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Rodent models and genetically altered mice have recently be-
come available to study many human diseases. A sensitive and
accurate PET scanner for small animals would be useful to
evaluate treatment of these diseases in rodent models. To ex-
amine the feasibility of performing quantitative PET studies, we
performed dynamic scans with arterial blood sampling in anes-
thetized rats with the ATLAS (Advanced Technology Laboratory
Animal Scanner) small animal PET scanner developed at the
National Institutes of Health and 18F-FDG and compared activ-
ities determined by PET scanning with those obtained by direct
tissue sampling. Methods: Dynamic PET scans after a bolus of
�48 MBq (1.3 mCi) 18F-FDG were performed in rats anesthe-
tized with isoflurane. Arterial blood sampling was performed
throughout the scanning period. At 60 min the rat was killed,
and the brain was rapidly removed and dissected into 5 struc-
tures (thalamus [TH], cortex [CX], brain stem [BS], cerebellum
[CB], and half brain). Activity in the tissue samples was com-
pared with the mean activity of the last 5 min of calibrated PET
data. Results: Plasma activity peaked at �0.2 min and then
cleared rapidly. Brain activity initially rose rapidly; the rate of
increase then progressively slowed until activity was approxi-
mately constant between 30 and 60 min. Recovery coefficients
(MBq/mL in PET images)/(MBq/mL in tissue samples) were
0.99 � 0.04, 0.90 � 0.19, 1.01 � 0.24, 0.84 � 0.05, and 1.01 �
0.17, respectively, in TH, CX, BS, CB, and half brain (mean �
SD, n � 6–9). Cerebral glucose utilization determined by Patlak
analyses of PET data measured 30–60 min after injection of
18F-FDG was 31.7 � 5.2, 23.9 � 4.8, 29.9 � 5.0, 39.3 � 7.3, and
28.1 � 4.6 �mol/100 g/min (mean � SD, n � 9) in TH, CX, BS,
CB, and whole brain, respectively. These results are consistent

with a previous 14C-deoxyglucose study of the isoflurane-anes-
thetized rat. Conclusion: Expected values for glucose meta-
bolic rates and recovery coefficients near unity suggest that
quantitatively accurate dynamic 18F-FDG brain imaging can be
performed in the rat with arterial blood sampling and the ATLAS
small animal PET scanner.
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For �20 y, PET has been a powerful tool in imaging
human subjects and now has numerous clinical applications
in cardiology, oncology, and neurology. This technique
allows quantitative in vivo determinations of the rates of
various physiologic and biochemical processes, and it does
so with minimal invasiveness. The spatial resolution of
typical PET scanners used for humans, however, makes
them unsuitable for brain studies in small animals. There are
quantitative autoradiographic methods for use in small an-
imals that have very fine spatial resolution, but these meth-
ods require killing the animal. Increasingly, rodent models
and genetically altered mice are being developed to study
human disease. Their cost, often-scant availability, and the
desire to use them in longitudinal studies are all driving the
development of quantitative imaging methods with better
resolution suitable for repeated studies in small animals. In
addition, there is a concerted effort to use fewer animals in
experimental studies. Imaging the complete biodistribution
rather than killing several animals for each time point not
only reduces the number of animals but also has the added
advantage that statistical comparisons of paired samples—
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that is, the same animal before and after treatment—can be
made, and this further reduces the number of animals
needed. Small animal PET scanners have been developed
(1) but maximizing detection sensitivity, spatial resolution,
and resolution uniformity continue to remain a challenge.

