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Small-animal PET scanning with '8F-FDG is increasingly used
in murine models of human diseases. However, the impact of
dietary conditions, mode of anesthesia, and ambient tempera-
ture on the biodistribution of '8F-FDG in mice has not been
systematically studied so far. The aim of this study was to deter-
mine how these factors affect assessment of tumor glucose use
by '8F-FDG PET and to develop an imaging protocol that
optimizes visualization of tumor xenografts. Methods: Groups
of severe combined immunodeficient (SCID) mice were first im-
aged by microPET with free access to food, at room temperature
(20°C), and no anesthesia during the uptake period (reference
condition). Subsequently, the impact of (a) fasting for 8-12 h,
(b) warming the animals with a heating pad (30°C), and (c) general
anesthesia using isoflurane or ketamine/xylazine on the '8F-FDG
biodistribution was evaluated. Subcutaneously implanted hu-
man A431 epidermoid carcinoma and U251 glioblastoma cells
served as tumor models. Results: Depending on the study con-
ditions, '8F-FDG uptake by normal tissues varied 3-fold for skel-
etal muscle, 13-fold for brown adipose tissue, and 15-fold for
myocardium. Warming and fasting significantly reduced the in-
tense '8F-FDG uptake by brown adipose tissue observed under
the reference condition and markedly improved visualization
of tumor xenografts. Although tumor '8F-FDG uptake was not
above background activity under the reference condition, tumors
demonstrated marked focal '8F-FDG uptake in warmed and
fasted animals. Quantitatively, tumor '8F-FDG uptake increased
4-fold and tumor-to-organ ratios were increased up to 17-fold.
Ketamine/xylazine anesthesia caused marked hyperglycemia
and was not further evaluated. Isoflurane anesthesia only mildly
increased blood glucose levels and had no significant effect on
tumor '8F-FDG uptake. Isoflurane markedly reduced '8F-FDG
uptake by brown adipose tissue and skeletal muscle but in-
creased the activity concentration in liver, myocardium, and kid-
ney. Conclusion: Animal handling has a dramatic effect on
18F-FDG biodistribution and significantly influences the results
of microPET studies in tumor-bearing mice. To improve tumor vi-
sualization mice should be fasted and warmed before '8F-FDG
injection and during the uptake period. Isoflurane appears
well suited for anesthesia of tumor-bearing mice, whereas
ketamine/xylazine should be used with caution, as it may
induce marked hyperglycemia.
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PET with the glucose analog '8F-FDG ('®F-FDG PET) is
increasingly used in murine models of human diseases.
Specifically, '8F-FDG PET is rapidly gaining importance
for monitoring progression and transformation of tumors
in mice (/), biologic characterization of tumor tissue (2),
and studying the effectiveness of anticancer drugs (3,4).
Furthermore, '8F-FDG is frequently used as a reference stan-
dard when evaluating other imaging agents in mice (3-9).
For human '8F-FDG PET studies, standard protocols have
been established that optimize contrast between tumor and
normal tissues (/0,11). Protocols for animal imaging, on the
other hand, vary widely (/-9,12).

Despite their rapid growth, malignant tumor xenografts
frequently exhibit only modestly higher '8F-FDG uptake
than most normal tissues. For example, we found in a re-
cent study that A431 tumor xenografts (volume doubling
time <1 wk) were only barely visible in '8F-FDG PET studies
(4). Upon more careful review we realized that glucose met-
abolic activity of various background tissues was high, thereby
possibly masking glucose metabolic activity of the tumors. We
hypothesized that the dietary state, ambient temperature, or
muscle activity might influence tumor detectability in small
animals by changing '®F-FDG uptake of normal tissues. These
factors are known to significantly affect the biodistribution of
18F-FDG in humans. Because mice have approximately 7-fold
higher basal metabolic rates per body weight than humans
(13), the effect of dietary state and ambient temperature on
I8F-FDG biodistribution may be even more pronounced than
in humans. Preliminary studies by Akhurst et al. (/4) have
suggested that isoflurane anesthesia and fasting may improve
biodistribution of '8F-FDG for tumor imaging. However, to
our knowledge, no systematic studies on this issue have been
published so far. The aim of this study was therefore to
investigate how '8F-FDG biodistribution and tumor detectabil-
ity could be manipulated in mice by altering dietary state,
ambient temperature, and mode of anesthesia.
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MATERIALS AND METHODS

Animal Preparation

All animal handling was performed in accordance with and
approved by the University of California Animal Research Com-
mittee guidelines. Eight- to 10-wk-old male severe combined
immunodeficient (C.B.-17 Scid/Scid) mice were obtained from
Taconic Farms.

