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The effects of dietary condition and blood glucose level on
the kinetics and uptake of 18F-FDG in mice were systemati-
cally investigated using intraperitoneal and tail-vein injection.
Methods: Dynamic PET was performed for 60 min on 23
isoflurane-anesthetized male C57BL/6 mice after intravenous
(n 5 11) or intraperitoneal (n 5 12) injection of 18F-FDG. Five
and 6 mice in the intravenous and intraperitoneal groups,
respectively, were kept fasting overnight (18 6 2 h), and
the others were fed ad libitum. Serial blood samples were
collected from the femoral artery to measure 18F-FDG and
glucose concentrations. Image data were reconstructed using
filtered backprojection with CT-based attenuation correction.
The standardized uptake value (SUV) was estimated from
the 45- to 60-min image. The metabolic rate of glucose
(MRGlu) and 18F-FDG uptake constant (Ki) were derived
by Patlak graphical analysis. Results: In the brain, SUV
and Ki were significantly higher in fasting mice with intraper-
itoneal injection, but MRGlu did not differ significantly under
different dietary states and administration routes. Cerebral
Ki was inversely related to elevated blood glucose levels, irre-
spective of administration route or dietary state. In myocar-
dium, SUV, Ki, and MRGlu were significantly lower in fasting
than in nonfasting mice for both routes of injection. Myocar-
dial SUV and Ki were strongly dependent on the dietary state,
and Ki did not correlate with the blood glucose level. Similar
results were obtained for skeletal muscle, although the differ-
ences were not as pronounced. Conclusion: Intraperitoneal
injection is a valid alternative route, providing pharmaco-
kinetic data equivalent to data from tail-vein injection for
small-animal 18F-FDG PET. Cerebral Ki varies inversely with
blood glucose level, but the measured cerebral MRGlu does
not correlate with blood glucose level or dietary condition.
Conversely, the Ki values of the myocardium and skeletal
muscle are strongly dependent on dietary condition but not
on blood glucose level. In tissue in which 18F-FDG uptake
declines with increasing blood glucose, correction for blood
glucose level will make SUV a more robust outcome measure
of MRGlu.
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Small-animal imaging of labeled compounds using PET
has been increasingly applied in murine models of human
diseases. Specifically, the glucose analog 18F-FDG, which
has been used for the in vivo measurement of local glucose
utilization in humans with PET (1), is playing a pivotal role
in mouse models to study tissue responses due to various
drug or treatment interventions and diseases, including can-
cers. As an extension of the 2-14C-deoxy-D-glucose auto-
radiographic method (2), the 18F-FDG PET technique
determines glucose utilization in a local tissue according
to an operational equation and compartmental model fitting
(1) or a semiquantitative index such as standardized uptake
value (SUV), which normalizes tissue 18F-FDG uptake by
injected dose per body weight (3,4). This method usually
uses an intravenous injection of the labeled glucose analog
and requires assays of plasma glucose level and the time
course of radioactivity concentrations in plasma through
peripheral blood sampling. In particular, intravenous injec-
tion requires proper animal-handling techniques (5), thereby
imposing several technical challenges on small-animal PET.
Intraperitoneal injection is much more convenient and
practical in rodents (6). For mouse 18F-FDG PET studies,
intraperitoneal injection has been shown to provide biodis-
tribution data comparable to those obtained using intrave-
nous injection within 60 min after injection (7). However,
the effects of the injection route on 18F-FDG kinetics in
various tissues have not been fully studied.

Because both 18F-FDG and glucose enter the cells using
the same glucose transporters, variations of plasma glucose
level and dietary changes can affect 18F-FDG uptake in tis-
sues. Therefore, understanding the impact of dietary con-
dition and blood glucose level on 18F-FDG uptake and
18F-FDG kinetics in various tissues may improve the reli-
ability of using 18F-FDG PET to measure local tissue func-
tion and glucose metabolism. Earlier results from in vitro
and in vivo studies have indicated that 18F-FDG uptake in
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cancer cells lessens with increasing blood glucose level (8,9).