Fully quantitative PET methods require not only accurate
measurement of tissue activity but also a measure of the
amount of radiotracer delivered to the tissue during the
study interval, the so-called “input function.” This repre-
sents a second challenge in small animal PET imaging.
Sampling of arterial blood provides the most direct and
appropriate measurement of the input function, although
other less direct measures—such as sampling blood from
other mice at specified time points and applying that to the
experimental group (2), direct sampling of retroorbital
blood from a mouse (3), blood sampling from the left
ventricle plus PET scanning of the heart and liver of a
mouse (4), and an automated microvolumetric blood sam-
pler to draw the blood from the jugular vein in a mouse
(5)—have been used. External measurements of blood ac-
tivity—for example, from the left ventricle—cannot be
used when radiolabeled species other than the parent com-
pound are present in plasma, such as is the case with many
receptor ligands, or when the radiotracer does not rapidly
equilibrate between red blood cells and plasma to a known
equilibrium distribution ratio. An alternative approach used
in large animal PET scanning is to infer the input function
through measurements in a reference tissue. Accurate de-
termination of the activity in the reference tissue may be
more difficult in small animals due to the relatively greater
partial-volume effects in small animal imaging. Arterial
blood sampling, when feasible, remains the most direct and
accurate means of measuring the input function.

In response to the challenge of developing a high-sensi-
tivity, high-resolution small animal PET scanner, the Imag-
ing Physics Laboratory of the Nuclear Medicine Depart-
ment, Clinical Center, National Institutes of Health,
constructed the Advanced Technology Laboratory Animal
Scanner (ATLAS) (6). In the present study, we explored the
feasibility of using the ATLAS scanner for fully quantita-
tive PET studies in anesthetized rats with rapid dynamic
scanning and arterial blood sampling. In a feasibility study,
we chose the well-known radiotracer 18F-FDG, which is
used for determination of regional rates of glucose utiliza-
tion in all areas of the brain. Measurements of tissue activ-
ities determined with the ATLAS scanner were validated by
comparison with those obtained by direct counting of tissue
samples dissected immediately after completion of PET
scanning. To demonstrate the feasibility of using time-
resolved tissue data, regional cerebral glucose utilization
(rCMRglu) was determined from the arterial plasma and
brain tissue time–activity curves by the multiple-time
graphical analysis method of Patlak et al. (7,8). Addition-
ally, we have performed a postmortem static scan of an
anesthetized animal and an awake animal, in both of which
18F-FDG had been administered 45 min previously, to illus-

trate the effect of isoflurane anesthesia on tracer uptake
because it is well known that volatile anesthetics affect
cerebral glucose utilization (9).

MATERIALS AND METHODS

Chemicals
Chemicals were obtained from the following sources: halothane

was from Halocarbon, and isoflurane (Forane) was from Baxter.
Euthanasia solution was obtained from Schering-Plough Animal
Health Corp. (Beuthanasia-D special). 18F-FDG was synthesized
by a previously reported method (10) that is routinely used in our
facility.

System Characteristics of ATLAS Small Animal
PET Scanner

All PET images shown in this article were obtained with the
ATLAS scanner. ATLAS has an 11.8-cm ring diameter, an 8-cm
aperture, a 6-cm effective transverse field of view, and a 2-cm
axial field of view. The scanner consists of 18 “phoswich,” or
depth-of-interaction, detector modules surrounding the imaging
volume. The spatial resolution of this system is 1.8-mm full width
at half maximum (FWHM) in the central field of view with filtered
backprojection reconstruction and better than 1.5-mm FWHM
when 3-dimensional ordered-subset expectation maximization (3D
OSEM) reconstruction is used with resolution recovery and exact
positioning of the lines of response (1). Sensitivity is 1.8% using
a window of 250–650 keV and 2.7% with a window of 100–650
keV (6).

For scanner activity calibration, a cylinder 3.1 cm in diameter
by 7.5-cm long was used to simulate the rat head and upper torso.
This cylinder was filled with 18F in water, centered in the scanner
aperture, and imaged. The radioactivity in the cylinder was deter-
mined by a dose calibrator, and this value was divided by the
volume of the cylinder to give concentration. Given these data, a
calibration factor (C) was determined that related image counts to
tracer concentration in the animal:

C �
�phantom kBq/mL ��Ci/mL�	

�cps in a voxel/voxel volume in image	
.

