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Diseases and dysfunction of the central nervous system are
often associated with regional changes in cerebral glucose
metabolism, which can be measured in vivo by PET using 18F-
FDG as the tracer. For quantification, the arterial tracer input
function must be determined. For rodents in particular, direct
measurement of blood radioactivity concentration is scarcely
feasible for follow-up of individual animals because of the inva-
siveness of blood sampling. We show that the whiskers area of
the rat’s muzzle serves as an extracerebral reference region.
The derived model also takes into account local variations of
the lumped constant, which is crucial in pathologic tissue.
Methods: In 11 rats, the reference tissue kinetic parameters
were determined from PET data and measured whole blood
radioactivity concentration. Parametric images of cerebral
kinetic rate constants were calculated using the directly mea-
sured input function, the reference tissue time-activity curve with
individually fitted reference kinetic parameters, and the reference
time—activity curve with fixed reference kinetic parameters calcu-
lated from the fitted parameters averaged over all animals. The
need for kinetic modeling in disease models is demonstrated
in 5 rats subjected to acute focal cerebral ischemia. 8F-FDG
metabolism and transport rate constants and local cerebral glu-
cose metabolic rates were calculated. Results: Cerebral kinetic
constants derived from the 3 methods corresponded closely. The
maximum difference in whole-brain kinetic parameters observed
between the directly measured input function and the reference
tissue time-activity curve with individually fitted reference kinetic
parameters was less than 5%. Taking fixed reference parameters
(the reference time-activity curve with fixed reference kinetic
parameters calculated from the fitted parameters averaged over
all animals) still provided whole-brain kinetic parameters with an
accuracy of approximately 90%. In the rats subjected to focal
cerebral ischemia, '8F-FDG kinetic parameters in healthy tissue
were not significantly different from whole-brain kinetic parame-
ters in naive rats. The ischemic region was characterized by
preserved glucose metabolism, although '8F-FDG uptake was ele-
vated significantly—that is, the lumped constant in the ischemic
region was different from that of healthy brain tissue. Conclusion:
The method presented here allows for the quantitative noninvasive
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determination of cerebral glucose consumption in rats, takes into
account local variations of the lumped constant, and is suitable for
follow-up measurements of individuals.

Key Words: positron emission tomography; cerebral glucose
metabolism; reference tissue; lumped constant; rat

J Nucl Med 2011; 52:1252-1260

DOI: 10.2967/jnumed.110.085266

Local cerebral glucose metabolism can be measured
noninvasively with PET using '3F-FDG as the radiotracer
(1-3). For quantification of cerebral metabolic rate of glu-
cose consumption, the tracer input function needs to be
determined. In experimental PET, direct measurement of
the input function by arterial blood sampling is often not
applicable, particularly for follow-up of individual small
animals. Alternative approaches have been proposed, in-
cluding semiquantitative methods based on a definition of
a standardized uptake value (4-6), reference tissue models
(7-9), application of generalized input functions, or image-
derived input functions from PET data (/0-12). Standard-
ized uptake values and generalized input functions are
prone to tracer injection variability. Reference tissue mod-
els are commonly used in receptor binding studies, in
which the reference tissue lacks specific binding sites. In-
tracerebral reference regions are questionable for determi-
nation of cerebral metabolic activity because they may be
also subject to variations of brain metabolism.

Input functions derived from PET data are not suscep-
tible to these errors and allow for the determination of the
full set of the local cerebral kinetic parameters. However,
acquiring image-derived input functions from small-ani-
mal PET data is not an easy task because small vascular
structures are influenced by partial-volume effects. Fur-
thermore, because of the limited field of view in most
small-animal PET scanners, the rat’s heart—as the pre-
ferred vascular volume—and brain cannot be assessed
simultaneously.
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We here propose the whiskers area in the muzzle as
extracerebral reference region for measurement of cerebral
glucose metabolism in rats and show that its '3F-FDG kinetics
are characterized by 4 parameters that can be well approxi-
mated by fixed values. Local cerebral kinetic parameters cal-
culated with the reference tissue model are compared with
those obtained using the sampled arterial input function.

Furthermore, by application of the method to rats subjected
to focal cerebral ischemia, we show the applicability of the
method to disease models and demonstrate the need for full
kinetic modeling to account for local variations of the lumped
constant in pathologic tissue.

MATERIALS AND METHODS

Animal Preparation

All animal procedures were performed in accordance with the
German Regulations for Animal Protection and were approved by
the local animal care committee and local government authorities.
For validation of the method, male Wistar rats (n = 11; weight,
290-370 g; age, 9-11 wk; food and water ad libitum) were anes-
thetized with 2.5% isoflurane delivered in 66%/33% nitrous oxide/
oxygen. Catheters (polyethylene 50) were inserted into the left and
right femoral arteries and veins. After surgery the animals were
transferred to the PET scanner and placed in a thermostatically
controlled water-heated animal carrier unit (Medres). Temperature
and breathing rate were monitored throughout the experiment.
Whole-blood glucose level was determined in a blood sample
taken from the tail vein immediately after the PET scan. Measured
glucose levels ranged from 181 to 282 mg/dL.