A significant reduction of tumor 18F-FDG uptake during the

glucose-loaded state, compared with the fasting state, has

also been reported in clinical PET studies (10,11). Similarly,

cerebral 18F-FDG uptake has been shown to be decreased

when blood glucose level is elevated (9,12), whereas myo-
cardial 18F-FDG uptake is diminished by fasting (12,13).
However, a more systematic investigation that considers
these preclinical and clinical factors is still needed to help
increase the robustness of 18F-FDG uptake and kinetics as a
reliable outcome measure. The aims of this study were, first,
to investigate the impact of dietary condition (nonfasting vs.
fasting) and altered blood glucose level on 18F-FDG kinetics,
uptake profiles, and kinetic or physiologic parameters in
normal tissues of intact mice using dynamic small-animal
PET and, second, to evaluate the feasibility of using intra-
peritoneal 18F-FDG injection as an alternative to tail-vein
injection to study glucose metabolism in mice.

MATERIALS AND METHODS

Animal Preparations
All animal experiments were performed in accordance with

institutional guidelines and a protocol approved by the Animal
Research Committee of the University of California, Los Angeles.
Twenty-three 6- to 18-wk-old male C57BL/6 mice (23.8 6 3.1 g)
were studied. Twelve (6 for intravenous injection studies and 6 for
intraperitoneal injection studies) were fed ad libitum, and the rest
(5 for intravenous injection studies and 6 for intraperitoneal injec-
tion studies) were kept fasting overnight (18 6 2 h) but with free
access to water. The animals were anesthetized with inhalant
anesthesia (1.5%–2% isoflurane in 100% oxygen), and the left fem-
oral artery was cannulated with a surgically inserted polyethylene
catheter (Intramedic polyethylene tubing [PE 10]; Clay Adams)
filled with heparinized saline. The body temperature of the mice
was maintained at 36�C by a thermostat-controlled heating pad
throughout the aseptic surgery for implanting the catheter. For intra-
venous injection studies, a 28.5-gauge needle connected to a 3- to
5-cm-long PE 20 catheter was inserted into the lateral tail vein for
18F-FDG administration.

Small-Animal Imaging
Small-animal PET was performed on a microPET Focus 220

scanner (Concorde Microsystems, LLC). Each animal was placed
prone inside an imaging chamber (14) specifically designed for
small-animal PET and CT to allow for regulated temperature con-
trol and anesthesia delivery. List-mode PET data were acquired
for 60 min immediately after 18F-FDG was injected manually via
the tail-vein catheter for intravenous injection studies (14.2 6 3.8
MBq; ;60 mL) or into the peritoneal cavity for intraperitoneal
injection studies (10.5 6 0.8 MBq; ;50–100 mL). After the PET
scan was completed, a 10-min CT scan was acquired with a small-
animal CT scanner (MicroCAT II; ImTek Inc.).

Blood Sampling
Serial blood samples (;10–15 mL each) were collected with

heparinized microhematocrit tubes (Fisherbrand; Fisher HealthCare)
from the left femoral artery via the surgically inserted catheter. For
intravenous injection studies, blood sampling took place at approx-

imately 3, 5, 8, 25, 40, 60, 90, and 120 s and at 5, 10, 15, 30, 45, and
60 min. For intraperitoneal injection studies, blood sampling took
place at 5, 10, 15, 20, 40, and 60 min. Arterial blood glucose levels
were measured using a blood glucose meter (Ascensia Contour;
Bayer HealthCare LLC) during the imaging experiment. With the
exception of the first few samples in intravenous injection studies,
when blood sampling needed to be performed rapidly, the catheter
line was flushed with saline (;5–10 mL) after each timed sample
and blood glucose measurement to clear the dead space and avoid
excessive blood loss. Plasma samples were separated from whole-
blood samples by centrifuging the microhematocrit tubes. Hemato-
crit was measured as the ratio of the length of the microhematocrit
tube occupied by the red blood cells to that of the whole-blood
sample. The whole-blood and plasma samples were pipetted to pre-
weighed test tubes, weighed, and counted in a g-counter (Wizard 3$;
PerkinElmer Life Sciences).

Image Reconstruction
The list-mode PET data were binned to a framing protocol of

1 · 3 s, 10 · 0.5 s, 1 · 2 s, 1 · 4 s, 6 · 5 s, 1 · 10 s, 2 · 30 s, 2 ·
120 s, 1 · 180 s, 2 · 600 s, and 2 · 900 s for intravenous injection
studies. For intraperitoneal injection studies, the list-mode PET
data were binned to a framing protocol of 12 · 5 min. The PET
data were corrected for radioactive decay, random coincidences,
and dead-time losses and were reconstructed using Fourier rebin-
ning and a 2-dimensional filtered backprojection algorithm with a
ramp filter cut off at the Nyquist frequency and a zoom factor of
4.74, resulting in a voxel size of 0.4 · 0.4 · 0.8 mm3. The small-
animal PET and CT images were coregistered using a published
method (15), which is implemented in-house and has been performed
routinely at our preclinical imaging center. The small-animal CT
images were also used for attenuation correction of the PET data (15).