Concentration can then be calculated for any new image by mul-
tiplying the counts per second (cps) in a given voxel of that image
by the calibration factor C. This calibration factor was determined
periodically and did not vary significantly with time.

Animal Preparation
Normal adult male Sprague–Dawley rats (220–268 g) were

purchased from Charles River Laboratories and maintained in a
climate-controlled room on a 12-h light:dark cycle with food and
water available ad libitum. They were deprived of food but al-
lowed free access to water for 16 h before surgical preparation for
the experiments. All animal procedures were in strict accordance
with the National Institutes of Health Guide for the Care and Use
of Laboratory Animals and approved by the Clinical Center Ani-
mal Care and Use Committee. Animals were anesthetized with
halothane (5% induction and 1%–1.5% for maintenance in 30%
O2/70% N2O). Polyethylene catheters (PE 50; Clay Adams) were
inserted into left and right femoral arteries and the left femoral
vein. One arterial catheter was used for continuous monitoring of
mean arterial blood pressure (MABP) and the other was used for
sampling of arterial blood. The length of the catheter used for
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blood sampling was fixed precisely at 16 cm to minimize sampling
errors due to catheter delay and dispersion. The venous catheter
was used for injection of 18F-FDG. The catheters were buried
under the skin in a tunnel that was passed from the femoral area to
the area behind the neck, and the tips of the catheters were located
under the skin in the area behind the neck. This placement of the
catheters allows the animal to move freely without damaging the
catheters. After the catheterizations, surgical wounds were treated
with 5% lidocaine ointment and sutured. Duration of anesthesia
during the surgical preparation was usually about 30 min.
Throughout the surgical preparations and the experimental periods,
body temperature was monitored by a rectal probe and maintained
at 37°C by a thermostatically controlled heating lamp (model 73
A; Yellow Springs Instrument Co., Inc.). At least 3 h were allowed
for recovery from the surgery and anesthesia before the PET study.
The surgical procedures were successful in �90% of the studies.

Physiologic Variables
In 4 animals, MABP was monitored continuously with a Micro-

Med Blood Pressure Analyzer (model 300; Micro-Med) that had
been calibrated with an air-damped mercury manometer. In all
animals, arterial blood partial pressure of CO2 (PCO2), partial
pressure of O2 (PO2), and pH were measured with a blood-gas
analyzer (model 288 Blood Gas System; Ciba-Corning Diagnos-
tics Corp.). Hematocrit was determined in arterial blood samples
centrifuged in a Microfuge B (Beckman Instruments). Arterial
plasma glucose concentration was determined with a Beckman
Glucose Analyzer 2 (Beckman Instruments). Physiologic variables
other than MABP were measured immediately before injection of
the radiotracer and again approximately 35 min later.

PET Study
PET scans were performed in 9 rats. After at least 3-h recovery

from catheterization surgery, the rat was reanesthetized with
isoflurane (5% for induction and 2% for maintenance in 100% O2)
using a nose cone. The tunneling of the catheters was undone so
that the catheters were readily accessible. After �15-min prepa-
ration, the rat was placed in a prone position on the platform of the
scanner. With the help of a laser beam attached to the scanner, the
rat was positioned so that the center of the field of view was 12 mm
caudal to the line between the lateral edges of the eyes. 18F-FDG
(49.9 � 10.5 MBq [1.348 � 0.284 mCi]; range, 37–62.9 MBq
[1.0–1.7 mCi]; 300–700 �L in volume) was administered via the
venous catheter over a period of about 15 s, and the catheter was
immediately flushed with 100 �L of saline from a syringe con-
nected with a custom-made Y-connector. Scanning was initiated at
the onset of 18F-FDG administration. A sequence of one hundred
twenty 30-s images was acquired; total scanning time was 60 min.
After the last scan, the rat was killed with a bolus venous injection
of euthanasia solution.