Tumor Model

The human epidermoid carcinoma cell line A431 (/5) was
acquired from the American Type Culture Collection. The human
glioma cell line U251 (/6) was obtained from Dr. Charles Sawyer’s
laboratory, Department of Medicine, UCLA, Los Angeles, CA. Both
were cultivated in Dulbecco’s modification of Eagle’s medium
supplemented with 10% fetal bovine serum. All animal manipu-
lations were performed under sterile conditions. Cells growing
exponentially in vitro were trypsinized, resuspended in phosphate-
buffered saline and Matrigel (Collaborative Research), and in-
jected subcutaneously into the right shoulder area of SCID mice
(~10° cells per mouse). Mice were imaged when tumor diameter
was at least 5 mm.

Measurement of Physiologic Parameters

Rectal temperature was measured with a thermistor probe. One
group of animals was kept under isoflurane anesthesia and on a
heating pad for 60 min. The heating pad we used is a plastic pad
(41 x 31 cm), with water-filled chambers (Baxter Healthcare
Corp.). Warm water of a defined temperature is continuously
being pumped through the chambers. Another group of animals
was kept under isoflurane anesthesia at room temperature. To
avoid severe hypothermia, this experiment was stopped in this
group after 30 min. Serum glucose levels were assayed in fasted
and nonfasted conscious mice before and after isoflurane and
ketamine anesthesia for 60 min. Blood samples (~10 pL per
mouse) were collected from the tail vein and glucose concentra-
tion (2 samples per condition) was measured using the Freestyle
glucose meter by TheraSense.

Influence of Animal Preparation and Handling on
Biodistribution of 18F-FDG

To determine the impact of dietary state, ambient temperature,
and anesthesia on the biodistribution of '®F-FDG, groups of 3-6
mice each were studied under the experimental conditions sum-
marized in Table 1. At the time of PET mice were 10-12 wk old

TABLE 1
Summary of Study Conditions

n Fasting Warming Anesthesia during uptake period*

6 No No No

6 No Yes No

6 Yes No No

6 Yes Yes No

6 Yes Yes No, also conscious during '8F-FDG
injection

3 No Yes Isoflurane

6 Yes Yes Isoflurane

3 Yes Yes Ketamine

*No anesthesia indicates reference condition.
n = number of animals per experiment.
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with an average body weight = SD of 24.2 + 2.4 g. 18F-FDG (7.4
MBq [200 wCi] in 0.2 mL) was injected intraperitoneally after a
short (~5 min) isoflurane (2% in 100% oxygen) anesthesia period
unless otherwise indicated in Table 1. PET was started 60 min
after '8F-FDG injection. As a reference condition, we imaged the
mice with no special preparation—that is, mice not fasted and kept
conscious at room temperature—during the uptake period. The
biodistribution of '8F-FDG during all other conditions (Table 1)
was compared with this reference condition. For the fasting
condition, mice were deprived of food for 8-12 h before '8F-
FDG injection. Mice had access to drinking water at all times.
Warming was achieved by placing the entire cage, including 5 or 6
animals, on the heating pad kept at 30°C. Warming was started at
least 30 min before '8F-FDG injection and continued throughout
the uptake and imaging period. To evaluate the influence of
anesthesia on '8F-FDG biodistribution, mice were either conscious
during the uptake period or anesthetized by either isoflurane
inhalation anesthesia (2% in 100% oxygen, IsoFlo; Abbott Lab-
oratories) or intraperitoneal injection of a ketamine/xylazine solu-
tion (200 mg/kg ketamine and 10 mg/kg xylazine; Fort Dodge
Animals Health, Division of Wyeth).

microPET was performed with the P4 microPET scanner
(Concorde Microsystems Inc.). The characteristics of this device
have been reported previously (/7). In brief, the device has a ring
diameter of 26 cm and a 7.8-cm axial field of view. The intrinsic
spatial resolution ranges from 1.56 to 2.01 mm, with a mean of
1.75 mm. The reconstructed resolution is 1.8-mm full width at half
maximum in the center of the field of view and 3 mm at 4-cm
radial offset. For the PET scans the mice were kept under
isoflurane anesthesia and placed in an imaging chamber with an
ambient temperature of 30°C (/8). '®F-FDG was synthesized by a
previously described method (/9) that is routinely used in our
facility. Quality control procedures were similar to the ones given
by Hung (20).

Image Reconstruction

Images were reconstructed using filtered backprojection with-
out scatter or attenuation correction. We chose a ramp filter with a
cutoff frequency of 0.5 and a zoom of 5 to give a voxel size of
0.379 mm?. For cross-calibration of the dose calibrator and the
microPET scanner, a 3.5-cm cylinder phantom filled with a known
concentration of '8F-FDG was imaged. From this scan a system
calibration factor was derived by dividing the known activity
concentration in the phantom by the measured mean counts per
voxel in the reconstructed PET images.

