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Kaisa Lehtiö, Vesa Oikonen, Tove Gro¨nroos, Olli Eskola, Kari Kalliokoski, Jo¨rgen Bergman, Olof Solin,
Reidar Gre´nman, Pirjo Nuutila, and Heikki Minn

Medicity Research Laboratory and Radiopharmaceutical Chemistry Laboratory, Turku PET Centre; Department of Oncology and
Radiotherapy; and Department of Otorhinolaryngology and Head and Neck Surgery, Turku University Central Hospital, Turku,
Finland

Hypoxia is a characteristic feature of malignant tumors that
should be evaluated before the start of therapy. 18F-labeled
fluoroerythronitroimidazole (FETNIM) is a possible candidate for
imaging tumor hypoxia with PET. Quantitative analysis of
[18F]FETNIM uptake in vivo is necessary before proceeding to
assays predicting hypoxia. Methods: Eight patients with un-
treated head and neck squamous cell carcinoma were enrolled
in the study. All patients underwent dynamic PET imaging with
[18F]FETNIM, coupled with measurements of blood flow with
[15O]H2O and blood volume with [15O]CO. The metabolically
active tumor volume was determined from [18F]FDG PET per-
formed on a separate day. [18F]FETNIM uptake in the tumor was
correlated with that in neck muscles and arterial plasma and
compared with the findings of other PET studies. Results:
Blood flow in tumor was 5- to 30-fold greater than in muscle, in
contrast to blood volume, which did not significantly differ in the
2 tissues. With [18F]FETNIM PET, muscle activity remained in-
variably less than plasma activity, whereas activity in whole
tumors was always greater than that in muscle. In 4 instances,
the maximum tumor uptake of [18F]FETNIM was 1.2–2.0 times
higher than plasma activity in the late dynamic phase. A kinetic
model developed for calculation of distribution volume of re-
versibly trapping tracers was successfully applied in the
[18F]FETNIM studies. Tumor distribution volume correlated
strongly with the standardized uptake value of [18F]FETNIM
between 60 and 120 min and with blood flow but not with the
standardized uptake value of [18F]FDG. The relationship be-
tween [18F]FETNIM uptake and the blood flow of the tumor was
less obvious on a pixel-by-pixel level. Conclusion: Uptake of
[18F]FETNIM in head and neck cancer is highly variable and
seems to be governed by blood flow at least in the early phase
of tissue accumulation. Maximum tumor-to-muscle tracer up-
take ratios . 180 min were in the range of 1–4, comparing
favorably with those reported previously for [18F]fluoromisonida-
zole. Assessment of the distribution volume of [18F]FETNIM after

the initial blood-flow phase is feasible for subsequent evaluation
of hypoxia-specific retention.
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I t has been well established both in experimental and in
clinical studies that most tumors—unlike healthy tissues—
have a considerable proportion of hypoxic cells that can be
resistant to both radiotherapy and chemotherapy (1). Hy-
poxia induces angiogenesis and adds to the invasive and
metastatic potential of neoplastic cells (2). There have been
attempts to overcome hypoxic radioresistance with blood
transfusions, hyperbaric oxygen, vasoactive agents, and var-
ious radiosensitizers, but none of these procedures currently
has an established role in the clinical treatment of cancer
patients (3). However, a recent metaanalysis of 10,602
patients in 83 randomized trials showed that modification of
tumor hypoxia significantly improved the outcome of radio-
therapy in head and neck, cervical, and bladder cancer (3,4).
The challenge is to find those among all cancer patients
whose failure in treatment is primarily caused by the hy-
poxia of the tumor cells.

None of the methods to measure the hypoxic fraction in
human tumors is currently used routinely (5). Recent re-
views (5,6) have presented histomorphometric methods, a
polarographic microelectrode technique, cytologic analysis
of DNA strand breaks, and hypoxia markers that can be
detected by external imaging either with magnetic spectros-
copy or with radionuclide labeling. Of these, a commer-
cially available microelectrode system (Eppendorf-
Netheler-Hinz GmbH, Hamburg, Germany) has been
designated as the gold standard. In this system, a thin-needle
electrode is inserted into the tumor and gives signals that are
proportional to the oxygen partial pressure in the tissue.
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Disadvantages include difficulties in distinguishing between
measurements made in necrotic and viable regions and poor
access to deep-seated tumor sites such as primaries in the
esophagus, larynx, and lungs (7).