To obtain a high-quality image and to visualize the effects of
2% isoflurane anesthesia on the uptake of 18F-FDG, we conducted
an ex vivo static scan of the head for 60 min on one rat who was
awake and one rat who was anesthetized during the 45-min uptake
period of �63 MBq (1.7mCi) 18F-FDG.

Arterial Blood Sampling
To determine the plasma time–activity curve, the blood sam-

pling schedule of the quantitative autoradiographic 2-deoxy-D-14C-
glucose (2-14C-DG) method (9) was followed—that is, 6 continu-
ous samples over �15 s and 13 additional blood samples taken at
progressively increasing intervals (0.5, 0.75, 1, 2, 3, 5, 7.5, 10, 15,

25, 35, 45, 60 min). Blood samples, approximately 100 �L in
volume, were withdrawn into polyethylene microcentrifuge tubes
coated with heparin-lithium-fluoride (Beckman Instruments, Inc.),
plasma was separated from red blood cells by centrifugation, and
40 �L of plasma were counted in a 
-counter (Wizard model 1480;
PerkinElmer Life Sciences Inc.). The remaining plasma was used
for the measurement of glucose concentration. To minimize blood
loss, all dead-space volumes of blood collected in the sampling
process were reinjected intravenously into the animal.

Direct Tissue Counting
Immediately after the rat was euthanized, the brain was taken

out and separated into 2 parts, each including one hemisphere and
half of the CB and BS. One part was weighed and counted; its
concentration of radioactivity was used to calculate the whole
brain radioactivity. From the other part, 4 structures were dissected
(thalamus [TH], cortex [CX], cerebellum [CB], and brain stem
[BS]), weighed, and counted in a 
-counter. All activities were
expressed in MBq/mL, assuming the specific gravity of tissue to
be 1.

Analysis of PET Data
Data from the scanner were formatted into 27 time frames (8 �

30 s, 6 � 60 s, 5 � 120 s, and 8 � 300 s). Images were
reconstructed by 3D OSEM (11). No correction was made for
attenuation or scatter. Counts detected by the scanner were con-
verted into MBq/mL by use of a cross-calibration factor (325.63
scanner cps/mL per MBq/mL [0.01205 scanner cps/mL per nCi/
mL]) previously determined in a phantom study. Additionally, one
image containing the sum of all counts collected over the full
60-min interval was constructed for placement of regions of inter-
est (ROIs). Due to its relatively low spatial resolution, ROIs were
placed on the summed image, not by use of landmarks in that
image, but rather by identifying the 3D coordinates of each struc-
ture in a rat brain atlas (12) and locating the approximate corre-
sponding position in the PET image. TH, CX, and whole brain
ROIs were drawn on coronal sections; the first coronal slice was 4
mm caudal from the tip of the frontal lobe. Each slice was
1.125-mm thick. CB and BS ROIs were placed on sagittal sections.
ROIs were then transferred to the image for each time frame of
data, and weighted average tissue activity was computed. A back-
ground ROI was also drawn outside the brain region. In all cases,
the apparent activity in this region was very small during the
course of a study and reflected the small contributions from ran-
dom coincidence events and from scatter. Tissue time–activity
curves were constructed by subtracting background activity from
activity measured in each structure. Background-corrected tissue
activity in the last frame of data (55–60 min after injection) was
used for comparison with the directly counted tissue samples.

To verify the reproducibility of the ROI placement, 2 different
readers separately drew the ROIs on the same regions of each
animal and the results were compared. The interreader variability
was 4.6% at its maximum with a SD of 3.4%. In addition, both
readers redrew the ROIs after 1 mo or more from the first reading
and again the results were compared. Reader 1 intravariability was
2.1% at its maximum value with a SD of 4.3% and reader 2
intravariability was 0.23% � 0.73%.