Quantitative Image Analysis

Regions of interest were manually drawn over the following
organs: brain, brown adipose tissue, heart, liver, paraspinal mus-
cle, kidney, Harderian glands, and subcutaneous tumors. Tracer
uptake by various organs was quantified as standardized uptake
values (SUVs) using the formula: SUV = tissue activity concen-
tration (Bg/mL)/injected dose (Bq) X body weight (g).

Intravenous Versus Intraperitoneal Injection of 18F-FDG

Because of the very small caliber of the murine tail veins,
partial paravenous injection is common if '8F-FDG is adminis-
tered by tail vein injection (intravenous). This could have signif-
icantly biased our comparison of the biodistribution of '3F-FDG
under various conditions. Therefore, we used intraperitoneal in-
jection of '8F-FDG for our experiments evaluating the influence of
animal handling on 'F-FDG biodistribution. To compare the
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biodistribution of 3F-FDG after intravenous or intraperitoneal
injection, a dynamic PET scan of 60-min duration (12 X 5 s, 4 X
1 min, 1 X 5 min, 5 X 10 min) was acquired in 12 fasted and
warmed mice bearing U251 xenografts; half had '8F-FDG injected
intravenously and half had intraperitoneal injections. In a second
experiment we compared intravenous and intraperitoneal injection
of '8F-FDG in not-fasted and not-warmed mice that were not kept
under anesthesia during the uptake period. In these animals, we
acquired 10-min static images 60 min after injection of '8F-FDG.
Thus, comparison of intravenous and intraperitoneal injection of
I8E-FDG was performed for the 2 most diverse experimental
conditions studied (fasted, warmed, and anesthesia vs. not fasted,
not warmed, and no anesthesia).

Statistical Analysis

Results are presented as mean * 1 SD. Differences among the
experimental groups in the SUVs of the various tissues and tumor-
to-organ ratios were statistically evaluated by ANOVA and
Bonferroni post hoc tests. Statistical significance was established
at the 95% level.

RESULTS

Changes in Physiologic Parameters During Anesthesia
and PET

When animals were kept under anesthesia for 30 min at
room temperature, the mean rectal temperature dropped from
32.1°C = 0.8°C to 24.1°C = 0.3°C. This dramatic decline
of body temperature was avoided when mice were kept on a
heating pad (body temperature after 30 and 60 min of
anesthesia, 35°C = 0.7°C and 35°C = 0.7°C, respectively).

Serum glucose levels averaged 122 = 21 mg/dL in the
nonfasted state and 73 = 34 mg/dL in the fasted state. One
hour of isoflurane anesthesia caused a modest increase of
blood glucose levels to 147 * 33 mg/dL. A similar effect
was observed in fasted animals (blood glucose, 104 = 49
mg/dL after 1 h of anesthesia). Anesthetizing the mice with
ketamine/xylazine markedly increased the serum glucose
level in the fasted as well as in the nonfasted animals (335 =+
73 mg/dL and 363 = 59 mg/dL, respectively).

Influence of Warming and Fasting on Biodistribution of
18F-FDG in Mice Without Anesthesia During Uptake
Period

Figure 1 shows typical examples for PET scans acquired
under the various conditions in nonanesthetized animals.
The results of the quantitative data analysis are summarized
in Figure 2. Under the reference condition (no warming and
no fasting, Fig. 1E), the highest '8F-FDG uptake was seen
in brown fat (SUV, 4.9 = 1.1), Harderian glands (SUV, 2.2 *
0.5), skeletal muscle (SUV, 2.0 = 0.26), and myocardium
(SUV, 1.7 = 0.5).

Warming of the animals (Fig. 1A) reduced '8F-FDG up-
take of brown fat by 56% (P = 0.0001) and in skeletal
muscle by 28% (P = 0.0001, Fig. 2). Fasting (Fig. 1B) re-
duced '8F-FDG uptake of skeletal muscle by 31% (P =
0.001) and of brown fat by 32% (P = 0.006). Combining
warming and fasting (Fig. 1C) reduced '®F-FDG uptake of
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brown fat by 67% (P = 0.0001) and of skeletal muscle by
47% (P = 0.0001) as compared with the reference condi-
tion. '8F-FDG uptake by brown fat was significantly lower
after combined warming and fasting than after fasting alone
(P = 0.001). Conversely, '8F-FDG uptake by skeletal mus-
cle was significantly lower after combined warming and
fasting than after warming alone (P = 0.04). The effects of
warming and fasting on '8F-FDG uptake by skeletal muscle
were offset when no anesthesia was used during '8F-FDG
injection. Under this condition (Fig. 1D), '8F-FDG uptake
by muscle was not significantly different from the reference
condition (SUV, 2.2 = 0.4, P = 0.23). As expected, there
was also a significant increase in cerebral '8F-FDG uptake
when no anesthesia was used for '8F-FDG injection (SUYV,
33 £ 0.9, P = 0.04).

