Noninvasive Methods for Quantitating Blood Time-

Activity

Curves from Mouse PET Images Obtained

with Fluorine-18-Fluorodeoxyglucose

Leeta A. Green, Sanjiv S. Gambhir, Ashok Srinivasan, Pranab K. Banerjee, Carl K. Hoh, Simon R. Cherry, Susan Sharfstein,

Jorge R. Barrio, Harvey R. Herschman and Michael E. Phelps

Crump Institute for Biological Imaging; Division of Nuclear Medicine, Department of Molecular and Medical Pharmacology;
Department of Biomathematics; and Molecular Biology Institute; University of California at Los Angeles School of Medicine,

Los Angeles, California

The mouse model is currently being explored for various applica-
tions with PET imaging. Low resolution of current animal scanners
relative to mouse size leads to difficulty in quantitating data from
mouse PET images. We have, therefore, investigated methods for
determining blood time-activity curves (TACs) from mouse PET
studies done with fluorine-18-fluorodeoxyglucose (FDG). Methods:
Eight mice were fasted, the tail vein was injected with 150-300 uCi
of FDG and dynamic images were acquired with a CTV/Siemens
(Knoxuville, TN) animal tomograph for 64.5 min. Concurrently, 11-14
left ventricle (LV) blood samples were drawn directly from the LV
chamber. Organ TACs were obtained by drawing circular regions of
interest (ROIs) of various sizes on images of the heart, liver and
brain. For each mouse, the FDG model parameter K = (K, X kaV/(k,
+ k5) was estimated by a Patlak algorithm with various estimates of
the blood TAC and, as a reference tissue TAC, the brain TAC.
Results: Most partial-volume-corrected heart ROl TACs overesti-
mated the LV samples. Blood TACs from heart images produced
statistically different estimates of K than did the LV samples. The
liver image-derived blood TACs yielded estimates of K that were
comparable to those yielded by the LV samples. Estimates of K
determined with two directly sampled LV points in conjunction with
the liver image-derived TAC were not statistically different from the
estimates obtained with the LV samples. The size and location of
ROIs on images of the liver minimally affected the TACs. Conclu-
sion: We have shown that it is experimentally possible to obtain a
blood TAC from mouse studies by repeatedly sampling from the LV.
We have also shown that images of the liver can be used to reliably
estimate the blood TAC. Future FDG PET studies with the mouse
model will benefit from this demonstrated ability to noninvasively
quantitate blood TACs directly from FDG PET images.
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PET, as well as other in vivo imaging techniques, are increas-
ingly being used with mouse and/or rat models (e.g., in
monitoring gene expression with 8-['®F]fluoroacyclovir or
1311.labeled  2'-fluoro-2'-deoxy-1-B-D-arabinofuranosyl-5-
iodouracil (/,2) and in monitoring tumor growth with
fluorine-18-fluorodeoxyglucose (FDG) (3,4)). The mouse
has been the preferred animal model for many in vivo
molecular biology and genetic studies (5); hence, many
experimental techniques have been developed with mice. For
example, transgenic mice can be raised in the laboratory,
thus allowing for in vivo genetic studies (6,7); human tumors
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can be ideally studied by xenografting them into athymic
mice (3,4).

Because rats are significantly larger than mice (the weight of
a rat is approximately 10 times that of a mouse), PET images of
rats are better able to resolve adjacent structures than those of
mice. However, only limited research with transgenic rats has
been conducted to date (8,9). Furthermore, the model for
implanting human tumors into rats has been used only rarely
(10,11). Additional advantages of using mice include their low
cost, easy handling and fast reproductive cycle. Therefore, the
mouse model currently has greater applications in genetic and
xenograft tumor studies than does the rat model.