Recently, great interest has arisen in developing radiola-
beled markers of the hypoxic fraction for noninvasive im-
aging of solid tumors (6). The advantage of PET is the
ability to image tumor metabolism quantitatively in any part
of the body. For example, the primary tumor and the lymph
node metastases can be imaged simultaneously in head and
neck cancer and in lung cancer (8,9) with PET and
[18F]FDG, a glucose analog commonly used in oncologic
PET studies. In vitro experiments show that hypoxia in-
creases uptake of [3H]FDG in cell lines established from
patients with melanoma, ovarian carcinoma, and head and
neck carcinoma because glucose is the preferred fuel for
energy metabolism under low-oxygen concentrations
(10,11). The use of [18F]FDG for detection of hypoxia is,
however, impeded by many other factors—such as cellular
viability and growth—that contribute to [18F]FDG uptake in
tumors.

Hypoxic cells can be specifically imaged with PET using
radiolabeled nitroimidazole compounds (12–14), of which
18F-labeled fluoromisonidazole ([18F]FMISO) has been in-
troduced in the clinical setting (12,15,16). So far,
[18F]FMISO has been used to study patients with head and
neck, lung, prostate, and brain tumors. Although clearly
having potential as a probe for detection of hypoxia,
[18F]FMISO may have a low target-to-background ratio
because of the lipophilicity that causes neurotoxicity in its
parent drug when used as a radiosensitizer in pharmacologic
doses (17). 18F-labeled fluoroerythronitroimidazole (FET-
NIM), originally developed by Yang et al. (13), was found
to be more hydrophilic than [18F]FMISO and is eliminated
rapidly from well-oxygenated tissues, resulting in higher
tumor-to-liver and tumor-to-blood ratios in rat mammary
cancer than are obtained with [18F]FMISO. These original
observations prompted us to study the uptake and metabo-
lism of [18F]FETNIM in tumor-bearing mammals (18) and,
finally, in cancer patients. Our goal was to study the time
course of [18F]FETNIM uptake in relation to blood flow and

glucose metabolism in head and neck cancer and to validate
a noninvasive approach to the assessment of hypoxic reten-
tion of [18F]FETNIM, which appears to show predominantly
reversible binding in tumors in the first 2–3 h after injection.

MATERIALS AND METHODS

Patients
Eight patients with newly diagnosed head and neck cancer

participated in the study between November 1999 and October
2000. The patients were admitted to the Department of Oncology
and Radiotherapy, Turku University Central Hospital (Turku, Fin-
land), for definitive or preoperative radiotherapy, and all PET
studies were performed before initiation of the treatment. Patients
who were in good or moderate clinical condition (Zubrod classi-
fication 0–2 (19)) were eligible to participate. The histologic
diagnosis was squamous cell carcinoma in every case. Each patient
underwent conventional diagnostic staging, including panendos-
copy, contrast-enhanced CT of the primary tumor site and the
neck, and chest radiography. The locations of the primary tumor
and the clinical stages according to the criteria of the International
Union Against Cancer (20) are given in Table 1. The study
protocol was approved by the joint ethical committee of Turku
University (Turku, Finland) and Turku University Central Hospi-
tal, and permission to use [18F]FETNIM in patient studies was
granted by the Finnish National Agency for Medicines. All pa-
tients gave written informed consent before entering the study.

Radiochemical Synthesis of Tracers
Production of [15O]H2O and [15O]CO. A low-energy deuteron

accelerator, Cyclone 3 (Ion Beam Applications, Louvain-La-
Neuve, Belgium), was used for production of15O-labeled com-
pounds. [15O]H2O for perfusion imaging was synthesized using a
dialysis technique in a constantly working water module (21).
[15O]CO was processed from15O-labeled oxygen in a charcoal
oven at 950°C. The radioactivity of products was recorded online
for each patient examination with a low-voltage ionization cham-
ber (22). Sterility and pyrogen tests were routinely performed to
verify the purity of the products.

[ 18F]FDG. [18F]FDG was synthesized with a computer-con-
trolled apparatus by a previously described nucleophilic substitu-
tion procedure (23). The radiochemical purity of [18F]FDG always
exceeded 98%, and the specific radioactivity at the end of radio-
synthesis was.40 GBq/mmol.