I8F-FDG uptake by Harderian glands was not signifi-
cantly influenced by warming or fasting but was markedly
increased when no anesthesia was used for '®F-FDG injec-
tion (SUV, 8.6 £ 1.9, P < 0.001). None of the other
analyzed organs (kidney, myocardium, liver) showed sig-
nificant differences in '®F-FDG uptake in conscious mice.
For myocardium and kidney, this was caused mainly by a
large interindividual variability of tracer uptake within all
study conditions. In contrast, mean liver '8F-FDG uptake
showed little variability within and across the different
study conditions (Fig. 2).

18F-FDG Biodistribution in Anesthetized Mice

Isoflurane Anesthesia. Isoflurane anesthesia in nonfasted
(Fig. 1G) mice caused a 5.5-fold increase of myocardial
I8F-FDG uptake, when compared with the reference con-
dition (P = 0.0001, Fig. 3). Isoflurane anesthesia also caused
a significant increase in '8F-FDG uptake by liver and kid-
neys (P < 0.002, Fig. 3). In contrast, '8F-FDG uptake in
brown fat and skeletal muscle was markedly reduced
(—92% and —67%, respectively, P = 0.0001).

When mice were fasted before isoflurane anesthesia
(Fig. 1H), '8F-FDG uptake by the myocardium was reduced
by a factor of 3 compared with nonfasted animals, but still
remained higher (1.7-fold, P = 0.03) than in the reference
condition (no anesthesia, no fasting). Under isoflurane anes-
thesia, fasting had no significant effect on '8F-FDG uptake
by brown fat and muscle (Fig. 3).

Ketamine/Xylazine Anesthesia. Ketamine/xylazine anes-
thesia (Fig. 1I) had a similar effect as isoflurane on the
I8F_FDG uptake in brown fat, skeletal muscle, kidneys, and
liver (Fig. 3). Interestingly, ketamine/xylazine had the
opposite effect on myocardial '®F-FDG uptake than isoflu-
rane. Isoflurane increased myocardial '8F-FDG uptake up
to 5.5-fold, whereas ketamine/xylazine decreased myocar-
dial '8F-FDG uptake by 62%.

Comparison of Intravenous Versus Intraperitoneal
Injection of '8F-FDG

Figure 4 shows the time course of '8F-FDG accumula-
tion by various tissues after intraperitoneal and intrave-
nous injection in fasted and warmed mice anesthetized by
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FIGURE 1. Typical examples of biodis-
tribution of '8F-FDG under various con-
ditions. Images show sagittal sections
through mice. A contrast-enhanced
microCT scan is shown for anatomic
reference. (A) Not fasted, warmed, no
anesthesia. (B) Fasted, not warmed, no
anesthesia. (C) Fasted, warmed, no an-
esthesia. (D) Fasted, warmed, no anes-
thesia, conscious injection. (E) Reference
conditions: not fasted, not warmed, no
anesthesia. (F) microCT, sagittal view for
anatomic reference. (G) Not fasted,
warmed, isoflurane. (H) Fasted, warmed,
isoflurane. () Fasted, warmed, ketamine.

isoflurane (n = 6 per group). Though tracer uptake is
slower after intraperitoneal injection, all organs and the
U251 tumors reach comparable activity concentrations within
60 min after injection. Similarly, no significant differences
were found for tissue '8F-FDG uptake of not-fasted and
not-warmed mice that were not kept under anesthesia dur-
ing the uptake period (Table 2, n = 4 per group). Thus,
these data indicate that at 60 min after injection 'SF-FDG
biodistribution is comparable for intravenous and intraperi-
toneal injection.