Dynamic PET studies are used in conjunction with well-
validated tracer kinetic models to obtain estimates of biochem-
ical and physiological parameters. For example, the FDG model
parameter K = (K, X k;)/(k, + k;) is linearly related to the
local glucose metabolic rate (/2-14). Accurate blood and tissue
time-activity curves (TACs) are required for estimation of the
model parameters. To date, rigorous validation of noninvasive
methods to determine blood TACs from mouse FDG-PET
studies (as well as for other PET tracers) has not been
conducted. Kallinowski et al. (3) imaged mice with PET and
used arterial catheters in two nu/nu mice to obtain blood TACs;
they correlated these values with image-derived blood TACs.
Hawkins et al. (4) imaged nu/nu mice with an animal PET
system and relied on the noninvasive blood TAC correlation of
Kallinowski et al. (3) and on limited retro-orbital blood
samples. These and other methods of direct blood sampling of
mice are technically difficult because of the relatively small
diameters of the mouse blood vessels; furthermore, the total
blood volume of a mouse is only ~1.7 ml (/5), making
repeated blood sampling physiologically challenging to the
mice.

In large animals and humans, blood TACs can be invasively
derived by direct arterial sampling or noninvasively derived by
drawing regions of interest (ROIs) on PET images of the
myocardial left ventricle (LV) (16,17). Because of the limited
resolution of current PET scanners relative to the size of mice,
however, the LV chamber cannot be distinguished from the
myocardial tissue on mouse images. ROIs drawn on the heart
thus represent activity from the LV and from the myocardium.
If the mice are fasted, the myocardium should use fatty acids as
its major energy source and thus show suppressed glucose (and
therefore FDG) uptake (/8). Nonetheless, myocardial activity,
although reduced, may contribute to the observed heart ROI
signal. The kinetics of FDG in the liver, on the other hand, are
such that FDG is rapidly cleared from liver tissue (/9-21). We
therefore hypothesized that we could obtain an adequate esti-
mate of the blood TAC from mouse liver images.
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We undertook to develop and validate a method to determine
noninvasively blood TACs from mouse FDG-PET studies. We
compared direct LV blood sampling from mice and PET image
ROI-derived blood TACs, considering liver and heart images.
For the former method, we also studied ROI placement effects.
Fitting of K in the FDG model (22) served as a reference
against which to compare various blood curves.

THEORY

As a consequence of the partial-volume effect (23), measured
image counts for small objects (relative to scanner resolution)
represent only a fraction of the true counts in the region. This
fraction, called the recovery coefficient (RC) ranges between 0
and 1. Further error is introduced to the measurement by
experimental fluctuations, and we assume this error to be
Gaussian error, e(t). Equation 1 describes these consequences:

observed counts = RC X (true counts) + e(t). Eq. 1

Because of region inhomogeneity and the spillover effect, the
true average counts in a region often are the weighted sum of
multiple activities. For example, the true liver ROI counts, C(t),
are composed of the pure blood TAC, B(t), liver tissue TAC,
T(t) and spillover of activity from neighboring areas, S(t), as
given by Equation 2:

Ct) = ¢ X B(t) + (1 —c) X T(t) + S(t). Eq.2
Here, c is a coefficient between 0 and 1; c and (1 — c) represent
the fractions of activity in the ROI that are contributed by
vasculature and liver tissue, respectively. The measured counts,

L(t), are given in Equation 3 and Equation 4 and follow directly
from Equations 1 and 2:

L(t) = RCpiver X C(t) + e(t) Eq.3
L(t) = RCLver[c X B(t) + (1 — c) X T(t) + S(t)]
+ e(t). Eq. 4

RC\iver is a recovery coefficient that accounts for the liver
partial-volume effect (23). In this study, we develop and
validate a model to determine an estimate of B(t) from the
known information, L(t).