Image Analysis
Images were analyzed using AMIDE (http://amide.sourceforge.

net/). Three-dimensional ellipsoid regions of interest (ROIs) were
manually drawn over the brain, myocardium, skeletal muscle of
the forelegs, left ventricle, liver, and renal cortex on the fused
PET/CT images, which provided anatomic references for ROI
placement. For the urinary bladder, ROIs that covered the entire
bladder were drawn frame by frame as detailed elsewhere (16).
ROIs were applied to each time frame of the PET images, and the
average radioactivity concentration was computed to obtain the
tissue time–activity curves. The total accumulated activity curve
of the urinary bladder was calculated as the total activity within
the ROIs defined frame by frame (16). Because uptake in the
tissues was relatively homogeneous within the ROIs and the back-
ground radioactivity was low, background subtraction and partial-
volume correction were not performed.

Equilibration of 18F-FDG Between Plasma
and Whole Blood

A time-dependent plasma–to–whole-blood 18F-FDG equili-
brium ratio, RRB (t), was determined between 18F-FDG concen-
trations in plasma and whole blood for each study:

RPB

�
t
�
5 Ae2bt 1 r; Eq. 1

where A (unitless), b (min21), and r (unitless) were estimated by
nonlinear least-squares fitting to 18F-FDG concentration ratios
between plasma and whole-blood samples collected at different
times t (min) throughout the PET acquisition.
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Plasma Input Function
For intravenous injection studies, the complete time courses for

the whole-blood and plasma input function had a better temporal
resolution around the peak composed of the early-time left ventricle
data (t , 1 min), with corrections for delay, dispersion, partial-
volume effects (17), and red blood cell uptake (for plasma input
function), and the serial femoral whole-blood and plasma sample
measurements (t $ 1 min). Details of the method are described in
the Supplemental Appendix (supplemental materials are available
online only at http://jnm.snmjournals.org). For intraperitoneal injec-
tion studies, manually drawn samples were used directly to form
the whole-blood time–activity curve and plasma input function.

Kinetic Analysis
Both PET image data and blood data were converted to absolute

radioactivity concentration (MBq/mL) with the cross-calibration
factor derived from routine cylinder phantom experiments. The
18F-FDG uptake constant (Ki) was estimated by Patlak graphical
analysis (18) using plasma input function and time–activity data
from 15–60 min and 30–60 min for intravenous and intraperito-
neal injection studies, respectively. The early-time tissue data
were not used because an equilibration time (t*) is needed in
establishing a steady-state condition when the Patlak plot becomes
linear (18). The metabolic rate of glucose (MRGlu) was calculated
as MRGlu 5 KiCglu/LC (1,2), where Cglu is the mean plasma
glucose concentration during the 60-min PET scan and LC is
the lumped constant, which is assumed to be 0.6 for the brain
(19) and 1.0 for myocardium and skeletal muscle. Time–activity
data were also quantified using SUV (3,4):

SUV 5
radioactivity concentration in region of interest ðMBq=mLÞ

injected dose ðMBqÞ=weight of animal ðgÞ : Eq. 2

The small-animal PET and CT image files, blood sample data,
and other experimental information for all studies discussed here
are available online at the UCLA Mouse Quantitation Program
Web site (http://dragon.nuc.ucla.edu/mqp/index.html).

Data Analysis
Results are presented as mean 6 SD. Statistical analyses were

performed using SAS, version 9.2 (SAS Institute Inc.), for Win-
dows (Microsoft) and Prism, version 4.03 (GraphPad Software
Inc.). Area under the curve of plasma input function (SUV ·
min) was calculated from 0 to 60 min by the trapezoidal rule.
Plasma clearance rate (min21) was determined by a 1-exponential
fit to the plasma samples taken after 30 min after injection of
18F-FDG. Differences in physiologic parameters among the exper-
imental groups of different administration routes and dietary con-
ditions were compared by 2-way ANOVAwith the Bonferroni post
hoc test and by the Mann–Whitney U test whenever appropriate.
Regression analysis was performed on tissue uptake (SUV), Ki,
and MRGlu in the brain, myocardium, and skeletal muscle to
investigate their relationships with blood glucose level, dietary
state, plasma area under the curve, plasma clearance rate, and total
radioactivity in the urinary bladder. A P value of less than 0.05
was considered statistically significant.