PET Measurement

Dynamic PET scans were performed in a microPET Focus 220
small-animal PET scanner (CTI/Siemens) under 2.5% isoflurane
anesthesia (13). '8F-FDG (~75 MBq in 500 pL) was injected into
the femoral vein, and emission data were acquired for 60 min.
After histogramming in time frames of 6 X 30, 3 x 60, 3 x 120, and
12 x 240 s and Fourier rebinning (/4), data were reconstructed using
2-dimensional filtered backprojection with a ramp filter. Data were
corrected for dead time (running global average), randoms (subtract
delays), and decay. No scatter and attenuation correction were ap-
plied; through comparison of corrected and uncorrected data, we
estimated the error to be on the order of 10% for our system and
setup. Image analysis was performed using the VINCI software (15).

Blood Sampling

Arterial blood was sampled continuously, and radioactivity was
measured with an in-house constructed blood sampler (/6). Blood
was extracted from a catheter placed in the femoral artery with a
rate of 0.48 mL/min until 2 min after '®F-FDG injection. The
catheter was then shortened, and discrete blood samples were
taken at 3, 5, 10, 20, 30, 45, and 60 min. Sample radioactivity
was measured in a CompuGamma CS +y-counter (LKB Wallac,
Wallac Oy), and sample volume was determined by consecutive
weighing. The blood sampler, PET scanner, and y-counter were
cross-calibrated. Plasma radioactivity concentration (Cp(f)) was
calculated from whole-blood radioactivity concentration (Cp(?))
as Cp(t) = (1.09 + 0.39exp(—0.0721))Cp(1), with ¢ being the time
after injection in minutes (/7). All values for radioactivity pre-
sented here were corrected for radioactive decay with respect to
the start time of the PET scan.
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Continuously sampled activities were corrected for delay by
dividing the tube length from animal to counter by the propagation
velocity (3 cm/s). With respect to the 30-s time frames, dispersion
effects were negligible.

Rats with Focal Cerebral Ischemia

Ischemia was induced in male Wistar rats (n = 5) by intra-
arterial injection of TiO, spheres into the middle cerebral artery
(18). After exposure of the left common carotid artery, internal
carotid artery (ICA), and external carotid artery, the external ca-
rotid artery and the pterygopalatine branch of the ICA were ligated.
Polyethylene tubing filled with saline and 4 TiO, macrospheres
(diameter, 0.315-0.355 mm) was advanced through the common ca-
rotid artery into the ICA until the tip of the tube lay distal to the origin
of the pterygopalatine artery. The macrospheres were conveyed into
the ICA by injection of approximately 0.2 mL of saline. A catheter
was inserted into the tail vein for PET tracer injection. '®F-FDG PET
was performed at 1 h after induction of ischemia for 60 min.

Kinetic parameters in the ischemic and healthy tissue were
tested statistically using the software package R (1- and 2-sample
independent ¢ test) (/9).

Kinetic Modeling

The local cerebral kinetic rate constants of '8F-FDG were deter-
mined by fitting a 2-tissue-compartment model with 4 rate con-
stants (/) (supplemental material; available online only at http://
jnm.snmjournals.org). Parameters in this model are K, the unidi-
rectional clearance of '®F-FDG from blood to brain tissue; k,, the
rate constant for transport from tissue to blood; k3, the rate con-
stant for phosphorylation; and k4, the rate constant for dephos-
phorylation (Fig. 1). Parametric images of the rate constants
were calculated by voxelwise fitting of Supplemental Equation
10, using a Powell algorithm (20).

Reference Tissue Model

Here, we assume that the reference tissue kinetics follow the
common irreversible 2-compartment model including vascular
space (Fig. 1). The radioactivity concentration in the reference
tissue (Cg(?)) is then related to the tracer input function (Cp(?)),
fraction of blood volume in the reference tissue (vg), unidire-
ctional transport rate constant from blood to tissue (K;g), partition
coefficient \g = K;r/k2r), and net '8F-FDG influx rate constant

Blood Reference tissue
K k K.,= Km;"m A =ﬁ
C 1 |_> 3R o c itk kg
p - FR <™ MR |Calt)=v,C,yln)
kZR 4R H1=v)(Cpp+Cope)
: Cylt)=4,Cpl1)
Cerebral tissue
K k _ Kk
1 l, 3 Thytk
R 2THy
CP i@ | CF #— CM Crlt)=v, C4lt)
2 4 HI=v(CptCy)
FIGURE 1. '8F-FDG pathway and rate constants in reference and

cerebral tissue with a free (F) and a metabolized (M) tracer compart-
ment. The rate constant for dephosphorylation in the reference tis-
sue (kqp) is negligible. Cg and Crr = free (unphosphorylated) FDG in
brain and reference tissue, respectively; Cy and Cyr = metabolized
(phosphorylated) FDG in brain and reference tissue, respectively; kog =
rate constant for transport from reference tissue to blood plasma;
kar (kar) = rate constant for (de-) phosphorylation in reference tissue.
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(Kr = Kigksp/(kor + k3g)), with kpz being the rate constant for
transport from tissue to blood and ksg the phosphorylation rate
constant:

CR<I) = U,CP<1‘)+(1 - UR)KR f(;dpr(l’)
+(1 - UR)KIR(] - If—]’;)

JodiCo(t')e TR 1), Eq. |
v, = vg®, with @, multiplied by Cp(#) providing the whole-blood
radioactivity concentration. Solving Equation 1 for Cp(¢) provides
an expression for the tracer input function as function of the radio-
activity concentration in the reference tissue and the reference
tissue kinetics:

Cp(l) :f((I)TSnCR(TS[)7VR,K1R,/\R.KR)~ Eq. 2

Details of the derivation and the explicit functional expression
of Equation 2 are given in the supplemental materials.