According to the model of Choi et al. (/19) for FDG in human
normal liver tissue, T(t) can be expressed as

T@) = flK,, kj, k3, kg) ® B(t + TD), Eq. 5

where f(K,, kj, ks, ky) is a function of the usual FDG model
parameters (12,13), TD represents a time delay and ® denotes
the mathematical convolution operation. If it is assumed that
this model extends to mice, Equations 4 and 5 give

L@t = RCLiver{c X Bt) + (1 — ¢)
X [f(K), ko, k3, kg) ® B(t + TD)] + S(t)} + e(t).
Eq. 6

Because there are unidentifiable parameters in this model, we
have explored a simplified model. Suppose the terms in the
braces can be approximated as U(t) X B(t) for some function,
U(t). Then, Equation 6 can be reduced to

L(t) -~ RCLivcr [U(t) X B(t)] + e(t)»
which can be further simplified to
L(t) ~ RCpiver[u X B(t)] + e(t) Eq. 8

if U(t) equals some constant, u, for all time. Equation 8 is the
model that we validate below; this model describes how to

Eq. 7

730

estimate B(t) from the liver image ROI TAC. Below we
describe how the product u; = RC;.., X u is estimated.

The heart image ROI TAC was also explored as a possible
estimate for B(t). Let M(t) denote the true dynamic counts in a
myocardial ROIL. Because of resolution constraints, the LV
chamber cannot be distinguished from the myocardial tissue.
Although ROI sizes (see below) were small enough to fit within
the LV chamber, we could not visually determine whether any
myocardial tissue was enclosed in the ROI. The equation used
to explain M(t) is

M(@t) = w X LV(t) + (1 — w) X Mt(t) + So(t), Eq.9

where Mt(t) is the myocardial tissue TAC, LV(t) is the activity
in the LV over time, So(t) accounts for spillover and w is a
coefficient between 0 and 1; w and (I — w) represent the
fractions of the ROI that contain the LV chamber and myocar-
dial tissue, respectively. Let RCyyocarqia reflect the myocardial
partial-volume effect. From Equations 1 and 9, the observed
ROI counts, Mo(t), are thus given by Equation 10:

Mo(t) = RCwmyocardial [W X LV(t) + (I — w) X Mt(t)
+ So(t)] + e(t). Eq. 10

Activity in the LV is the blood TAC, so LV(t) = B(t). If
myocardial glucose utilization is sufficiently suppressed, there
is no significant uptake by myocardial tissue, and Mt(t) ~ 0. If
it is assumed that So(t) is negligible, then Mo(t) is approxi-
mately linearly related to the blood TAC (Eq. 11):

Mo(t) ~ RCmyocardiat [W X B(t)] + e(t). Eq.11

Below we describe how the product wy = RCyyocardiat X W is
estimated.

MATERIALS AND METHODS
General Strategy

Three general strategies were used to estimate the coefficients in
Equations 8 and 11. The first strategy arrived at estimates of
RCliver and RCyyyocaraial by consideration of the geometry of the
liver and the heart. The other two strategies involved comparing
PET image-derived TACs to TACs derived from direct LV blood
sampling. The details of these three different approaches are
described below. Table 1 provides a summary of the notation used
in this article for the different estimates of RCy;yer, RCpyocardians UL
and w,,. Note that the subscript M refers to the myocardial LV
chamber. The subscript LV is not used because subscripts begin-
ning with L have been reserved for the liver.

Anatomical Measurements

Three mice were anesthetized, killed and sectioned (50-200
pum) with a PMV (PMV Inc., Knoxville, TN) cryostat by a
previously described method (24). From the coronal cross sections,
estimates of LV chamber size and liver size were obtained in two
dimensions. Measurements were recorded for several sections and
averaged. Estimates for the sizes in the third dimension were
obtained by noting the number and thickness of the slices needed
to cut through the entire liver or LV chamber. For the liver, the
sizes of the left and right lobes were recorded in this dimension.
The sizes in each dimension were averaged across the three mice to
obtain a mean size estimate. The mean size estimate was then used
to obtain geometric recovery coefficients, RCy,, and RC,, for
partial-volume correction for the LV chamber and liver, respec-
tively. The estimates for the geometric recovery coefficients were
based on a one-dimensional bar phantom approximation obtained
by use of the estimated effective in-plane and axial FWHM for the
scanner (25) and the average diameter of the ROI.
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TABLE 1
Notation for Estimates of Model Parameters