Impact of Warming, Fasting, and Anesthesia on Tumor
Uptake of 18F-FDG

In summary, our data in nontumor—bearing mice indi-
cated that warming, fasting, and isoflurane anesthesia were
likely to improve the biodistribution of '®F-FDG for tumor
imaging. We therefore evaluated whether fasting, warming,
and isoflurane anesthesia significantly improve visualization
of A431 and U251 tumor xenografts by reducing back-
ground activity. Groups of 3 (A431) and 6 (U251) tumor-
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bearing mice each were imaged under the reference con-
dition as well as after combined warming and fasting with
and without isoflurane anesthesia. Because of the marked
increase in blood glucose levels caused by ketamine/xylazine,
no further experiments were performed with this form of
anesthesia. At the time of imaging tumor size was 5-11 mm
and did not show a significant difference among the 3
groups of animals. Figure 5 illustrates the biodistribution of
I8F_FDG in mice bearing A431 xenografts. Though tumors
did not show focal '3F-FDG above background activity
under the reference condition, they demonstrated marked
focal '8F-FDG uptake, when animals were fasted and
warmed. The average SUV of the tumors under reference
conditions was 0.5 = 0.1. In fasted, warmed, and not-
anesthetized animals the tumor SUV was 3.7 times higher
(1.8 = 0.6, P = 0.008). Keeping fasted and warmed mice
under isoflurane during the uptake period increased tumor
SUV to the same level (1.60 = 0.47, P = 0.04 for com-
parison with the reference condition).
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FIGURE 2. Biodistribution of 8F-FDG in mice that were not
anesthetized during uptake period for various studied condi-
tions. Error bars show SD.

To assess image contrast, we calculated various tumor-
to-organ ratios as shown in Table 3. Tumor-to-organ ratios
were lowest under the reference condition. Warming and
fasting (without isoflurane anesthesia) significantly im-
proved the tumor-to-muscle ratio (7.9-fold, P = 0.008)
and the tumor-to-brown fat ratio (17.4-fold, P = 0.01). A
similar increase in '8F-FDG uptake was seen in warmed,
fasted, and anesthetized animals. Under this condition, the
tumor-to-muscle ratio increased 8.3-fold (P = 0.01) and the
tumor-to-brown fat ratio increased 15.5-fold (P = 0.04).

Experiments with mice bearing U251 xenografts provided
similar results (Table 3). There was a highly significant
increase in the tumor-to-muscle and tumor-to-brown-fat
ratios in fasted and warmed mice (P < 0.001 in anes-
thetized and in not-anesthetized mice).

DISCUSSION

This study demonstrates that animal handling has a
profound impact on the biodistribution of '8F-FDG in mice
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FIGURE 3. Biodistribution of '®F-FDG in mice that were
anesthetized during uptake period. Reference condition (not
fasted, not warmed, no anesthesia during uptake period) is
shown as a comparison. Error bars show SD.
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and significantly influences the visualization of xenotrans-
planted tumors. Varying fasting state, body temperature,
and mode of anesthesia caused >10-fold changes in the
I8F-FDG uptake of normal organs. Tumor '3F-FDG uptake
varied by a factor of 3.7. Depending on the conditions used
for animal handling, tumors were either barely visible in
the microPET studies or demonstrated marked focal '8F-
FDG uptake.

The influence of blood glucose and insulin levels on '8F-
FDG biodistribution is well known from human PET
studies and previous studies in rats using tissue sampling
to assess regional '8F-FDG uptake (2/-23). Because '8F-
FDG competes with glucose for intracellular transport and
phosphorylation, tumor '8F-FDG uptake decreases with
increasing blood glucose levels. Furthermore, insulin mark-
edly increases '3F-FDG uptake by skeletal muscles and
myocardium though it has generally no effect on '8F-FDG
uptake of cancer cells. Therefore, tumor '"®F-FDG uptake
and image contrast are lower in the nonfasted state (high
insulin and glucose levels) than in the fasted state (low
insulin and glucose levels).

More recently the effect of ambient temperature on the
I8F-FDG uptake by brown adipose tissue has been de-
scribed in patients (24). Our data show that the ambient
temperature has a much more pronounced effect on '8F-
FDG biodistribution in mice. For mice the so-called zone of
thermoneutrality lies between 30°C and 34°C (25). At this
temperature body temperature is controlled by heat con-
vection and no active processes are needed to maintain
body temperature. At room temperature (21°C) mice need
to generate heat by activation of brown adipose tissue and
muscle activity to maintain a stable body temperature.
Accordingly, metabolic rates have been shown to be 67%
higher at room temperature (15 W/kg) than at the zone of
thermoneutrality (9 W/kg) (25). Consistent with these
previous observations, mice that were kept at 30°C showed
markedly lower '8F-FDG uptake by brown fat and muscle
in our study (Fig. 2). Because the zone of thermoneutrality
varies between different mouse strains (25) and we were
unable to find specific data for SCID mice, we arbitrarily
selected an ambient temperature of 30°C for our experi-
ments. At higher temperatures a further reduction in '8F-
FDG uptake by brown adipose tissue might have been
achieved. However, keeping mice above the zone of
thermoneutrality represents a considerable heat stress. For
example, C57BL/6J mice exposed to 39.5°C for 4 h dem-
onstrate dehydration, hypoglycemia, and renal tubular ne-
crosis (26). Therefore, we selected the lower end of the
zone of thermoneutrality for our experiments.