The tracer input function can be calculated from the reference
tissue time—activity curve if the kinetic parameters of the reference
tissue are known using Equation 2. In principle, any tissue can
serve as a reference, provided its kinetics follow Equation 1 and its
kinetic parameters are known. In addition, a reversible tissue could
serve as a reference tissue, the formalism for which is given in the
supplemental material.

Lumped Constant as Function of K; and K;

The differences between '8F-FDG and glucose can be expressed
in terms of ratios of their kinetic rate constants: L; = K{/K, g, Ly =
ko/ks, g1, and Ly = k3/ks 4. These parameters split the differences of
glucose and deoxyglucose, summarized in the lumped constant
(LC), into the underlying processes—that is, into differences in
transport and phosphorylation, which are more likely to remain
constant even in pathologic conditions (21,22). The glucose con-
sumption rate constant K. can then be expressed as (22-24):

1 1

K;
— K,
LC

Koo = = _
& L Ly/Ly+(1 — L3 /Lo)§

, Eq. 3

where K; is the '8F-FDG net influx rate constant defined by K; =
Kiks/(ky + k3). With L; = 1.48 and Ls/L, = 0.26 (supplemental
material), local glucose consumption is given by:

CMRg. = KcCp gic, Eq. 4

where Cp,. is the plasma glucose level.

Localization of Whiskers Area

The whiskers area could be identified in PET data of the rat’s
muzzle (rostal of the Harderian glands) as the location with the
highest radioactivity concentration during the first 4 min after the
I8E-FDG intravenous bolus injection. The voxel with maximum
radioactivity concentration was automatically detected and taken
as the center of the volume of interest (VOI). This voxel can be
either on the left or on the right side of the muzzle. The size of the
VOI was chosen to be sufficiently large so as to reduce noise and
ensure high reproducibility and low sensitivity of the resulting time—
activity curve toward small shifts in the VOI location. We hence chose
a size of 2.7 x 2.7 x 4.1 mm. The reference function Cg(f) was then
given by the time—activity curve of the reference VOI (Fig. 2B).
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To visualize the anatomic structure of the whiskers area, MRI
scans were obtained in 1 animal in a 4.7-T BioSpec animal
scanner (Bruker BioSpin) using a quadrature transmit and receive
birdcage coil (Rapid Biomedical) with an inner diameter of
38 mm. A T2-weighted sequence, rapid acquisition with relaxation
enhancement, was used: rapid acquisition with relaxation en-
hancement factor, 8; repetition time/effective echo time, 5,000/
56.0; averages, 2; matrix size, 256 x 256; field of view, 4.6 X
4.6 cm; 21 slices; slice thickness, 1.3 mm; and interslice spacing,
1.8 mm.

Determination and Validation of Reference Tissue
Kinetic Parameters

To qualify as a suitable reference tissue, the whiskers area has
to fulfill 2 requirements. First, the local cerebral '8F-FDG kinetic
parameters obtained with the directly measured input function
have to be comparable to those calculated with the reference
tissue—derived input function. Second, the substitution of the refer-
ence tissue kinetic parameters by fixed kinetic parameters should
still provide local cerebral '8F-FDG kinetic parameters with high
accuracy.

The reference tissue kinetic parameters of 11 rats were
determined by fitting Equation 1 with the directly measured input
function from blood sampling to the reference VOI time-activity
curve (Cg(?)) using the Powell algorithm (20). The quality of the
kinetic parameters was tested for each animal by comparing the
directly measured input function with the input function calculated
from Cg(?), inserting the kinetic parameters of the reference tissue
into Equation 2 (supplemental material).

Parametric images of cerebral '3F-FDG Kkinetic rate constants
were calculated by voxelwise fitting of Supplemental Equation 10
for each rat using the directly measured input function, input
function derived from the reference tissue time-activity curve
and the individually determined kinetic parameters of the refer-
ence tissue (labeled fit), and input function derived from the refer-
ence tissue time—activity curve and fixed kinetic parameters
calculated from the fitted parameters averaged over all animals
(labeled mod).

The fractional blood volume (vg) was fixed to 0.05 in these
calculations.

For comparison of the methods, average kinetic parameters
within a whole-brain VOI were calculated from the parametric
images. The linear correlation coefficient of Pearson product—
moment correlation (p) was calculated to test the agreement of
whole-brain kinetic parameters derived from the 3 methods. Addi-
tionally, the whole-brain kinetic parameters from the reference
tissue model (mod) were compared in a Bland—Altman plot with
those obtained using the directly measured input function.