What is being
Symbol Method of estimation estimated
RC,. Based on geometry of liver RCliver
RCw Based on geometry of LV RC
U am All mice were used in one least squares fit RCliver X U
of liver image TACs to LV samples
W Am All mice were used in one least squares fit RCpyocardial X W
of heart image TACs to LV samples
U ms Mouse-specific ratio for liver image TACs RCliver X U
W ms Mouse-specific ratio for heart image TACs RCyocardial X W

LV = left ventricle; TACs = time-activity curves.

Preparation of FDG

FDG was synthesized by the method described by Hamacher et
al. (26). The radiochemical purity was >99%. The specific activity
was ~5 Ci/umol.

Animal P tions and Positioning

Nineteen C3H/HeN mice were fasted (but allowed to drink) for
6-12 hr before imaging and were anesthetized with ~0.8 ml of
2.5% tribromoethanol (Avertin) injected intraperitoneally (i.p.).
The mice were immediately placed in the supine position on a
piece of cardboard, and their limbs were strapped down with rubber
bands. FDG (150-300 uCi in 0.2 ml saline) was injected via the
tail vein, and then ~0.2 ml of saline was injected. The mice were
positioned in the scanner such that the long axis of the scanner was
perpendicular to the sagittal planes of the mice.

Image Acquisition

The mice were imaged with a CTI/Siemens animal tomograph
[model 713; (Siemens, Knoxville, TN)], which collects 15 planes
separated by 3.38 mm (27). To correct for photon attenuation, a
10-20-min transmission scan was acquired for each mouse before
FDG injection. Immediately after the injection of FDG, 17 emis-
sion scans were obtained over a total of 64.5 min. The following
sequence was used: nine 30-sec, four 5-min and four 10-min scans.
The data were reconstructed with a Shepp-Logan filter with a
cutoff frequency of 0.5 to give an effective in-plane resolution of
~4 mm and an axial resolution of ~4.6 mm.

LV Blood Sampling

During acquisition of the emission images, 11-14 blood samples
were drawn directly from the LV (28) with a 1-cc U-100 insulin
syringe connected to a 28.5-gauge needle (frequency, four or five
samples in the first 4 min, three to six samples in the next 16-17
min and three to five samples in the remaining 43—44 min). All
whole-blood samples were weighed (minimum weight, ~1 mg;
maximum weight, ~40 mg), and their FDG activity was measured
in a cylinder-well counter. Units were calibrated from counts per
milligram per second to counts per pixel per second, with the
assumption of a blood density of 1 g/ml and with a correction
factor obtained in a manner similar to that of Choi et al. (/9), with
the exceptions that a small cylinder (~6 cm in diameter) filled with
~278 wCi of FDG was scanned for 5 min and two 0.025-ml
aliquots were drawn. Activity from the aliquots (determined with
the well counter) was compared with image counts. Three raw
datasets were examined: (a) LV blood samples weighing 15 mg or
less were ignored, leaving an average of 8 samples per mouse
(range, 4-10); (b) LV blood samples weighing 10 mg or less were
ignored, leaving an average of 10 or 11 samples per mouse (range,
7-12); and (c) no data were ignored, regardless of the sample
volume.
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LV TAC:s for each mouse were generated from each dataset as
follows. Raw LV data were linearly interpolated to the endpoints of
the scan times. The value at time zero was explicitly set to zero. For
any scan interval that included at least one LV sample, all the
values in that interval and the (linearly interpolated) endpoints
were used to calculate the integral of activity over that time
interval. This integral was then divided by the length of the time
interval, and the resulting value was recorded at the middle time
point of the interval. These data are referred to here as LV samples
and were used in estimating Wy, ap and u;_,y (defined below;
Table 1) and in estimating the FDG model parameter K.