RESULTS

Physiologic Variables

At the beginning of the imaging experiments, mean blood
glucose level was significantly higher in nonfasting than in

fasting animals (11.0 6 3.6 vs. 8.1 6 2.9 mmol/L, P 5
0.028). A modest increase in blood glucose level was
observed in nonfasting and fasting animals (13.8 6 4.1 vs.
10.7 6 4.3 mmol/L, P 5 0.03) after 60 min of imaging.
Hematocrit was 0.45 6 0.03 but decreased linearly (because
of blood withdrawals and saline flushing) at a rate of
20.000976 0.00034min21 and20.000806 0.00048min21

in animals receiving intravenous and intraperitoneal injection,
respectively.

Equilibrations of 18F-FDG Between Plasma and
Whole Blood

Parameter estimates of the time-dependent equilibrium
ratio between 18F-FDG concentrations in plasma and whole
blood obtained from different routes and dietary states are
summarized in Supplemental Table 1. There was no signifi-
cant main effect of administration route (F(1,19)5 0.59, P5
0.45) or of dietary state (F(1,19) 5 0.41, P 5 0.53) on the
equilibrium ratio (r) of 18F-FDG concentration between
plasma and whole blood. The average value of r was 1.11 6
0.08. The Bonferroni post hoc test indicated that RPB (t)
reached equilibrium significantly more quickly with intrave-
nous injection under the fasting condition (P , 0.05).

Delay, Dispersion, and Partial-Volume
Corrections for Input Function

An example of a blood time–activity curve corrected for
partial volume, delay, and dispersion in an intravenous
injection study is shown in Supplemental Figure 1. No such
correction was needed for intraperitoneal injection studies.
As anticipated, the blood time–activity curve obtained from
the left ventricular chamber preceded the blood samples
drawn manually from the femoral artery because of delay
and dispersion. There were no significant differences in
delay or dispersion constants between nonfasting and fast-
ing animals, and their estimates from the 2 groups were
therefore pooled. The mean delay and dispersion constants
between the left ventricle and the femoral artery catheter
were 3.54 6 1.81 s and 2.39 6 1.32 s, respectively. The
average recovery coefficient was 0.83 6 0.10.

Plasma Input Function

Plasma time–activity curves obtained from intravenous
and intraperitoneal injection studies are illustrated in Figure
1. Although the shape of the time–activity curves differed
between intravenous and intraperitoneal injection studies, the
radioactivity concentrations were comparable toward the end
of the imaging experiment (Fig. 1A). Moreover, administra-
tion route (F(1,19) 5 0.10, P 5 0.531) and dietary state (F
(1,19) 5 0.78, P 5 0.388) had no significant effect on area
under the plasma curve.

For intravenous injection studies, plasma 18F-FDG con-
centrations peaked within 10 s (Fig. 1A). No significant
difference in 18F-FDG plasma clearance rate was observed
between nonfasting (0.015 6 0.009 min21) and fasting
(0.018 6 0.0038 min21) animals, although the area under
the plasma curve for the fasting state tended to be slightly
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lower than that for the nonfasting state (62.6 6 20.1 vs.
73.1 6 22.6 SUV · min, P 5 0.214).
The plasma input functions obtained with intraperitoneal

injection had a much lower and broader peak than those
obtained with intravenous injection (Fig. 1A). As shown in
Figure 1B, plasma input function peaked slightly higher
and later (at ;15 min) in fasting than in nonfasting animals
(within 10–15 min). Dietary state had a significant effect on
the 18F-FDG plasma clearance rate (F(1,19) 5 7.06, P 5
0.0155), which was significantly faster in fasting than in
nonfasting animals (0.0208 6 0.0039 vs. 0.0102 6
0.0059 min21, P , 0.05), probably because of faster
absorption of 18F-FDG in muscle in the fasting state.
Significant positive correlations were found between 18F-

FDG plasma clearance rate and total accumulated radio-
activity (at 60 min) in the urinary bladder in intravenous
(R 5 0.603, P 5 0.025) and intraperitoneal (R 5 0.526,
P 5 0.04) injection studies. The accumulated radioactivity
in the urinary bladder did not correlate with SUV or Ki in
the brain, myocardium, or skeletal muscle.