RESULTS

The location of the whiskers area and anatomic structure
are illustrated in Figures 2A and 2B. The extracted refer-
ence tissue time—activity curve (of rat 1) and the fit from
Equation 1 are plotted in Figure 2C. The excellent agree-
ment between the fitted and measured reference curves
demonstrates that the reference tissue can be well described
by the model. The resulting reference tissue kinetic param-
eters are listed in Table 1 for all animals. The average values
(mean = SD) are K;x = 0.37 = 0.06 mL/cm3/min, A\ =
0.55 £ 0.03, Kz = 0.0040 = 0.0014 mL/cm3/min, and vg =
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FIGURE 2. (A) Structure of whiskers area in rat’s muzzle shown as MR image. (B) '8F-FDG PET image of rat’s muzzle in transaxial (left),

coronal (middle), and sagittal slices (right). Reference VOI is drawn in gray on top of slices. Red in center of VOI marks voxel with highest
average radioactivity concentration during first 4 min after '8F-FDG injection. (C) Reference time-activity curve of rat 1, fitted time—activity
curve, and time-activity curve calculated from sampled input function and fixed reference kinetic parameters from Table 1. (D) Directly
measured input function (red), input function calculated from reference time-activity curve using fixed reference kinetic parameters, and
directly measured input function in PET time frames. (E) Difference between input function calculated from reference time-activity curve
using fixed reference kinetic parameters and directly measured input function in PET time frames as percentage of directly measured input
function. Average and SD were calculated from all animals (n = 11). TAC = time-activity curve.

0.14 = 0.03. These were used as fixed parameters for the
reference tissue model. The reference tissue time—activity
curve calculated with Equation 1, with the fixed parameters
and measured input function inserted, is shown in Figure
2C. The reference model input function was derived from
the reference tissue time—activity curve and fixed reference
kinetic parameters using the procedure described in the
supplemental material. Sampled and model-derived input
functions for a single rat (rat 1) are shown in Figure 2D,
and their differences across all rats (n = 11) are shown in
Figure 2E. In the second time frame, the model-derived
input function overestimated the real input function by
30% on average, whereas there was a good agreement for
the rest of the measurement time.

Tables 2-6 list whole-brain kinetic rate constants (K, k»,
ks, k4, and K;) obtained using the input function determined
from blood sampling, respective rate constants derived
from the reference tissue model with individually fitted ref-
erence tissue kinetic parameters (subscript “fit,” reference
tissue kinetic parameters are listed in Table 1) and rate
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constants derived from the reference tissue model using
fixed kinetic parameters of the reference region (subscript
“mod”). Although the deviation of the fit parameters from
the measured input function—derived parameters was less
than 5% for all rate constants except for ks (8.5%), the
deviation of the average model (mod) was on the order of
10% (20% for k4). The kinetic parameters of fit and mod
correlated significantly (P < 0.05 for k4; P < 0.001 for the
other rate constants), with high correlation coefficients (p >
0.7), with those obtained using the input function from
blood sampling. Supplemental Figure 1 shows parametric
images from 1 rat (rat 1 in Tables 1-6) calculated with the 3
different methods.

Differences in whole-brain parameters from the refer-
ence tissue model (mod) and respective parameters deter-
mined with the input function from blood sampling are
illustrated in a Bland—Altman plot (Supplemental Fig. 2).
The difference between the 2 methods did not depend on
the magnitude of the kinetic parameters, and the bias was
below 3%.
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TABLE 1
Kinetic Parameters of Whiskers Reference Region

TABLE 3
Whole-Brain Kinetic Parameters: ko

Rat no K1R )\R KR Vp Rat no k2 kg’ﬁt k2,mod Akgtﬂt/kg Akgymod/kz

1 0.36 0.49 0.0052 0.18 1 0.178 0.178 0.173 0.000 0.028

2 0.47 0.54 0.0028 0.18 2 0.162 0.160 0.157 0.012 0.031

3 0.38 0.59 0.0022 0.13 3 0.165 0.161 0.163 0.024 0.012

4 0.33 0.53 0.0025 0.11 4 0.175 0.168 0.167 0.040 0.046

© 0.36 0.53 0.0039 0.13 © 0.162 0.158 0.156 0.025 0.037

6 0.36 0.56 0.0034 0.12 6 0.164 0.164 0.164 0.000 0.000

7 0.29 0.57 0.0029 0.10 7 0.164 0.161 0.165 0.018 0.006

8 0.43 0.54 0.0066 0.15 8 0.153 0.154 0.152 0.007 0.007

9 0.35 0.52 0.0057 0.14 9 0.156 0.157 0.155 0.006 0.006
10 0.30 0.56 0.0050 0.11 10 0.159 0.158 0.160 0.006 0.006
11 0.45 0.61 0.0043 0.17 11 0.156 0.156 0.158 0.000 0.013
Mean 0.37 0.55 0.0040 0.14 Mean 0.163 0.161 0.161 0.013 0.017
SD 0.06 0.03 0.0014 0.03 SD 0.008 0.007 0.006
SD/mean 0.16 0.06 0.36 0.21 SD/mean 0.047 0.042 0.038 p = 0.947* p = 0.909*

Kig and Kg are in mL/cm3/min.