Analysis of Data

The dynamic sagittal image data were resliced into 32 dynamic
coronal sections with the Crump Institute Integrated Imaging
Software Package written in the IDL language (Research Systems,
Inc., Boulder, CO) and currently under development in our
laboratory. Plane averaging was accomplished during the reslice
processing. One ROI (area enclosed, nine square pixels) was drawn
centered on the image of the heart during the time frame with heart
activity best distinguishable from background, and one was drawn
on the brain (13 square pixels) during the last time frame. Four
ROIs were drawn on the left lobe of the liver during the time frame
with peak liver activity (all four during the same frame but with
different frames for different mice, depending on where the liver
activity was best distinguishable). The four liver ROIs differed in
size and location within the liver, such that three of the ROIs had
the same center but different areas (8, 26 and 43 square pixels); the
center of the fourth ROI was displaced (so that the ROI still
enclosed the peak activity of the left lobe) from the other center by
7-11 pixels, and the area of this ROI was 29 square pixels. All
ROIs were drawn on the resliced coronal sections and applied to all
times to give TACs derived from heart, brain and liver images in
umtg of counts per pixel per second. (One square pixel equals 0.61
mm°® .)

Areas under the curve (AUCs) were calculated for all TACs. All
numerical integration was performed with the int_tabulated routine
in IDL, which uses a five-point Newton-Cotes integration method.

For both liver and heart, two methods were explored to obtain
estimates for the constant of proportionality between the image-
derived TAC and the directly sampled blood data. The methods
rely on Equation 8 for the liver and Equation 11 for the heart. In the
first method, a global (across all mice) proportionality constant
(ratio of image counts to LV samples) was estimated by a least
squares fit for both liver (up_a») and heart (wyy_an)- In the second
approach, each mouse was considered individually: for each
mouse, a mouse-specific proportionality constant for both liver
(u;_ms) and heart (wy, pys) Was estimated by averaging the ratio of
the image counts to the LV raw data at the times of the last two raw
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FIGURE 1. Dynamic resliced coronal
cross-sectional images from typical
PET study done with '®F-FDG at fixed
plane. Scaling was done according to
global maximum. Time progression,
frames (f) 1-17, is indicated. Early
times show FDG uptake in liver. FDG
clears through kidneys and bladder.
Prominent bladder and myocardial ac-
tivities can be seen at late times.

LV blood FDG activities. The image counts were linearly interpo-
lated to the times of the last two LV raw data points.

To obtain image-derived blood TACs, the four liver image TACs
from each mouse were averaged and divided by ug_am Or up s,
where u; oy Was averaged over estimates from all four ROIs.
Similarly, the heart image TACs were divided by Wpy_am, Wm_ms
or heart geometric recovery coefficient RCy,. The FDG parameter
K was estimated by the Patlak algorithm (skipping the first 10
points, which is approximately up to 10 min) (22) with the brain
image TAC as the reference tissue curve and each of the following
as blood TAC: (a) liver image TAC divided by u; _p; (b) liver
image TAC divided by u;_ys; (c) LV samples; (d) heart image
TAC divided by wy_am; (€) heart image TAC divided by wy_us;
and (f) heart image TAC divided by RC,,.

A paired Student’s t-test was used to test the hypothesis that the
estimates for K (as obtained with LV samples versus image-
derived blood TAC) are equal (29). Analysis of variance (29) was
used to compare the AUCs of the differently sized and placed liver
ROIs (each normalized to the AUC of the corresponding LV
samples). All significance levels were set at 0.05.

RESULTS

The liver measured an average of 10.6 = 1.2 mm by 12.6 *
0.38 mm in the coronal plane and 9.9 = 0.70 (left lobe) mm or
147 = 0.83 mm (right lobe) in the anterior to posterior
direction, to give an RC; of 0.97-0.98. The heart LV chamber
measured an average of 5.0 = 0.17 mm by 6.0 = 0.84 mm in
the coronal plane and 4.6 = 0.52 mm in the third direction, to
give an RC,, of 0.52. (Values are the arithmetic mean * s.d.)