Determination of rCMRglu

The multiple-time graphical analysis technique of Patlak et al.
(7,8) was used to calculate rCMRglu. This technique requires that
the normalized plasma activity (�(T) �  0

T C*p(t)dt/C*p(T), where
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C*p (t) is the arterial plasma concentration of 18F-FDG) be plotted
on the abscissa and the normalized tissue activity (C*i (T)/C*p (T),
where C*i (T) is the tissue activity) be plotted on the ordinate. After
the 18F-FDG in the tissue pool has equilibrated with that in the
plasma, the graph becomes a straight line with slope K equal to the
rate constant for net uptake and metabolism of 18F-FDG in the
brain. In this study, the 6 frames of data acquired in the interval
30–60 min were used to estimate K. rCMRglu was then calculated
from the following equation:

rCMRglu � KCp /LC,

where Cp is the arterial plasma glucose concentration and LC is the
lumped constant of the method (9). As the LC for 18F-FDG has not
yet been determined by a direct analytic method in rats, we used
the value of the LC for 2-14C-DG—that is, 0.48 (9).

RESULTS

Physiologic Variables
Physiologic variables before and 35 min after injection of

18F-FDG are shown in Table 1. The animals weighed 241 �
18 g (mean � SD, n � 9). MABP, monitored continuously
throughout the scanning period, remained steady at 85–89
mm Hg, slightly below the normal range. The hematocrit
decreased statistically significantly (P � 0.001; paired Stu-
dent t test), and the plasma glucose concentration increased
statistically significantly (P � 0.01; paired Student t test)
during the scanning interval. There were no changes in any
of the other physiologic variables.

PET Images
Figure 1 illustrates the widespread decreases in rCMRglu

in the isoflurane-anesthetized animal compared with the
animal that was awake during the period of 18F-FDG uptake.
This is consistent with previously reported decreases in
rCMRglu in most brain regions of 30%–75% in isoflurane-
anesthetized rats compared with awake controls (13). Figure
2 is an image of the average activity over the 60-min
scanning interval for one animal in the study. ROIs were
drawn on this image as described for determination of tissue
time–activity curves.

Time–Activity Curves
Time–activity curves in a typical animal are shown in

Figure 3. The left ordinate represents the tissue activity and

the right ordinate represents the plasma activity. The plasma
activity peaked at 0.17 min and then cleared rapidly. In the
5 brain structures examined (whole brain, CX, TH, CB, and
BS), activity initially rose rapidly; the rate of increase then
progressively slowed until activity was approximately con-
stant between 30 and 60 min. Tissue activities in the dif-
ferent structures varied over a fairly narrow range; hetero-
geneity between the structures was expected to have been
diminished compared with conscious animals due to the use
of anesthesia in this study.

Comparison Between Direct Tissue Counting Versus
PET Image Analysis

The results from direct counting of the tissue samples and
the PET image were converted to MBq/mL and compared
(Table 2). The values obtained from the PET images were
divided with the directly counted tissue activity to provide
an estimate of the recovery rate (PET image activity/tissue
activity). The recovery rate in whole brain was 1.01 � 0.17
(r � 0.71) (mean � SD and correlation coefficient, n � 6).
In TH, CX, BS, and CB, recovery rates were 0.99 � 0.04
(r � 0.99), 0.90 � 0.19 (r � 0.73), 1.01 � 0.24 (r � 0.43),
and 0.84 � 0.05 (r � 0.96), respectively (mean � SD, n � 9).

Glucose Utilization Analysis with Patlak Plot
Patlak plots from one animal are shown in Figure 4. In

each graph the slope of the curve is proportional to rCMRglu.
Here the decreased heterogeneity is seen from the similar
slopes of each structure’s graph. rCMRglu determined by
Patlak analysis over the interval 30–60 min after injection
of 18F-FDG was 31.7 � 5.2, 23.9 � 4.8, 29.9 � 5.0, 39.3 �
7.3, and 28.1 � 4.6 �mol/100 g/min (mean � SD, n � 9)
in TH, CX, BS, CB, and whole brain, respectively.

