki-67 but did not find a signif-
icant positive correlation either. In contrast to our findings,
several studies on different tumor types found significant
positive correlations between SUVs for '8F-FLT PET and
proliferation assessed by Ki-67 immunohistochemistry,
whereas 3 other studies in thoracic, breast, and gastric
tumors did not demonstrate such a correlation (26-29). This
discrepancy may also be caused by the different underlying
histopathology (non-small cell lung cancer, adenocarci-
noma of the breast, and lymphoma as opposed to squamous
cell carcinomas of the oral cavity).

There are several factors that potentially play a role in
the lack of correlation between iododeoxyuridine labeling
indices and '8F-FLT PET SUVs in the current study. (1)
The principal enzyme for '3F-FLT uptake, TK-1, is in-
volved in the salvage pathway of DNA synthesis. When
DNA synthesis is blocked, TK-1 can be upregulated
through feedback mechanisms and result in increased '8F-
FLT uptake, whereas iododeoxyuridine uptake and thus
staining remain unchanged. (2) For most patients, only 1 or
2 paraffin-embedded blocks containing tumor tissue were
available, and from each block a single section was
analyzed. Thus, only a relatively small tumor volume was
assessed, with the inherent risk of sampling error, compared
with the entire tumor volume characterized by '3F-FLT
PET. However, in contrast to studies by others, we tried to
minimize this error by analyzing at least 2 tumor-contain-
ing paraffin blocks in 11 of the 17 patients and by
examining the entire tumor sections. (3) There was an
interval of several days between PET and surgery. However,
compared with other studies reported in the literature, the
median interval of 5 d was relatively short. Exclusion of
the patients with an interval of more than 10 d did not alter
the results and conclusions of this study (data not shown).
(4) The resolution of the imaging modalities profoundly
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FIGURE 3. Kruskal-Wallis test of

semiquantitative analysis of TK-1 stain-
ing (horizontal axis) correlating with
SUVmax (P = 0.44) (A), iododeoxyuridine 18
labeling indices (P = 0.19) (B), and
iododeoxyuridine optical densities (P =
0.75) (C). TK-1 staining was categorized
as absent (—), weak and sparse (+),
weak and abundant (++), or strong and 0
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differed (i.e., 2.5 pm for automatic analysis of bright-field
microscopy of immunohistochemical sections as opposed
to 5-8 mm using PET). (5) Different quantification pro-
cedures may influence the results. Some investigators
assessed the mean labeling index or SUV ..., whereas
others calculated the respective SUV ... Furthermore,
these values were mostly estimated in the areas of highest
proliferative activity or greatest staining intensity as op-
posed to complete tumor sections in our study. To spe-
cifically address this question, we also correlated the
iododeoxyuridine labeling indices in the areas of highest
proliferative activity with '8F-FLT SUYV, but again, this did
not result in significant correlations (data not shown). The
iododeoxyuridine labeling index is a measure of the relative
number of tumor cells in S phase, as opposed to the 18F-
FLT SUV, which reflects the signal intensity of the tracer at
a certain time point. '8F-FLT uptake is determined by the
tumor cells DNA synthesis rate and might be better
represented by the iododeoxyuridine staining intensity
and less by labeling index. To test this, we assessed the
iododeoxyuridine optical densities as a measure of staining
intensity within the previously defined tumor areas. This
approach yielded statistically significant, albeit weak,
correlations with SUV .., and SUV .., for '®F-FLT (Fig.
2B). However, no significant results were found when
comparing Ki-67 optical densities with '8F-FLT SUVs
(data not shown).

Finally, we assessed the expression of TK-1, the key
enzyme involved in the exogenous (salvage) pathway of
DNA synthesis (25). We studied the intensity of staining, its
localization, and the global colocalization with iododeoxy-
uridine. Most of the tumors stained positively for TK-1,
although most of the staining was rather faint and present in
only a few tumor cells. In the consecutive tumor sections,
the area of cytoplasmatic TK-1 staining colocalized with
nuclear staining for iododeoxyuridine on a global level, but
correlation on a cellular level could not be assessed. There
was no correlation between TK-1 staining intensity and
number of TK-1-positive cells on the one hand and the !8F-
FLT SUV ,..x, the iododeoxyuridine labeling indices, or the
iododeoxyuridine optical densities on the other.

TK-1 staining has been used for flow cytometric
analyses (30), but experience with immunohistochemical
staining for TK-1 in tumor sections is limited. A few
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groups have performed immunohistochemistry on histo-
logic tumor sections of breast cancer, non—small cell lung
cancer, and colorectal cancer patients (3/-34). The TK-1
labeling indices reported in these 4 studies were high
(50%—80%), compared with our experience in squamous
cell carcinomas of the oral cavity (37-34). To date, only 1
study on head and neck squamous cell carcinoma xeno-
grafts has been published (35). Molthoff et al. (35)
assessed the value of 18F-FLT PET for treatment response
monitoring in xenografted squamous cell carcinomas after
fractionated irradiation and immunohistochemically
stained tumor sections for TK-1. The authors reported
a significant decrease in '"8F-FLT tumor—to—normal tissue
ratios, whereas TK-1 expression in control and irradiated
tumors remained similar. However, details regarding TK-1
staining intensity, localization, and labeling index were
not provided.

There is a discrepancy between TK-1 immunohistochem-
istry and its enzymatic activity. Expression levels of TK-1
are relatively stable during the entire cell cycle, with a peak
in the enzyme activity in the late G; and S phases.
Therefore, the correlation of the S phase marker iododeox-
yuridine with the enzyme activity of TK-1 might have been
better performed by (fluorocytometric) TK-1 assays of
fresh resection specimens (36,37).

On the basis of the current results, the value of TK-1
staining as a measure of proliferative activity in oral cavity
tumors seems limited. However, further research is needed
(e.g., studies on colocalization with standard proliferation
markers at the cellular level) until definite conclusions can
be drawn about its significance as a biomarker for tumor
cell proliferation.

CONCLUSION

Noninvasive '8F-FLT PET assessing the proliferative
status of tumors may be a valuable aid for patient selection
and treatment response monitoring in head and neck cancer,
but it needs to be validated before introduction in the clinic.
This validation study demonstrated only a weak correlation
between !8F-FLT uptake and iododeoxyuridine staining
intensity in squamous cell carcinomas of the oral cavity.
Immunohistochemical staining of TK-1, the key enzyme in
I8E-FLT phosphorylation, correlated with neither '8F-FLT
uptake nor the standard immunohistochemical proliferation
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markers. This may be due to differences in biomarker
characteristics, discrepancies in resolution of the imaging
modalities, and differences in quantification methods. The
role of '8F-FLT PET for the characterization of other tumor
entities is more evident.
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