Eleven of a total of 19 mice were eliminated from the FDG
PET study because they had been fasted for fewer than 6 hr or
because of experimental complications (e.g., early death or
faulty FDG injection). One mouse died during frame 17, and
only the first 15 frames (up to 44.5 min postinjection) were
included in the study. Internal bleeding, determined by autopsy,
was recorded as the cause of death of this mouse. All other mice
tolerated the direct LV sampling procedure markedly well.

Figure 1 shows resliced coronal PET images from a typical
dynamic study. ROIs drawn on these images were used to
obtain TACs. At early times, the liver and abdominal activities
were well visualized, whereas at later times, the bladder, brain
and sometimes cardiac activities predominated. In many of the
fasted mice, inadequate suppression of myocardial tissue uptake
of FDG activity was noted.

Table 2 shows the estimates obtained for u;_,p and up s
when liver ROl TACs were compared with LV samples
(generated from the complete dataset). The estimates (mean *
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s.e.m.) and ranges of estimates for the proportionality constants
are shown. Also shown are the averages (*s.d.) for all mice of
the percent difference between K estimated with liver ROI
TAC:s divided by the indicated parameter estimate and with LV
samples. Note that the percent difference in the K estimate was
about twice as high for u; 5y as for up_s. A p value of > 0.05
indicates that the estimate obtained for K with liver ROI TAC
divided by the parameter estimate was not statistically different
from the estimate obtained with direct LV samples. Almost
identical results were obtained when the modified raw blood
datasets were used in the analysis. The only noteworthy
difference was that when LV samples 1 (ignoring all blood
samples weighing less than 15 mg) was compared with liver
ROI TACs divided by u;_ap (0.58 = 0.17), the estimates for K
were statistically different (p = 0.025). However, relative to K
estimates obtained from LV samples 1, K estimates obtained
with liver ROI TACs divided by u; s were not statistically
different (p = 0.084); the percent difference (13 * 9) was about
twice as high as that obtained with liver ROI TACs divided by
U; _am, @S Was seen in the complete dataset.

Estimates for heart wy, 5\ were all ~0.45 = 0.2, and the
ranges for wyy s were all 0.44-2.0. K estimates obtained with
heart ROI TACs divided by RCy, Wy ys OF Wy am Were
significantly different from those obtained with LV samples (all
p < 0.009; all averaged percent differences > 68%).

Figure 2 shows an example of a comparison of the LV
samples with the scaled heart and liver ROI TACs. Myocardial
ROI TAC divided by wy, oM or RCy, (not shown) overesti-
mated LV samples at late times and exhibited an overall shape
inconsistent with LV samples and inconsistent across mice (not
shown). Liver ROI TACs divided by u; o\ and u_ g both
showed good agreement with LV samples. -

AUCs of differently sized and placed liver ROIs were not
statistically different (p = 0.23); hence, the various liver ROI
TACs for each mouse were averaged. The four estimates for

TABLE 2
Liver Region-of-Interest Time-Activity Curves Versus LV Samples*
Parameter Estimate % Difference of K p
U am 0.58 + 0.141 17 = 16* 0.11
U s 0.51-0.82 92 xgt 0.34
RC, 0.97-0.98

*The complete raw blood dataset was used to generate the LV samples.
TArithmetic mean + s.e.m.
*Arithmetic mean + s.d.
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FIGURE 2. LV samples and scaled ROI TAC for a typical mouse. LV samples
(closed circles) were ed from complete raw data as described in
Materials and Methods. Heart ROl TAC was divided by least squares
proportionality constant (wy_auy = 0.45) (open triangles). Heart ROI TAC
overestimated LV samples beginning at about 30 min postinjection. Liver ROl
TAC was divided by u_,y (solid line, no symbol) and u,_ys (broken line, no
symbol) and agreed well with LV samples. CTS/PIX/MIN = counts per pixel
per minute.

u; _am Were all within 6% of each other; therefore, an average
of those estimates was used to generate the (averaged) liver ROI
TAC-derived blood TAC for estimating K (Table 2).