18F-FDG Kinetics in Tissues

Figure 2 and Supplemental Figure 2 show representative
18F-FDG PET images acquired at different times in non-
fasting and fasting mice receiving intravenous or intraper-
itoneal injection. Small-animal PET images were fused
with CT images for anatomic reference. The initial transit
of the 18F-FDG bolus through the circulatory system was
rapid for intravenous injection. Intense radioactivity was
seen in the right ventricle within 3 s after injection into
the tail vein, followed by a rapid decline. The radioactivity
in the right ventricle was already sharply declining when
the radioactivity in the left ventricle started to build up and
cleared within 2–3 s before the tracer was distributed to
different tissues and organs. For intraperitoneal injection,
radioactivity was initially intense in the peritoneal cavity,
and the tracer was distributed to various organs in approx-
imately 15–20 min after injection. A whole-body distribu-
tion profile similar to that obtained with intravenous
injection was attained at approximately 25 min after injec-
tion. Irrespective of administration route, myocardial 18F-
FDG uptake was high in nonfasting mice but low in fasting
mice. Throughout the study, 18F-FDG uptake in skeletal
muscle was very low, compared with that in the brain and
the heart, regardless of administration route and dietary

condition. Radioactivity in the urinary bladder was visible
on PET images after about 114 and 900 s after intravenous
and intraperitoneal injection, respectively.

The time courses of 18F activity in the brain, myocar-
dium, skeletal muscle, liver, left ventricle, renal cortex, and
urinary bladder are shown in Supplemental Figure 3. Al-
though tracer uptake was slower for the intraperitoneal
route, activity in most tissues and organs reached concen-
trations comparable to the intravenous route within 60 min
after injection. Because of different dietary conditions, the
uptake curves differed somewhat. In the brain, SUVs were

FIGURE 1. (A) Plasma time–activity curves

obtained from nonfasting and fasting animals

after intravenous (IV) or intraperitoneal (IP)

injection of 18F-FDG. (B) Plasma time–activity
curves obtained only from intraperitoneally

injected animals. Error bars represent 1 SD.

FIGURE 2. Representative examples of biodistribution of 18F-FDG

at different times in nonfasting mice after intravenous (A) and intra-
peritoneal (B) injection. Small-animal PET images are fused with CT

images for anatomic localization of structures such as myocardium,

lung, liver, gastrointestinal tract, and urinary bladder (shown in coro-

nal view) and brain (shown in transaxial view). Color bars are scaled
differently for coronal and transaxial views.

KINETICS AND UPTAKE OF 18F-FDG IN MICE • Wong et al. 803



significantly higher in fasting than in nonfasting animals
receiving intraperitoneal injection (P , 0.001). Myocardial
SUVs did not plateau within 60 min in nonfasting animals
receiving intraperitoneal injection, unlike the case in non-
fasting animals receiving intravenous injection. In the uri-
nary bladder, there was about a 10- to 15-min delay before
activity after intraperitoneal injection reached the same
level as that after intravenous injection. The elevated activ-
ity observed in the left ventricle at late times was likely
caused by spillover from the myocardium and was partic-
ularly prominent in nonfasting mice.

Tissue 18F-FDG Uptake and Metabolic Parameters

Patlak plots of the brain, myocardium, and skeletal
muscle for intravenous and intraperitoneal injection studies
are shown in Supplemental Figure 4, which also shows the
empiric choices of equilibration time after which the Patlak
plot became linear for intravenous (t* 5 15 min) and intra-
peritoneal (t* 5 30 min) injection.
Group averages for SUV (45–60 min), Ki, and MRGlu

for the brain, myocardium, and skeletal muscle are shown
in Figure 3. In the brain, dietary state had a significant
effect on SUV (F(1,19) 5 17.61, P 5 0.0005) and Ki (F
(1,19) 5 10.26, P 5 0.0047), both of which were signifi-
cantly higher in fasting mice receiving intraperitoneal
injection (P , 0.01), whereas MRGlu did not differ signifi-
cantly under different dietary conditions and administration
routes. In myocardium, dietary condition had a significant
effect on SUV (F(1,19) 5 82.76, P , 0.0001), Ki (F
(1,19) 5 28.33, P , 0.0001), and MRGlu (F(1,19) 5
32.59, P , 0.0001), all of which were significantly lower
in fasting than in nonfasting animals (P , 0.01). For skel-
etal muscle, dietary condition had a significant effect on
SUV (F(1,19) 5 8.64, P 5 0.0084) and MRGlu (F
(1,19) 5 7.13, P 5 0.015) but not on Ki (F(1,19) 5 1.92,
P 5 0.18). There were no significant differences in SUV,
Ki, and MRGlu in the brain (P . 0.32), myocardium (P .
0.52), or skeletal muscle (P . 0.15) obtained from intra-
venous and intraperitoneal injections, indicating that these
2 routes of administration gave results indistinguishable
from one another.
Figure 4 illustrates the relationships between arterial