TABLE 1
Patient Characteristics

Patient no. Age (y) Sex Region TNM UICC stage Grade

1 65 M Supraglottic, larynx T1 N0 M0 I 1
2 72 M Glottic, larynx T2 N0 M0 II 1
3 56 M Oral, tongue T3 N2b M0 IV a 3
4 49 M Mandibular, gingiva T4 N2 M0 IV a 2
5 50 F Oral, tongue T4 N1 M0 IV a 2
6 66 M Piriform sinus T1 N3 M0 IV b 3
7 55 M Mandibular, gingiva T4 N2b M0 IV 2
8 62 M Glottic, larynx T2 N0 M0 II 2

UICC 5 International Union Against Cancer.
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[ 18F]FETNIM. [18F]FETNIM was synthesized from 1-(29-nitro-
19-imidazolyl)-2,3-O-isopropylidene-4-tosyloxybutane by nucleo-
philic displacement of the tosyloxy-group with [18F]F2. The
method of radiochemical synthesis was a modification of the
method of Yang et al. (13) and was reported separately (18). The
radiochemical purity of [18F]FETNIM exceeded 95%, and the
specific radioactivity exceeded 300 GBq/mmol.

PET Acquisition
PET was performed using an Advance scanner (General Elec-

tric Medical Systems, Milwaukee, WI) operated in 2-dimensional
mode. The scanner consists of 18 rings of bismuth germanate
detectors yielding 35 transverse slices spaced by 4.25 mm. The
imaging field of view is 55 cm in diameter and 15.2 cm in axial
length (24).

All measurements were corrected for scatter, random counts,
and dead time (25). Attenuation correction was performed with 2
rotating rod sources containing68Ge/68Ge (total, 350 million
counts). Image reconstruction for the central 30-cm field of view
was performed using a transaxial Hanning filter with a cutoff
frequency of 4.6 mm to a 1283 128 image matrix, which resulted
in image pixels of 2.343 2.34 mm.

PET Imaging
All PET imaging was performed while the patients were fasting.

Before [18F]FETNIM studies, patients were advised to fast at least
4 h, and before [18F]FDG studies, preferably overnight. The
plasma glucose level was monitored during the beginning of each
study. Seven patients had a normal plasma glucose concentration
during both [18F]FDG PET and [18F]FETNIM PET, with a median
of 5.3 mmol/L (range, 4.75–6.5 mmol/L). By contrast, 1 patient
(patient 3) was found to be hyperglycemic both before the
[18F]FDG study (plasma glucose level, 8.8 mmol/L) and before the
[18F]FETNIM study (plasma glucose level, 9.8 mmol/L). A line
was placed into the antecubital vein for injection of the18F-labeled
tracers and the [15O]H2O. In [18F]FETNIM studies, a catheter was
placed in the contralateral radial artery for frequent blood sam-
pling. The tumor was located by inspection; palpation; anatomic
landmarks; and, if necessary, CT.

PET studies with [18F]FETNIM and [18F]FDG were performed
within 20 d of each other (median, 5 d; range, 1–20 d) in random
order during the planning phase of radiation treatment. In
[18F]FDG studies, the tracer was injected as a 15-s bolus (median
dose, 368 MBq; dose range, 355–379 MBq). A static emission
scan consisting of three 5-min frames was acquired 45–60 min
after injection and was followed by a 10-min transmission scan.
[18F]FETNIM studies were performed sequentially with blood-
flow and blood-volume measurements, which were obtained using
[15O]H2O and [15O]CO, respectively. Laser-guided landmarks and
felt pen markings were used, if feasible, so that the positioning of
the patient for the second PET study could be the same as for the
first.

The sequence of PET acquisition for [18F]FETNIM and blood-
flow and blood-volume studies is shown in Figure 1. The study
started with a 10-min transmission scan. Thereafter, perfusion was
measured with [15O]H2O (median dose, 1,152 MBq; dose range,
1,014–1,800 MBq). Arterial blood was withdrawn with a pump
(Alitea, Stockholm, Sweden) at a speed of 6 mL/min to obtain the
input function. Blood radioactivity concentration was measured
using a 2-channel online detector (General Electric Medical Sys-
tems, Uppsala, Sweden). The procedure was recently depicted in

more detail (26). The blood volume was measured using inhalation
of [15O]CO (0.14%) mixed with room air through a 3-way inha-
lation flap-valve (median dose, 2,699 MBq; dose range, 2,496–
2,992 MBq), as previously described (27). During the scan, 3
arterial samples were taken at 4, 6, and 8 min from the beginning
of the inhalation to measure the radioactivity concentration in the
blood. An additional blood sample was withdrawn to measure
plasma radioactivity to verify that the [15O]CO was bound to red
cells and had not transformed into CO2 (27). When the blood
volume study was finished, a slow (15 s) bolus of [18F]FETNIM
was injected (median dose, 366 MBq; range, 289–385 MBq).
During [18F]FETNIM image acquisition, 29 blood samples were
withdrawn through the arterial line to measure the time course of
the tracer concentration and metabolites in plasma. [18F]FETNIM
data were collected continuously from injection until 120 min. The
frame rate for the first scan was 43 30 s, 33 60 s, 53 180 s, 83
300 s, and 63 600 s. Afterward, the patient was allowed to rest for
40 min before the second scan, which was obtained between 160
and 180 min and at a frame rate of 33 400 s (Fig. 1).