I8F-FDG uptake by brown fat was also reduced by fast-
ing the animals overnight (Figs. 1 and 2). It is known from
previous studies that feeding increases the metabolic activ-
ity of brown fat in rodents. This is considered to represent a
mechanism for stabilization of body weight: excess caloric
intake is converted to heat by the brown adipose tissue.
Conversely, overnight fasting has been shown to decrease
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FIGURE 4.

(A-D) '8F-FDG uptake of various normal tissues and U251 xenografts after intravenous (iv) and intraperitoneal (ip)

injection of '8F-FDG (n = 6 per group). Error bars shown as SEs of the mean.

perfusion of brown adipose tissue as well as heat produc-
tion (27).

In addition to its effect on '8F-FDG uptake by normal
tissues, warming and fasting lead to a >3-fold increase in
tumor '8F-FDG uptake. This finding is likely explained by
a combination of lower plasma glucose levels and de-
creased '8F-FDG uptake by normal organs.

The effect of anesthesia on '8F-FDG biodistribution has
very recently been studied by Lee et al. for ketamine/
xylazine and pentobarbital (28). In the present study we
extended these observations to isoflurane. Both xylazine and
isoflurane are known to suppress insulin secretion (28-30).

However, the effects of xylazine appear to be much more
pronounced, as xylazine induced marked hyperglycemia
(>300 mg/dL) even when mice were fasted for at least 8
h. Fasting mice for 20 h before '8F-FDG injection has been
shown to attenuate xylazine-induced hyperglycemia (28).
However, prolonged fasting leads to weight loss and may
therefore be impractical, when animals need to be repeatedly
imaged within a short period of time—for example, for
treatment monitoring. In contrast to xylazine, isoflurane
anesthesia caused only a modest increase in blood glucose
levels in fasted and nonfasted animals, suggesting that its
effect on insulin secretion is relatively mild.

TABLE 2
18F-FDG Uptake of Various Tissues 60 Minutes After Intravenous and Intraperitoneal Injection of '8F-FDG (n = 4 per group)
Injection Brown fat Brain Muscle Kidney Myocardium Liver
Intravenous 57+ 05 1.7 £ 0.2 2.3 £0.02 0.9 = 0.08 2.2 £ 0.05 0.53 = 0.04
Intraperitoneal 6.5+ 1.9 21 =07 3.5*+0.8 1.3 £09 2.7 = 0.09 0.60 £ 0.2

Data are expressed in g/mL (SUV). No anesthesia was used during uptake period.
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FIGURE 5. Tumor '8F-FDG uptake under various conditions.
Coronal and axial sections are shown. White lines in the coronal
sections indicate position of axial sections. (A) Not fasted, not
warmed, no anesthesia. (B) Fasted, warmed, no anesthesia. (C)
Fasted, warmed, isoflurane anesthesia. Red arrow indicates
tumor; brown arrow indicates brown fat; white arrow indicates
paraspinal muscle; yellow arrow indicates myocardium.

In addition to affecting insulin secretion, anesthetic drugs
also have specific effects on the glucose use of various
tissues. Brown adipose tissue has a dense sympathetic
innervation and its metabolic activity is regulated by B3
and «, receptors. Activation of B35 receptors increases and
activation of a, receptors decreases perfusion and meta-
bolic activity. Norepinephrine binds to both types of
receptors, but its effect on B3 receptors is predominant
and norepinephrine markedly stimulates metabolic activity
(31). Accordingly, ketamine, which increases norepineph-
rine plasma levels, has been shown to stimulate metabolic
activity and '8F-FDG uptake of brown adipose tissue (32).
However, our data indicate that during anesthesia with a
combination of ketamine and xylazine the effects of «;
receptor stimulation by xylazine are predominant and lead
to a marked decrease in 'F-FDG uptake.

Isoflurane anesthesia also decreased '8F-FDG uptake by
brown adipose tissue, which is consistent with its inhibiting
effect on thermogenesis by brown adipose tissue (33). As
observed in a previous study for BALB/c mice, isoflurane
markedly (up to 5.4-fold) increased '8F-FDG uptake by the

myocardium (/2). The mechanisms underlying the high
myocardial '8F-FDG uptake during isoflurane anesthesia
are currently unknown, but '3F-FDG uptake could be
significantly decreased by fasting of the animals and using
isoflurane only during '8F-FDG injection.