The sensitivity of the cerebral kinetic parameters with
respect to changes in the reference VOI location was tested.
A shift in the VOI location by 1 voxel (0.82 mm in the axial
direction) caused changes in the cerebral kinetic parameters
of less than 3% (<10% for k).

Figure 3A displays parametric images of a rat at 1 h after
middle cerebral artery occlusion (Supplemental Fig. 3).
Average kinetic parameters in the healthy hemisphere of
the animals with ischemia were not significantly different
from whole-brain average parameters of the naive animals
used for the validation of our model (K; = 0.116 £ 0.015,
1(4.6) = 1.98, P = 0.11; K; = 0.021 % 0.006, #(4.97) =
1.75, P = 0.14; Tables 2 and 6). In the animal shown in

TABLE 2
Whole-Brain Kinetic Parameters: K4

Rat no K4 Kifit  Kimoa AKiaKi — AKqmod/Ki

1 0.097 0.097 0.104 0.005 0.078

2 0.103 0.105 0.105 0.019 0.019

3 0.098 0.100 0.097 0.020 0.010

4 0.086 0.087 0.091 0.012 0.058

5 0.099 0.099 0.102 0.000 0.030

6 0.094 0.096 0.096 0.021 0.021

7 0.095 0.097 0.099 0.021 0.042

8 0.114 0.116 0.112 0.018 0.018

9 0.104 0.106 0.108 0.019 0.038
10 0.102 0.104 0.105 0.020 0.029
11 0.111 0.113 0.104 0.018 0.063
Mean 0.100 0.102 0.102 0.016 0.037
SD 0.008 0.008 0.006
SD/mean 0.079 0.080 0.058 p = 0.996* p = 0.879*

Ki and K1« are in mL/cm3/min, and AK; = |K; - K1 4| (x = mod,
fit). p is correlation coefficient from Pearson product-moment cor-
relation for correlations of Ky with Ky 5 and K, mog-

*P < 0.001.
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ko and ko« are in 1/min, and Ak, = |ko — ka x| (x = mod,fit). p is
correlation coefficient from Pearson product-moment correlation
for correlations of k, with ks s and ko mog-

*P < 0.001.

Figure 3, the acute ischemic tissue was characterized by a
reduction of K; (~60% of healthy tissue), an increase of K;
(~160% of healthy tissue), and a nearly preserved glucose
consumption rate. Although there was heterogenous tissue
response to ischemia, acute ischemic tissue with these prop-
erties (reduction of K, increase of K; preserved glucose
consumption rate) could be identified in all 5 animals. The
ratio of the parameters in a VOI (1.14 x 1.14 X 2.46 mm) in
the ischemic tissue and its contralateral counterpart are shown
in Figure 3C. K; was significantly reduced to 70% * 7%
(1(7.56) = —3.67, P = 0.007), K; increased to 139% *+ 25%
(#(7.94) = 2.48, P = 0.038), and glucose consumption rate
was preserved (103% = 8%, #(7.36) = 0.35, P = 0.735).

DISCUSSION

Reference Tissue Model

In contrast to the reference tissue models applied to
receptor binding for which the reference tissue can be
described by a 1-tissue-compartment model, our model is
applicable to reference tissue according a 2-tissue-compart-
ment model. Metabolic activity in the whiskers area is not
negligible (Kz # 0). Although the K values in the refer-
ence region were more than an order of magnitude lower
than values of the transport rate constants (K;g), omission
of K produced a systematic underestimation of the cere-
bral metabolic rate constant K; on the order of 30%.

As Figure 2 indicates, the '8F-FDG kinetics in the
whiskers area could be excellently described by Equation
1. An approximate input function could be calculated from
the reference tissue time—activity curve with fixed average
reference kinetic parameters (Table 1). The resulting input
function was a good approximation for the measured input
function presented in the PET time framing (Fig. 2D). The
overestimation in the second time frame (Fig. 2E) is fol-
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TABLE 4
Whole-Brain Kinetic Parameters: k3

TABLE 6
Whole-Brain Kinetic Parameters: K;

Rat no k3 Kasit  Kamoa  OKzsilks — AKzmodlks Rat no. Ki Kifit  Kimoa  AKifi/K; AK; mod/Ki
1 0.025 0.026 0.023 0.028 0.064 1 0.012 0.012 0.012 0.034 0.034

2 0.032 0.032 0.036 0.006 0.102 2 0.017 0.018 0.019 0.017 0.121

3 0.025 0.024 0.028 0.020 0.127 3 0.013 0.013 0.014 0.024 0.103
4 0.022 0.022 0.025 0.018 0.135 4 0.010 0.010 0.012 0.031 0.227
5 0.031 0.031 0.031 0.000 0.010 5 0.016 0.016 0.017 0.025 0.076
6 0.030 0.030 0.032 0.003 0.043 6 0.015 0.015 0.016 0.020 0.061

7 0.042 0.042 0.044 0.010 0.052 7 0.019 0.020 0.021 0.031 0.083
8 0.032 0.032 0.027 0.009 0.141 8 0.020 0.020 0.017 0.020 0.133
9 0.034 0.035 0.031 0.012 0.103 9 0.019 0.019 0.018 0.022 0.048
10 0.033 0.033 0.030 0.006 0.099 10 0.018 0.018 0.017 0.017 0.057
11 0.034 0.034 0.033 0.003 0.018 11 0.020 0.020 0.018 0.020 0.082
Mean 0.031 0.031 0.031 0.010 0.081 Mean 0.016 0.016 0.016 0.024 0.093
SD 0.005 0.005 0.006 SD 0.003 0.003 0.003
SD/mean 0.177 0.177 0.182 p = 0.995* p = 0.856"* SD/mean 0.213 0.211 0.171 p = 0.994* p = 0.864*

ks and k3 x are in 1/min, and Aks = |ks — ks x| (x = mod,fit). p is
correlation coefficient from Pearson product-moment correlation
for correlations of k3 with k3 s and k3 mog-

*P < 0.001.