Image Analysis
Identification of Metabolically Active Tumor with [18F]FDG.

All primary tumors in 8 patients were readily detectable visually as
an area of increased focal [18F]FDG uptake. The frame between 55
and 60 min after [18F]FDG injection was used to define the regions
of interest (ROIs). Tracer accumulation was measured as standard-
ized uptake value (SUV), which is the ratio of the measured
radioactivity concentration to the estimated body tracer concentra-
tion, assuming a uniform distribution throughout the entire body
volume (28). ROIs were defined by isodensity contour using an
SUV of 4 as a threshold value, which covered the entire visually
detected tumor in all cases. The volumes of these ROIs were
summed over all planes in which the tumor was visible to obtain
the metabolically active tumor volume, which is known to corre-
late strongly with the volume determined by CT (29). Within these
ROIs, a 33 3 pixel (7.043 7.04 mm) maximum ROI was defined
with an automated system to represent the highest radioactivity
concentration in the tumor. The plane with the highest SUV on the
9-pixel-maximum ROI, along with the 2 adjacent planes, was
chosen for further analysis.

Definition of ROIs in Blood-Flow, Blood-Volume, and
[18F]FETNIM Studies.Whole-tumor ROIs from the 3 consecutive
planes with the highest radioactivity as determined by the
[18F]FDG study were carefully matched with the corresponding

FIGURE 1. Diagram of imaging protocol for [15O]H2O,
[15O]CO2, and [18F]FETNIM PET shows 2-phase acquisition of
[18F]FETNIM data, with scan 1 obtained at 0–120 min and scan
2 obtained at 160–180 min. For clarification, time scale is dif-
ferent on both sides of time 0.
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planes on the flow images. Anatomic landmarks seen on transmis-
sion scans, such as vocal cords, mandible, cervical vertebrae, nasal
cavities, shoulders, and the tumors themselves, were used to con-
firm the matching of planes between the [18F]FDG and [15O]H2O
images. The size and shape of ROIs were not allowed to change
during transfer, and this requirement was met more easily by the
tumors’ invariably showing an increased radioactivity signal on
flow images. Large elliptic ROIs (size, 11.5–13.5 cm2) were de-
fined on dorsal neck muscles in 3 adjacent planes of the transmis-
sion scan. The selected muscle ROIs were remote from known
tumors and large neck vessels to avoid contamination of radioac-
tivity in muscles by spillover from tissues with high radioactivity.
The same whole-tumor ROIs were then transferred to both the
corresponding blood-volume image planes and the corresponding
[18F]FETNIM image planes. Appropriate locations for tumor ROIs
on [18F]FETNIM images were chosen by correlation with ana-
tomic landmarks because of the possibility of patient movement
during scanning.

Calculation of Blood Flow.The methods of measuring blood
flow with [15O]H2O are based on the principle of inert gas ex-
change between blood and tissues (30). The autoradiographic
method was chosen to calculate the parametric blood-flow images
using a 250-s integration time and an arterial input curve (31). In
the autoradiographic method, the tissue curve and integral are
calculated from the measured decay-corrected arterial time–radio-
activity curve for different flow levels, assuming a constant value
of 1.0 for the partition coefficient of water in muscle. The integral
values and respective blood-flow values are written to a lookup
table. The integral of the measured decay-corrected tissue time–
radioactivity curve is calculated for each image pixel, and a cor-
responding blood-flow value is retrieved from the table and written
to the flow image. The measured arterial input curve suffers from
dispersion in the sampling system, and there is also a delay
between the measured input curve and the real entrance of the
tracer into the tissue (26,32). The input function for the tissue was
corrected for the measured external dispersion in the tubing (2.5 s)
by deconvolution with an exponential function (32). The delay was
solved by fitting the input curve into the measured tissue curve
(32).

Calculation of Blood Volume.The average blood volume of the
tumor was calculated using the equation BV5 (average radioac-
tivity in tumor ROI/average radioactivity in blood)3 1/r, where
BV is the average blood volume of the tumor and r is the tissue–
to–large-vessel hematocrit ratio. A value of 0.91 was adopted from
previous studies (26).