CONCLUSION

On the basis of our data we propose the following
protocol for imaging tumor xenografts with '8F-FDG. Mice
should be fasted the night before the '8F-FDG PET scan
and warmed on a heating pad before and after '®F-FDG
injection. This approach markedly reduces '3F-FDG uptake
by brown adipose tissue and skeletal muscle, which other-
wise significantly interferes with the visualization of tumor
tissue. 18F-FDG should be administered under anesthesia to
further decrease skeletal muscle uptake. Keeping the mice
under isoflurane anesthesia for the whole uptake period not
only minimizes '8F-FDG uptake by skeletal muscle and
brown fat but also decreases blood clearance resulting in
higher activity concentrations in liver and kidneys. Whereas
isoflurane anesthesia demonstrates a favorable effect on
I8F.FDG biodistribution, ketamine/xylazine anesthesia
should be used with caution as it induces marked hyper-
glycemia. Standardization of animal handling and anesthe-
sia will be essential to ensure that reproducible and
comparable data are obtained from '8F-FDG PET scans
of mice performed at different institutions.
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TABLE 3
Tumor-to-Organ Ratios for Groups of Mice (n = 3-6) Imaged Under 3 Different Conditions

Tumor Not fasted, not warmed, no anesthesia Fasted, warmed, no anesthesia Fasted, warmed, isoflurane anesthesia
A431

Muscle 0.25 = 0.07 1.97 = 0.71* 2.08 = 0.49*

Kidney 0.95 + 0.49 1.83 + 1.12 0.69 = 0.13

Liver 1.37 = 0.41 3.57 = 1.47 2.21 = 0.80

Brown fat 0.14 = 0.04 2.44 + 1.23* 2.17 = 0.68*
U251

Muscle 0.30 = 0.07 1.90 + 0.39* 1.83 + 0.42*

Kidney 1.08 + 0.27 1.86 + 0.49* 0.94 + 0.28

Liver 2.02 = 0.48 4.61 = 2.23* 1.45 + 0.38

Brown fat 0.12 = 0.02 2.58 = 0.47* 2.21 = 0.53*

*P < 0.05 for comparison with reference condition (Bonferroni post hoc test).

ANmMAL HANDLING For '8F-FDG PET Stupies * Fueger et al.

1005



REFERENCES

—_

[Sv]

w

=)

=

Nel

1006

. Abbey CK, Borowsky AD, McGoldrick ET, et al. In vivo positron-

emission tomography imaging of progression and transformation in a mouse
model of mammary neoplasia. Proc Natl Acad Sci U S A. 2004;101:11438—
11443.

. Dearling JL, Flynn AA, Sutcliffe-Goulden J, et al. Analysis of the regional

uptake of radiolabeled deoxyglucose analogs in human tumor xenografts. J Nucl
Med. 2004;45:101-107.

. Barthel H, Cleij MC, Collingridge DR, et al. 3’-Deoxy-3'-['8F]fluorothymidine

as a new marker for monitoring tumor response to antiproliferative therapy in
vivo with positron emission tomography. Cancer Res. 2003;63:3791-3798.

. Waldherr C, Mellinghoff IK, Tran C, et al. Monitoring antiproliferative

responses to kinase inhibitor therapy in mice with 3’-deoxy-3’-'8F-fluorothy-
midine PET. J Nucl Med. 2005;46:114-120.

. Min JJ, Biswal S, Deroose C, Gambhir SS. Tetraphenylphosphonium as a novel

molecular probe for imaging tumors. J Nucl Med. 2004;45:636—643.

. Chen X, Sievers E, Hou Y, et al. Integrin alpha v beta 3-targeted imaging of lung

cancer. Neoplasia. 2005;7:271-279.

. Zanzonico P, O’Donoghue J, Chapman JD, et al. Iodine-124-labeled iodo-

azomycin-galactoside imaging of tumor hypoxia in mice with serial microPET
scanning. Eur J Nucl Med Mol Imaging. 2004;31:117-128.

. Aliaga A, Rousseau JA, Ouellette R, et al. Breast cancer models to study the

expression of estrogen receptors with small animal PET imaging. Nucl Med Biol.
2004;31:761-770.

. Rau FC, Weber WA, Wester HJ, et al. O-(2-['®F]fluoroethyl)-L-tyrosine (FET): a

tracer for differentiation of tumour from inflammation in murine lymph nodes.
Eur J Nucl Med Mol Imaging. 2002;29:1039-1046.

. Lindholm P, Minn H, Leskinen-Kallio S, Bergman J, Ruotsalainen U, Joensuu H.

Influence of the blood glucose concentration on FDG uptake in cancer: a PET
study. J Nucl Med. 1993;34:1-6.

. Schelbert HR, Hoh CK, Royal HD, et al. Procedure guideline for tumor imaging

using fluorine-18-FDG: Society of Nuclear Medicine. J Nucl Med. 1998;39:
1302-1305.