K;and K; x are in mL/cm3/min, and AK; = |K; — K; x| (x = mod,fit).
p is correlation coefficient from Pearson product-moment corre-
lation for correlations of K; with K; 5: and K mog-

*P < 0.001.

lowed by small underestimation in the consecutive 5 time
frames and could be caused by the omission of dispersion
correction for the continuously sampled input function.
However, this omission did not have a noticeable influ-
ence on the derivation of cerebral kinetic parameters, be-
cause whole-brain kinetic parameters calculated with the
different input functions showed good agreement (Ta-
bles 2-6).

To test the effect of shorter time frames on the estimation
of the input function, the first 3 min of data of 4 animals

TABLE 5
Whole-Brain Kinetic Parameters: k4

Rat no Ka Kafit  Kamod — MKafilKa MK, modlKa

1 0.008 0.008 0.011 0.013 0.461

2 0.008 0.008 0.006 0.013 0.184

& 0.009 0.010 0.007 0.128 0.209

4 0.005 0.006 0.006 0.255 0.213

5 0.006 0.006 0.007 0.051 0.153
6 0.005 0.006 0.005 0.100 0.020

7 0.002 0.003 0.003 0.250 0.167

8 0.009 0.009 0.011 0.000 0.196

9 0.007 0.007 0.009 0.000 0.308
10 0.006 0.007 0.008 0.065 0.306
11 0.008 0.008 0.007 0.063 0.152
Mean 0.007 0.007 0.007 0.085 0.215
SD 0.002 0.002 0.002
SD/mean 0.303 0.271 0.341 p=0.973" p= 0.729"

k4 and Ky x are in 1/min, and Ak, = |ky — kax| (X = mod,fit). p is
correlation coefficient from Pearson product-moment correlation
for correlations of k4 with k4 s and k4 mog-

*P < 0.001.

P < 0.05.
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were rebinned in 10-s frames. Whiskers area—derived input
functions were then used for kinetic modeling. Cerebral
kinetic parameters differed at maximum by 2% (K;), 6%
(k2), 6% (k3), 24% (k4), and 1% (K;) from the corresponding
values obtained with 30-s time frames. Thus, we conclude
that 30-s time frames are sufficient to describe '8F-FDG
kinetics. Moreover, the shortest time scale for variations
of cerebral '8F-FDG concentrations is 1/k, > 5 min.

Whiskers Area as Reference Tissue

The whiskers area in the rat’s muzzle constitutes a suit-
able reference region for the following reasons: it is located
some distance away from the brain but close enough to be
within the field of view when scanning the rat’s brain, the
roots of the whiskers are surrounded by arterial cylinders
contributing a noticeable vascular fraction to the reference
VOI (~10%, Fig. 2); arterial cylinders display the highest
radioactivity concentration within the muzzle during the
first minutes after bolus injection of '8F-FDG and therefore
the localization can be easily automatized; and its kinetics
are well described by Equation 1 and can be approximated
quite accurately using fixed average kinetic parameters.

The input function can also be derived from a reference
tissue according to the kinetics of a reversible 2-tissue-
compartment model (Supplemental Eq. 10). The procedure
for calculating Cp(?) in this case is described in the supple-
mental materials.

Limitations of Model

The application of the whiskers area reference tissue
model is limited to cases in which '®F-FDG kinetics in the
whiskers area are not altered by the disease model, medi-
cation, and such. For example, if the cerebral metabolism of
transgenic rats is to be compared with that of wild-type rats,
the whiskers area kinetic parameters of the transgenic rats
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FIGURE 3.
of arat at 1 h after occlusion of left middle cerebral artery. (B) Tissue

(A) Parametric images of '8F-FDG transport rate constant K, net influx rate constant K;, and glucose consumption rate CMRg,c

time-activity curves of ischemic and contralateral tissue. (C) Ratios of

kinetic parameters in VOI (1.14 x 1.14 x 2.46 mm) in ischemic tissue and in respective contralateral healthy tissue averaged over 5 animals.
Error bars show SD (*P < 0.05). Contra = contralateral; Ipsi = ipsilateral.

need to be determined either to ensure that these are not
different from those of the wild types or to determine the
suitable parameters for the transgenic group.

Although demonstrated here for intravenous bolus injec-
tion, the model is also valid for all types of injections.
Intraperitoneal injections and constant infusion are feasi-
ble, but a different relationship between whole-blood and
plasma radioactivity concentrations has to be considered
and the automatic localization of the whiskers area would
then fail. Because the peaking radioactivity concentration
in the rat’s muzzle during the first minute after tracer injec-
tion is seen only after intravenous bolus injections, the
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region would have to be defined by other means when using
other injection techniques.