Dynamic [18F]FETNIM Imaging.SUVs for [18F]FETNIM were
measured from the whole-tumor and whole-muscle ROIs. Further-
more, a 33 3 pixel ROI with the maximum radioactivity within
the previously determined whole-tumor ROIs was used for steady-
state and kinetic analyses. The time course of tumor-to-muscle
retention ratios was then calculated over different time frames
using both maximum and whole-tumor ROIs.

Nitroimidazoles are reduced intracellularly in all viable cells;
however, retention occurs only in the tissues with a low oxygen
concentration, because reoxidation of the original compound is
slowed. This retention leads to the formation of reactive and
charged products, which may bind covalently to molecules under
hypoxic conditions or diffuse more slowly from the tissue (33).
Because the graphic analysis of [18F]FETNIM time–radioactivity
data showed no irreversible trapping of tracer in tumor or other
tissues during the PET study, the graphic analysis for reversible
tracers (34,35) was applied. In this model-independent analysis,
the plot of the radioactivity ratio of tissue integral to tissue versus
the radioactivity ratio of plasma integral to tissue is linear at
equilibrium. The slope of the linear phase of the plot equals the
distribution volume (DV) of the tracer (35). In our studies, the plot
became linear about 20 min after the tracer injection, and the slope
was determined from the data measured after 20 min. For a coarse
estimate of the DV during 2 periods, the ratio of tissue and plasma
radioactivity curves was calculated at the end of the 2 dynamic
acquisition phases (90–120 and 160–180 min after injection).
Finally, a pixel-by-pixel analysis was applied to study the rela-
tionship between blood flow and [18F]FETNIM uptake within the
tumor 90 min after the injection.

Statistical Analysis.Pearson product moment correlation was
used to analyze linear correlations between the variables. The
results are expressed using medians, minimums, and maximums.

TABLE 2
Quantitative Analysis of PET Findings for Head and Neck Tumors

Patient
no.

[18F]FDG
Blood flow
(mL/100 g/

min)

Blood
volume

(mL/100 g
tissue)

[18F]FETNIM

Early uptake Late uptake

SUV Volume* (mL) Twhole/p Tmax/p DV Twhole/p Tmax/p DV

1 18.5 8.3 35.3 6.4 0.74 0.91 0.85 0.75 0.89 0.86
2 14.9 3.4 29.7 4.1 0.70 0.72 0.72 0.82 1.01 0.76
3 19.0 34.1 44.4 7.5 1.00 1.41 1.20 1.04 1.74 1.41
4 13.9 20.1 48.3 6.2 0.79 0.94 0.91 0.75 1.02 0.91
5 8.4 9.9 63.1 4.6 1.10 1.98 1.64 0.81 1.28 1.54
6 17.3 401.6 44.8 ND 1.06 1.49 1.22 ND ND ND
7 11.7 53.6 23.7 5.7 0.95 1.24 1.08 0.98 1.54 1.10
8 7.6 1.7 12.4 5.5 0.83 0.95 0.82 0.80 1.00 0.83
Median 14.4 15.0 39.8 5.7 0.89 1.09 0.99 0.81 1.02 0.91

*Metabolically active tumor volume as determined from [18F]FDG PET.
Twhole/p 5 whole tumor-to-plasma radioactivity ratio at 90–120 min or 160–180 min; Tmax/p 5 maximum tumor-to-plasma radioactivity

ratio at 90–120 min or 160–180 min; DV 5 distribution volume at 20–120 min or 160–180 min; ND 5 not detected.
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RESULTS

The long acquisition protocol was well tolerated, and all
scheduled dynamic scans were obtained except that of 1
patient whose blood volume study was technically subop-
timal. He had trouble breathing through the mask and re-
fused the second part of [18F]FETNIM scan between 150
and 180 min after injection because of discomfort.

Assessment of Glucose Metabolism, Perfusion, and
Blood Volume in Tumor and Muscle

Pertinent findings for the PET studies are given in Table
2. The PET images and corresponding CT scans of 2 pa-
tients are shown in Figure 2. In all cases, the primary tumor
was clearly visualized on the blood-flow and [18F]FDG
scans, and there was good contrast in perfusion and glucose
metabolism between tumor and muscle tissues. Because of
high tracer uptake in tumors on [18F]FDG scans, we could
define the metabolically active tumor volume using an SUV
of 4 as a threshold (29). The median metabolically active
tumor volume was 15 mL (volume range, 2–400 mL; Table
1). For patients 2 and 8, however, the true volume may have
been underestimated by this approach because of partial-
volume effects. The tumor-to-muscle blood-flow ratio was
invariably high, with a median of 9.1 and a range of 5.4–
28.3.