. Toyama H, Ichise M, Liow JS, et al. Evaluation of anesthesia effects on

['FIFDG uptake in mouse brain and heart using small animal PET. Nucl Med
Biol. 2004;31:251-256.

. Kleiber M. The Fire of Life. 2nd ed. Huntington, NY: Robert E Krieger

Publishing Co.; 1975.

. Akhurst TJ, Homberger F, Beattie B, Blasberg RG, Larson SM. Preliminary

observations relating to the FDG imaging in mice with the Concorde Microsystems,
microPET scanner. HiRES 2001: High-Resolution Imaging in Small Animals
with PET, MR, and Other Modalities: Instrumentation, Application, and Animal
Handling. HiRES meeting; Baltimore, MD, September 9—11, 2001:14-15 (abstract).

. Giard DJ, Aaronson SA, Todaro GJ, et al. In vitro cultivation of human tumors:

establishment of cell lines derived from a series of solid tumors. J Natl Cancer
Inst. 1973;51:1417-1423.

20.

=3

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

. Mark J, Westermark B, Ponten J, Hugosson R. Banding patterns in human

glioma cell lines. Hereditas. 1977;87:243-260.

. Tai C, Chatziioannou A, Siegel S, et al. Performance evaluation of the microPET

P4: a PET system dedicated to animal imaging. Phys Med Biol. 2001;46:1845-1862.

. Chow PL, Stout DB, Komisopoulou E, Chatziioannou AF. A method of image

registration for small animal, multi-modality imaging. Phys Med Biol. 2006;
51:379-390.

. Hamacher K, Coenen HH, Stocklin G. Efficient stereospecific synthesis of no-

carrier-added 2-['®F]-fluoro-2-deoxy-D-glucose using aminopolyether supported
nucleophilic substitution. J Nucl Med. 1986;27:235-238.

Hung JC. Comparison of various requirements of the quality assurance
procedures for '8F-FDG injection. J Nucl Med. 2002;43:1495-1506.

Wahl RL, Henry CA, Ethier SP. Serum glucose: effects on tumor and normal
tissue accumulation of 2-[F-18]-fluoro-2-deoxy-D-glucose in rodents with
mammary carcinoma. Radiology. 1992;183:643-647.

Torizuka T, Clavo AC, Wahl RL. Effect of hyperglycemia on in vitro tumor
uptake of tritiated FDG, thymidine, L-methionine and L-leucine. J Nucl Med.
1997;38:382-386.

Langen KJ, Braun U, Rota Kops E, et al. The influence of plasma glucose levels
on fluorine-18-fluorodeoxyglucose uptake in bronchial carcinomas. J Nucl Med.
1993;34:355-359.

Cohade C, Mourtzikos KA, Wahl RL. “USA-Fat”: prevalence is related to
ambient outdoor temperature-evaluation with '8F-FDG PET/CT. J Nucl Med.
2003;44:1267-1270.

Gordon C. Temperature Regulation in Laboratory Rodents. New York, NY:
Cambridge University Press; 1993.

Leon LR, Blaha MD, Dubose DA. Time course of cytokine, corticosterone, and
tissue injury responses in mice during heat strain recovery. J Appl Physiol.
2006;100:1400-1409.

Himms-Hagen J. Thermogenesis in brown adipose tissue as an energy buffer:
implications for obesity. N Engl J Med. 1984;311:1549-1558.

Lee KH, Ko BH, Paik JY, et al. Effects of anesthetic agents and fasting duration
on 'F-FDG biodistribution and insulin levels in tumor-bearing mice. J Nucl
Med. 2005;46:1531-1536.

Abdel el Motal SM, Sharp GW. Inhibition of glucose-induced insulin release by
xylazine. Endocrinology. 1985;116:2337-2340.

Pomplun D, Mohlig M, Spranger J, Pfeiffer AF, Ristow M. Elevation of blood
glucose following anaesthetic treatment in C57BL/6 mice. Horm Metab Res.
2004;36:67-69.

Lafontan M, Berlan M. Fat cell adrenergic receptors and the control of white and
brown fat cell function. J Lipid Res. 1993;34:1057-1091.

Tatsumi M, Engles JM, Ishimori T, Nicely O, Cohade C, Wahl RL. Intense '8F-
FDG uptake in brown fat can be reduced pharmacologically. J Nucl Med.
2004;45:1189-1193.

Ohlson KB, Mohell N, Cannon B, Lindahl SG, Nedergaard J. Thermogenesis in
brown adipocytes is inhibited by volatile anesthetic agents: a factor contributing
to hypothermia in infants? Anesthesiology. 1994;81:176—183.

THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 47 ¢ No. 6 ¢ June 2006