DISCUSSION

The liver image TAC provides a good approximation of the
direct LV samples, but the heart image TAC provides a poor
approximation. The shape of the liver image TAC resembles
that of the LV samples, whereas the heart image TAC does not.
Future investigators can estimate blood TACs by use of liver
ROI TACs divided by either the u; _,\ reported here or by
u; s directly determined from two blood samples, depending
on the level of accuracy needed (~20% versus ~10%; Table 2).
To calculate the local glucose metabolic rate, one blood sample
is needed to determine plasma glucose levels; thus, only one
additional blood sample is required to obtain u; .

If T(t) and S(t) in Equation 4 are negligible, this equation
could be reduced to Equation 8 (with ¢ = u), and the estimate
for u; would be approximately equal to the blood volume
fraction of the liver, c, because RC; ~ 1. However, Storey et al.
(30) have determined the whole-blood fraction of normal
mouse liver to be 31%, almost 50% lower than our least squares
estimate for u; . This result suggests that T(t) and/or S(t) is not
negligible, which could explain the variation between mice. The
parameters in Equation 6 for each mouse fluctuate according to
the animal’s precise metabolic state, and the spillover contri-
bution may depend in part on the rate at which the renal system
clears FDG. Nonetheless, FDG PET image liver TACs can be

FDG-PET Mouse BLoop TiME-AcTiviTy CURVES * Green et al.

modeled as directly proportional to LV samples (Eq. 8), with
proportionality estimated as described above.

We ignored the effect of ROI size and used the average liver
ROI size to estimate the recovery coefficient because we
observed that estimates obtained for the proportionality con-
stant, u;, with variously sized ROIs were within a few percent-
ages. We found no significant difference among the variously
placed liver ROIs, which were drawn on the left lobe of the liver
in an attempt to avoid spillover activity from the kidneys. The
right kidney sits directly inferior to the right lobe of the liver.
The liver image TACs from ROIs within the right lobe of the
liver might prove to be significantly different from those within
the left lobe.

The heart TAC divided by Wy anm, Wy _ms O RCy yielded
FDG model parameter estimates grossly different from those
obtained with LV samples. The heart image ROI TACs had
shapes inconsistent with the LV samples shapes resulting in
large K discrepancies and a large coefficient of variation (44%)
in estimating wy op. These observations suggest that the
assumptions made in developing model Equation 11 are invalid.
Violations occur because of myocardial uptake of FDG and/or
spillover from areas neighboring the heart. To minimize the
former, the mice were fasted for several hours before FDG
injection in the hope that the myocardium would rely on fatty
acids and not glucose as its major energy source (/8). None-
theless, all but one of the blood TACs from heart images, when
corrected for the partial-volume effect or divided by the
estimated least squares proportionality constant, overestimated
LV samples at late times. (Note that by definition of wy ps, the
heart image TAC divided by wy s Will agree with the LV
samples at late times.) Various diets and fasting protocols were
attempted; none of them led to consistent blood TACs from
heart images.

Myocardial tissue activity influenced the observed ROI
counts in two ways. First, spillover of tissue activity into the LV
chamber contributed to the observed signal. Second, because of
resolution constraints, the left ventricle could not be distin-
guished from the myocardium; therefore, ROIs may have
explicitly enclosed myocardial tissue. When the ROls reside
entirely within the LV chamber, spillover myocardial tissue
activity can be accounted for by So(t) (Eq. 10) and w = 1 in
Equations 10 and 11, so that wy, is reduced to RCyyocardgials
hence, we studied the effect of dividing the heart ROI TAC by
RCM.