blood glucose level and Ki, MRGlu, and SUV in the brain

and myocardium. There was a significant inverse relation-
ship between cerebral Ki and blood glucose level (intra-
venous: R2 5 0.598, P , 0.01; intraperitoneal: R2 5
0.786, P , 0.0001; pooled data from all studies: R2 5
0.711, P , 0.0001). A significant negative correlation
was found between brain SUV and blood glucose level
for intraperitoneal injection (R2 5 0.783, P , 0.0001)
and when all animal data were pooled (R2 5 0.379, P 5
0.002). However, no significant association was found be-
tween the cerebral MRGlu and blood glucose level, as
shown by the quality of regression lines fitted to intrave-
nous (R2 5 0.012), intraperitoneal (R2 5 0.145), or pooled
intravenous and intraperitoneal (R2 5 0.018) data, and the
regression slopes were not significantly different from zero.
Brain SUV correlated significantly with Ki (R5 0.510, P5
0.013) but not with MRGlu (R 5 0.128, P 5 0.56). Esti-
mates of cerebral MRGlu derived with intravenous and
intraperitoneal injection did not differ significantly (23.8 6
6.4 vs. 22.2 6 6.8 mmol/100 g/min, P 5 0.74).

As shown in Figure 4, myocardial Ki did not correlate with
blood glucose level (F test, P. 0.05), irrespective of admin-
istration route and dietary state. Myocardial MRGlu was
dependent on blood glucose level modestly in the nonfasting
state (F test, P, 0.05) but less so in the fasting state (Fig. 4).
Myocardial SUV correlated strongly with MRGlu (R 5
0.868, P , 0.0001). Similar results were observed for Ki,
SUV, and MRGlu in muscle (Supplemental Fig. 5), although
their absolute differences between dietary conditions were
less pronounced than in myocardium. Muscle SUV corre-
lated significantly with MRGlu (R 5 0.422, P 5 0.045).

DISCUSSION

The present study investigated the impact of dietary
condition and blood glucose level on 18F-FDG uptake and
kinetic or physiologic parameters in normal tissues and eval-
uated the feasibility of intraperitoneal injection in small-
animal 18F-FDG PET. A few prior studies on rodents used
intraperitoneal injection of 18F-FDG for glucose metabolism
quantification based primarily on a semiquantitative index
such as SUV or percentage injected dose per gram of tissue
(7,20,21). Our results, based on 18F-FDG biodistribution and
uptake, kinetics analysis, and ANOVA, indicate the similarity

FIGURE 3. Mean SUV (A), Ki (B), and MRGlu (C) of brain, myocardium, and skeletal muscle obtained from nonfasting and fasting animals

after intravenous (IV) or intraperitoneal (IP) injection of 18F-FDG. Error bars represent 1 SD. P values were calculated using Bonferroni post
hoc test (1P , 0.05, #P , 0.01, *P , 0.001 vs. nonfasting condition using same administration route).
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between and equivalence of intravenous and intraperitoneal
administration routes under different dietary conditions. Al-
though the effect of dietary state on regional 18F-FDG uptake
and biodistribution is well known from animal and human
studies (7–13), to our knowledge no systematic studies have
yet been published to elucidate the associations of dietary state
and blood glucose level with 18F-FDG Ki andMRGlu in various
tissues. Our data show that different mechanisms of glucose
utilization exist among the brain, skeletal muscle, and heart
muscle, in which Ki and MRGlu were found to be associated
differently with blood glucose level and dietary condition.