DISCUSSION

To our knowledge, the present study is the first report of
dynamic scanning in anesthetized rats with a small PET
scanner while concurrently sampling arterial blood. The
study was undertaken to examine the feasibility of perform-
ing fully quantitative dynamic PET studies in small animals.
We used the high-resolution, high-sensitivity ATLAS small
animal PET scanner developed at the National Institutes of
Health and the well-characterized radiotracer 18F-FDG. We

TABLE 1
Physiologic Variables

Injection of 18F-FDG
MABP

(mm Hg)

Body
temperature

(°C)
Hematocrit

(%)

Plasma glucose
concentration

(mg/dL)

Blood gas analysis

pH PCO2 (mm Hg) PO2 (mm Hg)

Immediately before 89 � 6 35.8 � 1.1 44 � 3 145 � 23 7.30 � 0.05 53 � 6 368 � 153
35 min after 86 � 7 36.1 � 1.2 41 � 4* 165 � 29† 7.28 � 0.04 55 � 8 362 � 144

*P � 0.001 indicates statistically significantly different from baseline (Student t test).
†P � 0.01 indicates statistically significantly different from baseline (Student t test).
Values are mean � SD (n � 4 for MABP; n � 9 for other parameters).
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FIGURE 1. High-quality PET image of
brain of rat that was awake (A) or under
isoflurane anesthesia (B) during 45-min pe-
riod of tracer uptake before scanning. After
tracer uptake, animals were killed and were
placed on scanner bed, and heads were
scanned for 60-min interval. Note high cor-
tical uptake of 18F-FDG in awake animal
that is much reduced in anesthetized rat.
Compared with awake animal, brain up-
take of 18F-FDG is much less heteroge-
neous in anesthetized rat. Slice thickness
is 1.125 mm. Injected doses were 63.9 and
64.8 MBq (1.73 and 1.75 mCi) in conscious
and anesthetized rats, respectively.

FIGURE 2. PET image of average activity
during dynamic scanning of anesthetized
rat from time of injection of 18F-FDG until
60 min later. Sections are sliced coronally;
first slice is 4 mm caudal from tip of frontal
lobe. Thickness of each slice is 1.125 mm.
Note low degree of regional differentiation
due to effects of anesthesia; this necessi-
tated use of an atlas of rat brain to identify
structures by their spatial coordinates
rather than through landmarks in PET im-
age. Animal received 58 MBq (1.56 mCi)
18F-FDG.
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validated tissue measurements made with the PET scanner
by comparison with 
-counting of ex vivo tissue samples
and used the dynamic scans to determine tissue time–activ-
ity curves for determination of rCMRglu.

Physiologic Variables
Rats in the present study had a MABP slightly lower than

the normal range in unanesthetized animals, but within the
range found in isoflurane-anesthetized rats (13). The de-
crease in the hematocrit was 7% from the 19 blood samples

taken (total volume, 1.9 mL); although this was statistically
significant, it probably did not have a great impact on the
physiologic status of the animal because the animals were at
rest and, therefore, did not require increased oxygen. In
studies with radiotracers that can use whole blood for mea-
suring the input function—that is, those that do not require
separation of plasma—it may be possible to further reduce
the blood sample volumes. Increases in plasma glucose
concentration were moderate and may be due to the stress of
blood loss. The plasma glucose concentration, however,
remained within the normoglycemic range. pH was lower,
PCO2 was slightly higher, and PO2 was higher than the
normal limits in awake animals, consistent with effects
usually seen under gas anesthetics.