Blood volumes for tumor and neck muscle were compa-
rable, with a median of 5.7 mL/100 g of tumor tissue (range,
4.1–7.5 mL) and 4.8 mL/100 g of muscle tissue (range,
2.9–6.4 mL). Patient 3 showed the maximum difference in
blood volume—2-fold higher in tumor than in muscle (7.5
mL/100 g of tumor tissue vs. 3.5 mL/100 g of muscle
tissue). Overall, the ratio between blood volumes for tumor
and blood volumes for muscle varied widely among patients
(median, 1.3; range, 0.7–2.1).

Dynamic Uptake of [18F]FETNIM
In early phases (i.e., 5–8 min after injection), the pattern

of [18F]FETNIM uptake closely resembled perfusion im-
ages. On late images, [18F]FETNIM activity in tumor was
more equal to that of background mucosal surfaces and neck
muscles. Tumor uptake was difficult to distinguish in 3
patients (38%) (Fig. 2A), whereas the remaining 5 patients
showed focally increased and visually detectable uptake in
at least some parts of the tumor.

Dynamic uptake of [18F]FETNIM by arterial blood, mus-
cle, and tumor in a representative patient (patient 5) is
depicted in Figure 3. The plasma concentration of18F ra-
dioactivity peaked immediately with injection and then rap-
idly redistributed. We could show radiochromatographi-
cally that no major metabolites were in the plasma (18).18F
activity remained lower in muscle tissue than in plasma
during the whole acquisition for all patients. Whole-tumor
18F activity was always higher than muscle18F activity but
was comparable with plasma activity until 120 min for 4
patients and until 180 min for 2 patients and was lower than
plasma activity for the remaining patients (Table 2). Max-
imum tumor activity was higher than plasma activity for 4

patients and close to plasma activity for 4 patients. In the
beginning of the study the tumor curve peaked slightly,
whereas the muscle curve rose slowly throughout the study
to the final level. Maximum tumor-to-muscle SUV ratios at
different times are expressed in Figure 4.

Tumor DVs were calculated using the graphic analysis
applied by Logan et al. (34) and Logan (35) for 2 periods

FIGURE 2. Multiple tomographic PET images of 2 untreated
patients with head and neck cancer. Corresponding axial CT
scans are depicted in upper left of both image sets. (A) Supra-
glottic laryngeal cancer (T1 N0) shows high uptake of [18F]FDG
(top row, middle) and increased blood flow (bottom row, left).
Early distribution pattern of [18F]FETNIM 5–8 min from injection
allows easy delineation of tumor (bottom row, middle), whereas
in later phase, 120 min from injection (bottom row, right),
[18F]FETNIM is distributed more evenly between tumor and am-
bient tissues in neck and base of mouth. PET images also show
transfer of ROI (red line circling tumor) from [18F]FDG image to
other PET studies. (B) Right lingual cancer (T4 N1) likewise
shows high uptake of [18F]FDG (top row, middle) and high blood
flow (bottom row, left). Early [18F]FETNIM image obtained 5–8
min from injection (bottom row, middle) closely resembles that
of corresponding perfusion image, whereas later phase
[18F]FETNIM image at 120 min (bottom row, right) shows focal
uptake, especially in apex of tumor. Tumor is hardly visible in
[15O]CO blood volume images (top rows, right) of both (A) and
(B).
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excluding the early phase of peak [18F]FETNIM activity.
The calculated DVs in the maximum tumor ROIs between
the 2 periods were almost identical, as can be seen in Table
2. Excellent fits for the plots were reached over these
phases. The Pearson correlation coefficients for the fitted
plots were typically in the range of 0.99–1.00. The DVs
calculated using graphic analysis correlated well (r2 5
0.880;P 5 0.0006) with the more robust tissue-to-plasma
ratios calculated at the end of the first dynamic study. In the
late accumulation phase (160–180 min), the association was
weaker (r2 5 0.554;P 5 0.06).

A strong correlation was found between the DV and
[18F]FETNIM uptake as calculated using SUV between 60

and 120 min. The highest correlation was found at 90 min
(r2 5 0.935;P , 0.0001; Fig. 5). The correlation did not
improve at 180 min (r2 5 0.524;P 5 0.066).