Effects of Blood Glucose Level and
Dietary State on Brain

An inverse relationship was found between cerebral Ki

and arterial blood glucose level (Fig. 4). The relationships
obtained for intravenous and intraperitoneal data overlap
completely, indicating that the derivations of cerebral Ki

and MRGlu are independent of administration route. The
inverse relationship could not be fully explained by sub-
strate saturation of the glucose transporter, because its half-
saturation concentration for glucose is in the range of
approximately 6 mmol/L (22), which would have caused

a reduction in Ki by only one third (instead of one half,
based on the observed inverse relationship) when glucose
level was doubled from 6 mmol/L. The inverse relationship
also implies that cerebral MRGlu stays constant (i.e., inde-
pendent of blood glucose level) under different dietary
states, as is confirmed by the lack of correlation between
cerebral MRGlu and blood glucose level (Fig. 4), assuming
that the LC does not vary with blood glucose level.

Effects of Blood Glucose Level and
Dietary State on Myocardium

Unlike 18F-FDG uptake in the brain, uptake in myocar-
dium varies greatly because cardiac myocytes can derive
energy from various competitive substrates, including free
fatty acids, glucose, lactate, pyruvate, and ketones, depend-
ing on various physiologic and pathologic conditions (23).
It has long been known that myocardial glucose uptake is
diminished by fasting, which is associated with changes in
multiple factors, including declined blood glucose and insu-
lin levels and elevated plasma lipid and free fatty acids (24).
Although insulin level alone would enhance myocardial
glucose uptake (25), whether the other factors would affect
myocardial glucose uptake or transporters was not clear. In

FIGURE 4. Relationships between blood

glucose levels and Ki, MRGlu, and SUV

in brain and myocardium. *Regression is
strongly significant at P , 0.05.
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vivo accumulation of 18F-FDG in myocardium has been
shown to be much lower in the glucose-loaded (hypergly-
cemic) state, during which plasma insulin and free fatty
acid levels were also remarkably changed (13). Our present
results show that myocardial Ki is independent of blood
glucose level when other factors associated with dietary
condition are stable. This finding indicates that the expres-
sion of glucose transporters (GLUT4 and GLUT1) (25) in
the sarcolemma membrane are not responsive to the blood
glucose level alone, and the glucose transporters are not
saturated within the reference range of glucose level seen
in the present study. Because plasma free fatty acid level
was not measured in this study, its effect on myocardial
glucose transporters will need to be further investigated.

LC

The LC is used to account for differences in transport and
phosphorylation rates between 18F-FDG and glucose (1,2).
In rat brain, the LC was found to be relatively stable within
the normoglycemic range (2) and decreased slowly in
hyperglycemic conditions (26). In this study, the blood glu-
cose level measured in most cases is within the standard
range observed in mice under general conditions (6.9–14.6
mmol/L (5)), except in the nonfasting state, during which
the blood glucose level is generally higher. Nonetheless, an
LC of 0.6 (19), similar to the value (0.625) used by Toyama
et al. (27) for a similar range of blood glucose level, appears
to be reasonable for the calculation of cerebral MRGlu
using 18F-FDG PET techniques in mice. In contrast, studies
on isolated heart preparations indicated that the LC in myo-
cardium is not well established (28,29). Therefore, an LC of
unity was used in this study for calculating MRGlu in
myocardium and skeletal muscle. The average cerebral
MRGlu derived from C57BL/6 mice in this study is in
generally good agreement with that derived from isoflur-
ane-anesthetized BALB/c mice (26.0 6 6.5 mmol/100 g/
min, n 5 7) using 18F-FDG PET and the operational equa-
tion of the 2-14C-deoxy-D-glucose method (27).

Plasma Clearance
18F-FDG plasma clearance was slightly faster in fasting

than in nonfasting mice receiving intravenous injection, and
the area under the plasma curve in the fasting state also
tended to be slightly lower than that in the nonfasting state.
Likewise, 18F-FDG in plasma cleared significantly more
quickly in fasting than in nonfasting animals receiving
intraperitoneal injection, probably because of higher ab-
sorption rates of 18F-FDG in most tissues under the fasting
condition. The significant positive correlations between
18F-FDG plasma clearance rate and total accumulated
radioactivity in urinary bladder indicated that 18F-FDG
plasma clearance is also affected by kidney excretion.