PET Images
PET scanning in animals requires that the animal be

immobilized; as there are currently no accepted alternatives
for immobilization, all animals undergoing scanning must
be anesthetized. In the present study we used isoflurane,
which had profound effects on glucose utilization. To illus-
trate the differences in rCMRglu between the awake and
isoflurane-anesthetized animal, we performed a postmor-
tem, single scan of long duration on 2 additional animals:
one awake during the period of uptake of 18F-FDG and the
other under isoflurane anesthesia during the uptake period.
The effect of restraint on the biodistribution of 18F-FDG in
awake animals is unknown. The coronal images from these
scans are shown in Figure 1. In the awake rat, there is the
expected heterogeneity between the gray matter and the
white matter. In the cortical area of the awake rat, the
auditory CX has the highest uptake of 18F-FDG (third and
fourth slices in row 2). In contrast, the image of the anes-
thetized rat shows decreased activity and decreased hetero-

FIGURE 3. Time–activity curves of plasma (left ordinate) and
whole brain, CX, TH, CB, and BS (right ordinate) from one
animal. Plasma 18F-FDG peaks at �0.2 min and then clears
rapidly. Tissue activities initially rise rapidly and then progres-
sively less rapidly until they are approximately constant between
30 and 60 min. Due principally to effects of anesthesia, mea-
sured tissue activities exhibit a fairly narrow range, approxi-
mately 1.5 fold.

TABLE 2
Comparison Between Direct Tissue Counting and Activity Obtained from PET Images

Rat no. Body weight (g)
Injected dose
(MBq [mCi])

Recovery rate*

Whole brain CX TH CB BS

1 224 37.0 [1.000] — 0.93 1.02 0.87 0.95
2 231 42.7 [1.153] — 1.23 1.04 0.80 1.36
3 218 37.2 [1.006] — 0.82 0.97 0.88 0.98
4 264 61.2 [1.655] 1.04 0.80 1.01 0.88 0.52
5 226 55.5 [1.501] 1.18 0.68 0.95 0.80 1.04
6 235 40.3 [1.090] 0.72 0.72 0.95 0.84 1.10
7 260 54.0 [1.460] 1.17 1.18 0.94 0.89 0.86
8 241 57.8 [1.563] 1.00 0.96 1.00 0.94 1.22
9 268 62.9 [1.700] 0.94 0.83 1.02 0.79 1.02

Mean � SD 241 � 18 49.9 � 10.5
[1.348 � 0.284]

1.01 � 0.17 0.90 � 0.19 0.99 � 0.04 0.84 � 0.05 1.01 � 0.24

Correlation coefficient between direct tissue counting
and activity obtained from PET images

0.71 0.73 0.99 0.96 0.43

*Recovery rate was determined as (activity in MBq/mL in PET image acquired 55–60 min after injection of 18F-FDG)/(activity in dissected
tissue in MBq/mL).
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geneity in almost all regions. There is, however, an area that
shows an increased uptake of 18F-FDG compared with the
awake rat (second slice, bottom row). This is in the area of
the vestibular nucleus, but precise identification of the re-
gion needs to be determined with a method that has higher
spatial resolution—for example, the quantitative autoradio-
graphic 2-14C-DG method. The effect of isoflurane anesthe-
sia on rCMRglu in the vestibular nucleus is not presently
known.

The loss of heterogeneity in the cortical area under isoflu-
rane anesthesia is also evident in Figure 2, which shows
activity in one animal integrated over the entire 60-min
uptake interval of the dynamic PET acquisition. The inte-
grated image also shows an area of very high uptake in the
area of the vestibular nucleus. The less heterogeneous pat-
tern of tracer uptake under isoflurane anesthesia is similar to
that found with thiopental anesthesia (9) and reflects basal
glucose metabolism. Even though ATLAS has better spatial
resolution than previous-generation scanners (14), it is still
difficult to determine detailed structures from the image.
Therefore, in the present study, we outlined ROIs based on
3D coordinates from an atlas of the rat brain (12).