Need for Kinetic Modeling in Disease Models

The reference tissue method described here allows
noninvasive determination of the full set of cerebral '3F-
FDG kinetic parameters. To test our method in a stroke
animal model and to demonstrate the need for kinetic mod-
eling in pathologic brain tissue, we applied the method to
rats with acute focal ischemia measured at 1 h after perma-
nent occlusion of the middle cerebral artery. Acute ische-
mic tissue was characterized by a reduction of the '®F-FDG

No. 8 * August 2011



rate constant K; and an increase of the net '8F-FDG influx
rate constant K; indicating hypermetabolism (Fig. 3). To
derive the glucose consumption rate from the '8F-FDG
kinetic constants, K; has to be divided by the LC, taking
into account the differences in transport and phosphoryla-
tion of glucose and '8F-FDG. It has been shown that in
healthy brain tissue LC is approximately constant. Reported
values range from 0.42 to 0.89 (3,25-28). More precisely,
LC can be expressed as a function of the '8F-FDG transport
rate constant K; and the net influx rate constant K; (Eq. 3)
(22). Thus, the glucose consumption rate constant can be
calculated using either of the rate constants from kinetic
modeling, which in our example yielded close to normal
metabolism in the ischemic tissue, implying an elevated
LC. Taking only K; and ignoring the alterations of LC
would produce ambiguous results and could lead to wrong
conclusions. Ischemic tissue expressing these changes of
LC could be identified in all 5 ischemic rats that were
examined (Fig. 3C).

Our findings that the glucose consumption rate is more or
less preserved in parts of the acute ischemic tissue is in
accordance with the preserved oxygen consumption rate
that has been observed in cats and baboons in the early
phase after induction of ischemia (29,30). In the case of
oxygen, the reduced delivery (cerebral blood flow) is com-
pensated by an elevated oxygen extraction fraction. In the
case of glucose, the reduced delivery (K;) is compensated
by an elevated phosphorylation rate (hexokinase activity),
leading, because of the different properties of '8F-FDG and
glucose, to an increase in the '8F-FDG net influx rate con-
stant (K;), whereas the glucose consumption rate (K) is
preserved. A more detailed analysis and characterization of
the ischemic tissue in terms of the '8F-FDG kinetic rate
constants is beyond the scope of this work.

CONCLUSION

The method presented here allows full kinetic modeling
of cerebral '8F-FDG uptake in rats by taking the whiskers
area of the rat’s muzzle as an extracerebral reference
region. Kinetic modeling is especially important in patho-
logic tissue to account for variations in the local lumped
constant. The method provides a tool for quantitative long-
term follow-up measurements in individual rats.

DISCLOSURE STATEMENT

The costs of publication of this article were defrayed in
part by the payment of page charges. Therefore, and solely
to indicate this fact, this article is hereby marked "adver-
tisement" in accordance with 18 USC section 1734.

ACKNOWLEDGMENTS

We thank Annika Lindemann for the excellent technical
assistance and Delphine Feuerstein for her supportive con-
tributions to the preparation of the manuscript. No potential
conflict of interest relevant to this article was reported.

ExTRACEREBRAL REFERENCE TISSUE IN RaTs ¢ Backes et al.

REFERENCES

1. Phelps ME, Huang SC, Hoffman EJ, Selin C, Sokoloff L, Kuhl DE. Tomo-
graphic measurement of local cerebral glucose metabolic rate in humans with
(F-18)2-fluoro-2-deoxy-p-glucose: validation of method. Ann Neurol. 1979;
6:371-388.

2. Reivich M, Kuhl D, Wolf A, et al. The ['3F]fluorodeoxyglucose method for the
measurement of local cerebral glucose utilization in man. Circ Res. 1979;44:
127-137.

3. Sokoloff L, Reivich M, Kennedy C, et al. The ['*C]deoxyglucose method for the
measurement of local cerebral glucose utilization: theory, procedure, and normal
values in the conscious and anesthetized albino rat. J Neurochem. 1977;28:897—
916.

4. Graham MM, Peterson LM, Hayward RM. Comparison of simplified quantitative
analyses of FDG uptake. Nucl Med Biol. 2000;27:647-655.

5. Hamberg LM, Hunter GJ, Alpert NM, Choi NC, Babich JW, Fischman AJ. The
dose uptake ratio as an index of glucose metabolism: useful parameter or over-
simplification? J Nucl Med. 1994;35:1308-1312.

6. Keyes JW. SUV: standard uptake or silly useless value? J Nucl Med. 1995;36:
1836-1839.

7. Hume SP, Myers R, Bloomfield PM, et al. Quantitation of carbon-11-labeled
raclopride in rat striatum using positron emission tomography. Synapse. 1992;
12:47-54.

8. Lammertsma AA, Bench CJ, Hume SP, et al. Comparison of methods for analysis
of clinical [''C]raclopride studies. J Cereb Blood Flow Metab. 1996;16:42-52.