Effects of Anesthesia on Blood Glucose Level

Blood glucose level increased gradually during the imag-
ing experiment. Several studies have indicated that com-
mon anesthetic agents induce hyperglycemia and influence
the uptake of 18F-FDG in various tissues differently (7,27,

30). Choice of anesthetic agents, depth of anesthesia, pres-
ence of anxiety or stress, and dietary condition are among
the confounding variables contributing to the observed in-
crease in blood glucose level and need to be considered
when results from anesthetized animals are compared. Nev-
ertheless, the changes in plasma glucose level did not sig-
nificantly affect the derived physiologic parameters, in
which the variations were only minimal, because the slope
in the Patlak plot was stable even if the total study duration
was shortened (Supplemental Fig. 4).

Quantitation of 18F-FDG Uptake Using SUV

Whether to correct for blood glucose level in the SUV
formula has been controversial (3,4,10). Our data show that
cerebral MRGlu is relatively constant but that, similarly to
Ki (Fig. 4), SUV declines with increasing blood glucose
level, indicating that correction for blood glucose level is
needed in the calculation of SUV to reflect MRGlu. Con-
versely, SUV in myocardium and skeletal muscle correlates
significantly with MRGlu, suggesting that the SUV formula
without correction for blood glucose level is a better index
of MRGlu. Although SUV has the advantage of simplicity,
it is subject to various sources of error and the validity
depends on several assumptions and approximations (3,4).
Even though the variability of SUV appeared to be smaller
than that of Ki or MRGlu (Fig. 3), its value may not neces-
sarily reflect MRGlu in the tissue of concern. Therefore,
results based on SUV should be interpreted cautiously.

Implications for Tumor Imaging

The present results, although limited to normal tissues,
indicate that 18F-FDG uptake mechanisms in the brain,
myocardium, and skeletal muscle differ considerably in
response to altered blood glucose level and dietary state,
suggesting that 18F-FDG uptake and glucose metabolism
are controlled differently in different types of cells. This
may be true for cancer cells as well. Although limited data
obtained in rodents with implanted tumors show that 18F-
FDG uptake in tumor remains relatively unchanged with
elevated blood glucose level (12), results from most in
vitro, in vivo, and clinical studies have shown that 18F-
FDG uptake in many cancer cells is reduced with increasing
blood glucose level (8–11), thus indicating that different
mechanisms of regulating glucose utilization exist among
different tumor cells. Further studies are clearly required to
determine the key issues for different tumors.

Advantages and Limitations of
Intraperitoneal Injection

Although tail-vein injection is probably the route of first
choice for administering radiopharmaceuticals and other drugs
to rodents, the procedure is difficult to perform on mice, and
partial paravenous injection is common because of the small
caliber of the tail vein. Reproducible intravenous injection is
not always possible for longitudinal studies (because of damage
to the vein) or for sequential or multiple-tracer injection studies
(because of residual activity from previous injections). Con-
versely, intraperitoneal injection appears to be a pragmatic
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alternative because it is quick and easy to perform (6) and has
proved to be reproducible for longitudinal studies (20), thereby
reducing stress to the animal—a benefit to behavioral studies
(21) and studies on conscious animals (31). Our results indicate
that both routes of administration provide equivalent pharma-
cokinetic parameters and comparable 18F-FDG biodistribution
within 60 min after injection. However, initial distribution of
intraperitoneally injected 18F-FDG in various organs was slower
because 18F-FDG has to diffuse across the peritoneal membrane
and the absorption is via the portal system (32). Therefore,
intraperitoneal injection is not suitable for radiopharmaceuticals
or drugs that are eliminated primarily by the liver. In addition,
the peritoneal cavity is a space occupied by different abdominal
contents. Therefore, there is a risk of incorrectly administering
tracer into an organ rather than into the cavity. Reported failure
rates for intraperitoneal injection typically range from 10% to
25% (33). Nonetheless, according to our experience, failure
can be minimized with increasing awareness of potential error,
use of an appropriate needle, special care in needle placement,
and good training.

CONCLUSION

Our results show that intraperitoneal injection is a valid
and practical alternative to the tail-vein injection commonly
used in small-animal 18F-FDG PET and provides equivalent
pharmacokinetic data. 18F-FDG Ki, SUV, and MRGlu of
myocardium and skeletal muscle in mice are strongly
dependent on the dietary condition. Myocardial Ki, how-
ever, is independent of blood glucose level. In contrast,
cerebral Ki varies inversely with blood glucose level. Cere-
bral MRGlu is not dependent on administration route and
does not correlate with blood glucose level or dietary con-
dition. In tissue in which 18F-FDG uptake declines with
increasing blood glucose, correction for blood glucose level
will make SUVa more robust outcome measure of MRGlu.
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