Time–Activity Curves
In the present study, we demonstrated the feasibility of

performing arterial blood sampling during dynamic PET
scans in rats by using the blood sampling techniques orig-
inally designed for use in the quantitative autoradiographic
14C-deoxyglucose method. As illustrated in Figure 3,
plasma radioactivity increased rapidly for �0.2 min and
then cleared rapidly, similar to the pattern that is observed
after injection of 2-14C-DG. The present study required 1.9
mL of blood to fully characterize the input function, and it

is well understood that both the volume and the frequency
of the samples must be reduced for measurements in mice.
14C-Deoxyglucose studies in freely moving mice have dem-
onstrated that glucose and 14C-deoxyglucose concentrations
can be measured in micro samples to reduce the total blood
sampling volume to as little as 270 �L (15). The experience
developed from these studies will be helpful for adapting
PET methods for use in mice.

The time–activity curves in each of the tissues examined
(whole brain, CX, TH, CB, and BS) were similar in shape.
They initially rose rapidly, and then the rate of increase
progressively slowed until activity was approximately con-
stant between 30 and 60 min after injection of 18F-FDG. The
loss of heterogeneity is recognized in the time–activity
curves from the fairly narrow range of tissue activities in the
last frame of data: Activities ranged only approximately
1.5-fold. Although partial-volume effects due to the limited
spatial resolution of the scanner contribute to the narrow
range of activities, anesthesia plays a substantial role. In a
previous quantitative 14C-deoxyglucose study, the ratio of
average gray matter to average white matter rCMRglu in
isoflurane-anesthetized rats was 1.95:1, whereas the con-
scious animals exhibited a much greater range of activities
with a ratio of 2.8:1 (13).

Comparison Between Direct Tissue Counting Versus
PET Image Analysis

The whole brain, TH, and BS showed the best agreement
between activities measured by PET and those measured by
direct counting of the tissue samples. The whole brain was
expected to give the best agreement due to lesser partial-
volume effects. The TH is located in the center part of the
brain, and, therefore, it had a higher degree of certainty in
placing the ROI. The lower recovery rate in the CB may be
due to difficulty in obtaining a clean dissection separating
this structure from the adjacent region that has a very high
uptake of 18F-FDG, as shown in the PET images (Figs. 1
and 2). The decreased heterogeneity in the anesthesized rat
brain may have reduced the partial-volume effects (13).
Nevertheless, our data provide strong evidence that ATLAS
can perform a dynamic 18F-FDG scan because its data
match well with the direct tissue counting.

CONCLUSION

The purpose of the present study was to examine the
feasibility of the ATLAS small animal PET scanner to
perform a dynamic scan with arterial blood sampling for
measuring the input function. The results show that (a)
physiologically it is possible to obtain 19 blood samples
during 60 min for the time–activity curve of the blood and
plasma without serious physiologic changes; (b) the direct
tissue counting and the analyzed radioactivity of the images
from the ATLAS small animal PET scanner are in good
agreement; and (c) rCMRglu, calculated by the multiple-time
graphical analysis method of Patlak (7,8), is comparable to
that in the previously reported study (13). Based on these

FIGURE 4. Patlak plot analysis of time–activity curves shown
in Figure 3 for CB, CX, and whole brain. On abscissa is normal-
ized plasma activity, �(T) � 0

T C*p(t)dt/C*p(T), where C*p(t) is arte-
rial plasma concentration of 18F-FDG. Tissue activity in each
region divided by plasma activity is plotted on ordinate. After
18F-FDG in tissue precursor pool(s) has equilibrated with 18F-
FDG in plasma, graph is a straight line with slope K proportional
to rate of glucose utilization. Under anesthesia, glucose utiliza-
tion is decreased and less heterogeneous than in awake animal;
hence, slopes of graphs for regions fall into a fairly narrow
range.
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experiments, the ATLAS small animal PET scanner has the
sensitivity and spatial resolution to perform a dynamic study
in rat brain. The procedures described in this study can also
be applied to quantitative studies for other radiotracers.
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