Comparison of Blood Flow and Glycolytic Metabolism
with Uptake of [18F]FETNIM

A correlation was observed between the DV of [18F]FET-
NIM uptake between 20 and 120 min and whole-tumor
blood flow (n 5 8; r2 5 0.728;P 5 0.04). The correlation
was weaker when DV between 160 and 180 min and flow
were compared (n 5 7; r2 5 0.462;P 5 0.09). A similar
trend for weaker correlation between flow and [18F]FET-
NIM uptake was observed when maximum SUV in tumor
tissue at different times (Fig. 6) was compared, with the
only significant association occurring at 90 min (r2 5 0.462;
P 5 0.03). However, the DV did not correlate with the
steady-state uptake of [18F]FDG (SUV) or metabolically
active tumor volume. In a pixel-by-pixel analysis of whole-
tumor images, the association between tumor blood flow
and [18F]FETNIM uptake (at 90 min) was not consistent,
although some tumors had statistically significant probabil-
ity values, as can be seen in Table 3.

DISCUSSION

Substantial evidence for hypoxia in cancer has accumu-
lated over the past few decades. Hypoxic cancer cells may
be resistant to traditional oncologic therapies and contribute
to the failure of radiation and cytotoxic drugs to eradicate
tumor. Great efforts have been made to recognize these
cells, because therapy targeted against hypoxia might im-
prove outcome (2). Specifically, noninvasive methods to
detect hypoxia using radionuclide probes and PET or
SPECT have been a focus of interest lately (6). Imaging of
hypoxia with nuclear medicine assays is especially attrac-

FIGURE 3. Time course of uptake
of [18F]FETNIM in patient with hypo-
pharyngeal carcinoma. Whole and
maximum (max) tumor activity are
shown separately.

FIGURE 4. Time course of [18F]FETNIM uptake expressed as
tumor-to-muscle SUV ratio. Numbers within frame refer to pa-
tients as numbered in Table 1.
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tive for evaluation of deep-seated tumors not easily acces-
sible to techniques requiring tissue sampling (36). Radiola-
beled nitroimidazole compounds have already shown
feasibility for PET studies, the most-used compound being
[18F]FMISO (16,37).

In our study, another nitroimidazole compound,
[18F]FETNIM, was used to image patients with head and
neck cancer before the start of radiotherapy. [18F]FETNIM
may theoretically be a more potent indicator of hypoxia than
is [18F]FMISO because of greater hydrophilicity and more
favorable pharmacokinetics (13,18). On the basis of these 2
studies, both [18F]FMISO and [18F]FETNIM show late hy-
poxia-specific accumulation at 120–240 min in experimen-
tal mammary tumors. However, [18F]FETNIM had not been
evaluated in cancer patients previously. Therefore, we un-
dertook a long, dynamic study to learn the optimal time

window for assessment of [18F]FETNIM uptake in tumors
and surrounding normal tissues. On the basis of this knowl-
edge, we aim to develop a clinically feasible imaging pro-
tocol for future PET studies to evaluate hypoxia-specific
binding of [18F]FETNIM in cancer patients.

In addition to the [18F]FETNIM study, concurrent perfu-
sion and blood volume imaging and, on a separate day,
[18F]FDG PET were performed on all patients. We studied
tumor blood flow using [15O]H2O to assess the interrelation-
ship between flow and [18F]FETNIM uptake, and with the
aid of [18F]FDG, the metabolically active tumor volume
could be defined and the tumor could be more precisely
localized for image correlation with other studies.

We found that blood volume in tumors did not signifi-
cantly differ from that in muscles and the mucosal surfaces
of adjacent neck areas. Neither did tumor blood volume

FIGURE 5. Relationship between DV of [18F]FETNIM and maximum (max) SUV in tumor at different times during dynamic study.
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correlate with metabolic characteristics depicted by
[18F]FDG and [18F]FETNIM imaging. By contrast, tumor
blood flow as assessed with a bolus injection of [15O]H2O
was high. Most patients had flow rates between 30 and 65
mL/100 g/min, whereas the flow rate in neck muscle was
typically ,5 mL/100 g/min. Similarly, high rates of blood
flow have been reported for cervical and breast tumors using
[15O]H2O autoradiography and a dynamic technique, re-
spectively (38,39). The high apparent flow may be caused
by high cellularity and a relatively high water-to-lipid con-
tent ratio in tumors (39). In fact, parts of tumors may still
remain severely hypoxic because of a low oxygen extraction
ratio, as studies on cerebral gliomas have suggested (40).

In tumors with a high regional [18F]FETNIM uptake, the
average blood flow tended to be high. This relationship was
evident in comparison with not only the early phase of

FIGURE 6. Relationship between uptake of [18F]FETNIM expressed as maximum (max) SUV and blood flow at different times
during dynamic study.