Although we were not able to completely suppress myocar-
dial tissue uptake of FDG, other investigators have not reported
similar difficulties. Kallinowski et al. (3) did not observe
blurring between myocardial tissue and LV activities. They
reported a regression correlation of 0.93 between the heart
image blood TAC and sampled blood TAC for one mouse (3).
Note, however, that they had direct serial blood samples for
only two mice and reported statistics for only one mouse,
constituting a small sample size from which to draw kinetic
inferences. Furthermore, Kallinowski et al. (3) and Hawkins et
al. (4) both used nu/nu mice in their studies, whereas we used
C3H/HeN mice. This difference suggests that myocardial up-
take of FDG may differ between strains of mice.

Preliminary results showed that almost immediately after
injection, the blood TAC decreased very rapidly. To observe
this steep decrease, both direct blood samples and image data
were acquired with a greater frequency at earlier times during
the study than at later times.

There are various methods for sampling blood from mice,
including retro-orbital sampling and jugular vein sampling. We
chose to sample directly from the LV because it is the most
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direct arterial source and least complicated method to accom-
plish experimentally. Furthermore, intracardiac sampling has
been shown to be very safe, with a death rate of less than 5% in
newborn mice (28). The mice withstood blood sampling re-
markably well. Although the total volume drawn from each
mouse was about 0.24 ml, we injected about 0.4 ml of fluid into
the mice (tracer and saline). Regardless of the method, however,
direct blood sampling from mice is subject to experimental
error; therefore, the true blood TAC obtained from this sam-
pling is actually subject to statistical variations and is not a gold
standard. For example, error is encountered because of the
sensitivity of small sample volumes to the accuracy of experi-
mental equipment. To combat this error, we tried ignoring raw
blood samples weighing less than 10 mg or 15 mg, criteria
chosen based on balance accuracy (*+0.1 mg) and outliers.
Although this strategy yielded fewer data, the s.d. in the
parameter estimates decreased because many of the eliminated
points were outliers. For both the liver and the heart image
TACs, almost identical results were obtained when the com-
plete or modified raw blood datasets were used in the analysis,
suggesting that these small samples alone did not significantly
affect the results. We further attempted to overcome the effect
of experimental error in the raw blood samples by using the
integrated values described in Materials and Methods. The
integrated values also represented the way in which the image
data were recorded.

Human studies have shown that FDG in whole blood and
plasma rapidly equilibrates; therefore, whole blood can be used
to approximate plasma FDG concentrations (/7). We assumed
that this approximation extends to mice. Because blood samples
were too small to reliably isolate plasma, radioactivity in
whole-blood samples instead of in plasma samples was counted.
The approximation might not hold for other tracers that equil-
ibrate differently.

Preliminary studies revealed that calculations of the calibra-
tion coefficient with the well counter versus the scanner varied
with aliquot size and cylinder size. The former effect results
from the variability of the efficiency of the well counter for
different volumes. The latter effect is attributed to scatter
differences. Thus, it is worthwhile to calibrate between scanner
and well counter with cylinder sizes similar to object sizes and
aliquot volumes close to blood sample volumes.

CONCLUSION

We were able to dynamically image mice with FDG PET and
noninvasively determine blood TACs. Estimates for the FDG
parameter K with the scaled liver ROI TACs and LV samples
were within ~10%—-20%. Partial-volume-corrected heart ROI
TACs overestimated the directly sampled blood TAC at late
times and were therefore unreliable approximations of the LV
samples. ROI size and location on images of the left lobe of the
liver had a minimal effect on the derived TAC.

The techniques illustrated here can also be used to validate
noninvasive determinations of blood TACs for other tracers. In
mouse strains for which other tracers have minimal myocardial
uptake, the heart ROI TAC might provide the best approxima-
tion of directly sampled blood TAC. This would need to be
determined experimentally.
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