9. Lammertsma AA, Hume SP. Simplified reference tissue model for PET receptor
studies. Neuroimage. 1996;4:153-158.

10. Green LA, Gambhir SS, Srinivasan A, et al. Noninvasive methods for quantitat-
ing blood time-activity curves from mouse PET images obtained with fluorine-
18-fluorodeoxyglucose. J Nucl Med. 1998;39:729-734.

11. Huang S-C, Wu H-M, Shoghi-Jadid K, et al. Investigation of a new input func-
tion validation approach for dynamic mouse microPET studies. Mol Imaging
Biol. 2004;6:34-46.

12. Yee S-H, Jerabek PA, Fox PT. Non-invasive quantification of cerebral blood flow
for rats by microPET imaging of 'O labelled water: the application of a cardiac
time-activity curve for the tracer arterial input function. Nucl Med Commun.
2005;26:903-911.

13. Tai Y-C, Ruangma A, Rowland D, et al. Performance evaluation of the microPET
focus: a third-generation microPET scanner dedicated to animal imaging. J Nucl
Med. 2005;46:455-463.

14. Defrise M, Kinahan PE, Townsend DW, Michel C, Sibomana M, Newport DF.
Exact and approximate rebinning algorithms for 3-D PET data. [EEE Trans Med
Imaging. 1997;16:145-158.

15. Cizek J, Herholz K, Vollmar S, Schrader R, Klein J, Heiss W-D. Fast and robust
registration of PET and MR images of human brain. Neuroimage. 2004;22:434—
442.

16. Breuer J, Grazioso R, Zhang N, Schmand M, Wienhard K. Evaluation of an
MR-compatible blood sampler for PET. Phys Med Biol. 2010;55:5883-5893.

17. Huang S-C, Zhang X, Wong K-P. Determination of FDG transport kinetics and
partition coefficient between plasma and red blood cells in mouse in vivo. J
Cereb Blood Flow Metab. 2007;27(suppl 1):PO05-06U.

18. Gerriets T, Stolz E, Walberer M, et al. Middle cerebral artery occlusion during
MR-imaging: investigation of the hyperacute phase of stroke using a new in-bore
occlusion model in rats. Brain Res Brain Res Protoc. 2004;12:137-143.

19. R: A Language and Environment for Statistical Computing [computer program].
Vienna, Austria: R Foundation for Statistical Computing; 2008. Available at:
www.r-project.org. Accessed June 30, 2011.

20. Press WH, Teukolsky SA, Vetterling WT, Flannery BP. Numerical Recipes in C:
The Art of Scientific Computing. Cambridge, U.K.: Cambridge University Press;
2002.

21. Cunningham VJ, Cremer JE. A method for the simultaneous estimation of re-
gional rates of glucose influx and phosphorylation in rat brain using radiolabeled
2-deoxyglucose. Brain Res. 1981;221:319-330.

22. Kuwabara H, Evans AC, Gjedde A. Michaelis-Menten constraints improved
cerebral glucose metabolism and regional lumped constant measurements with
['8F]fluorodeoxyglucose. J Cereb Blood Flow Metab. 1990;10:180-189.

23. Bgtker HE, Goodwin GW, Holden JE, Doenst T, Gjedde A, Taegtmeyer H.
Myocardial glucose uptake measured with fluorodeoxyglucose: a proposed
method to account for variable lumped constants. J Nucl Med. 1999;40:1186—
1196.

24. Holden JE, Mori K, Dienel GA, Cruz NF, Nelson T, Sokoloff L. Modeling the
dependence of hexose distribution volumes in brain on plasma glucose concen-
tration: implications for estimation of the local 2-deoxyglucose lumped constant.
J Cereb Blood Flow Metab. 1991;11:171-182.

1259


www.r-project.org.

25.

26.

27.

1260

Bgtker HE, Bottcher M, Schmitz O, et al. Glucose uptake and lumped constant
variability in normal human hearts determined with [18F]fluorodeoxyglucose. J
Nucl Cardio. 1997:4:125-132.

Crane PD, Pardridge WM, Braun LD, Oldendorf WH. Kinetics of transport and
phosphorylation of 2-fluoro-2-deoxy-p-glucose in rat brain. J Neurochem.
1983;40:160-167.

Hasselbalch SG, Holm S, Pedersen HS, et al. The 'SF-fluorodeoxyglucose
lumped constant determined in human brain from extraction fractions of '8F-
fluorodeoxyglucose and glucose. J Cereb Blood Flow Metab. 2001;21:995-1002.

28.

29.

30.

Tokugawa J, Ravasi L, Nakayama T, Schmidt KC, Sokoloff L. Operational
lumped constant for FDG in normal adult male rats. J Nucl Med. 2007;
48:94-99.

Heiss WD, Graf R, Wienhard K, et al. Dynamic penumbra demonstrated by
sequential multitracer PET after middle cerebral artery occlusion in cats. J Cereb
Blood Flow Metab. 1994;14:892-902.

Pappata S, Fiorelli M, Rommel T, et al. PET study of changes in local brain
hemodynamics and oxygen metabolism after unilateral middle cerebral artery
occlusion in baboons. J Cereb Blood Flow Metab. 1993;13:416-424.

THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 52 ¢ No. 8 * August 2011