TABLE 3
Pixel-by-Pixel Comparison of Blood Flow and [18F]FETNIM

Uptake in Head and Neck Tumors 90 Minutes
After Tracer Injection

Patient
no.

Observations
(n) r2 P

1 290 0.02 0.02
2 125 0.06 0.005
3 528 0.01 0.1
4 403 0.17 0.0001
5 331 0.43 0.0001
6 1,986 0.00 0.002
7 1,009 0.00 0.2
8 34 0.01 0.5
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[18F]FETNIM uptake but also, to a somewhat lesser extent,
the late retention phase. Our observation has several expla-
nations. First, because [18F]FETNIM is hydrophilic, it is no
surprise that initial uptake in tissue is governed by blood
flow. Second, in the presence of hypoxia, angiogenesis is
enhanced and may result in high average blood flow on the
macroscopic level. High blood flow, in turn, is associated
with neovascularization, which may foretell an even greater
hypoxic fraction of the tumor in regions with high apparent
flow but low oxygen extraction. To better understand the
relationship, we performed a pixel-by-pixel comparison of
whole-tumor radioactivity between the corresponding per-
fusion and [18F]FETNIM images obtained 90 min after
injection. The lack of relationship between regional flow
and distribution of18F activity within tumors suggests that
flow and retention of [18F]FETNIM may not be coupled.
Furthermore, PET is not sensitive in detecting heterogeneity
at the microscopic level because autoradiographic images of
experimental tumors usually show an inverse relationship
between flow and nitroimidazole labeling. In addition, the
relative short imaging time—180 min—may not allow suf-
ficiently high covalent binding of [18F]FETNIM to cellular
macromolecules (6).

For the kinetic analysis of [18F]FETNIM uptake, we
applied a graphic analysis for reversible tracers (34,35). The
graphic analysis for irreversible tracers showed slopes
around zero, implying that the irreversible compartment for
labeled [18F]FETNIM metabolites is negligible in the stud-
ied tissue types (41). The graphic analysis for reversible
tracers has been developed and until now applied in the
brain receptor studies, but it is not dependent on a particular
model (35). Indeed, it provided excellent linear fits for
tumor and muscle data in the current study. The resulting
DV is assumed to be relatively independent of blood flow.
However, at low rates of blood flow, a longer equilibration
time may delay the linear phase of the plot. The lower the
oxygen concentration in tissue, the longer the [18F]FETNIM
metabolites stay in tissue, leading to higher DV and, thus, a
positive image of hypoxia.

The calculated DVs correlated significantly with tumor-
to-muscle SUV ratios obtained between 90 and 120 min
after injection, suggesting that the SUV approach may be
used as a surrogate for kinetic analysis in patients for whom
blood sampling is not desirable. However, SUV ratios
tended to increase over time in some patients (Fig. 4), and
the optimal time for steady-state analysis of [18F]FETNIM
uptake is not easy to determine. Recognizing the limitations
of the SUV calculations, we consider it too early to recom-
mend this index for general use in [18F]FETNIM PET
studies (28). Until more confirmatory data are available,
estimation of [18F]FETNIM DVs may be safer with the
Logan analysis or with measurement of tissue-to-plasma
ratios in the late accumulation phase, which requires only a
few blood samples (Table 2).

CONCLUSION

We analyzed dynamic uptake of [18F]FETNIM in patients
with head and neck cancer for whom definitive or preoper-
ative radiotherapy was being planned. [18F]FETNIM is a
new, hydrophilic 2-nitroimidazole analog with hypoxia-
specific binding in experimental tumors (13). We found that
initial uptake of [18F]FETNIM is governed by blood flow
and that subsequent and, presumably, hypoxia-specific re-
tention becomes evident some 60–90 min after injection.
Uptake of [18F]FETNIM in tumors varied widely, with
time-dependent tumor-to-muscle ratios varying between 1
and 4 and a tendency to higher ratios appearing at later
times in some, but not all, patients. Time dependency could
be eliminated through a volume-of-distribution analysis pre-
viously applied to reversible tracers. The high variability of
[18F]FETNIM uptake in untreated head and neck cancer
clearly supports further evaluation of [18F]FETNIM PET in
this disease, for which poor oxygenation has a proven effect
on treatment outcome. Future studies must be combined
with evidence of hypoxia-specific binding of [18F]FETNIM
in human tissues to justify development of this radionuclide
method for noninvasive assessment of tumor hypoxia.
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