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Abstract

Purpose The liver is perfused through the portal vein and
hepatic artery. Quantification of hepatic glucose uptake
(HGU) using PET requires the use of an input function for
both the hepatic artery and portal vein. The former can be
generally obtained invasively, but blood withdrawal from
the portal vein is not practical in humans. The aim of this
study was to develop and validate a new technique to
obtain quantitative HGU by estimating the input function
from PET images.

Methods Normal pigs (n=12) were studied with ['*F]FDG
PET, in which arterial and portal blood time-activity curves
(TAC) were determined invasively to serve as reference
measurements. The present technique consisted of two
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characteristics, i.e. using a model input function and
simultaneously fitting multiple liver tissue TACs from
images by minimizing the residual sum of square between
the tissue TACs and fitted curves. The input function was
obtained from the parameters determined from the fitting. The
HGU values were computed by the estimated and measured
input functions and compared between the methods.

Results The estimated input functions were well repro-
duced. The HGU values, ranging from 0.005 to 0.02 ml/
min per mi, were not significantly different between the two
methods (#=0.95, p<0.001). A Bland-Altman plot demon-
strated a small overestimation by the image-derived method
with a bias of 0.00052 ml/min per g for HGU.

Conclusion The results presented demonstrate that the
input function can be estimated directly from the PET
image, supporting the fully non-invasive assessment of
liver glucose metabolism in human studies.

Keywords ['*FJFDG PET - ['®F)FDG uptake kinetic
modelling - Hepatic glucose uptake - Non-invasive -
Input function

Introduction

Abnormalities in hepatic glucose uptake (HGU) have been
implicated in the pathogenesis of liver steatosis, hyper-
triglyceridaemia and diabetes [2, 6, 10]. Thus, HGU may
become a prognostic indicator and useful marker during
progression or treatment follow-up. Positron emission tomog-
raphy (PET) in combination with ['*F]fluorodeoxyglucose
(["®*FIFDG) is a potential tool to assess HGU, as shown by us
and others in humans [4, 11] and animals [13, 18].

The liver is characterized by a dual blood supply,
comprising the hepatic artery and the portal vein, draining
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Fig. 2. Release profiles of Gd from Gd-micelle or Gd-DTPA from
Gd-liposomes prepared by ethanol injection method (GdL-E) and
reverse phase evaporation method (GdL-R) in PBS (pH 7.4) at 37°C.
Data represent mean+S.D. (n=3).

Pharmacokinetics of the Gd-micelle and Gd-liposome

As shown in Fig. 3, at 10 min after the intravenous
injection, 33.3% of the injected dose was found in blood for the
Gd-micelle, and 40.0% and 50.3% for the Gd-liposome of
GdL-E and GdL-R, respectively. At a dose of 33 pmol Gd/kg,
the Ty, of the Gd-micelle was 10.2+3.9 h. Besides, the Ty, of
GdL-E at a dose of 6.75 pmol Gd/kg and GdL-R at a dose of
2.65 umol Gdrkg were 5.9+0.5 h and 6.0+1.0 h, respectively. In
a previous study, we showed that Gd-DTPA was very rapidly
cleared from the bloodstream with a minute’s order half-life
(19). Therefore, the detected Gd in blood is considered to be
Gd-DTPA encapsulated in the liposome in a quantitative
manner for measurements 6 h post intravenous injection. On
the other hand, the main purpose of this study is the ABC
phenomenon of a polymeric micelle MRI contrast agent, and
PEGylated liposome is used as a positive control for the ABC
phenomenon. Therefore, detection of liposome with Gd
measurements is appropriate for the present purpose.

Effect of the First Dose on the Distribution of the Gd-micelle

The effects of the first dose on the distribution of the Gd-
micelle injected a second time were evaluated. When the
second dose of Gd-micelle was fixed at 33 umol/kg, there was
no significant difference of percent injected doses in plasma,
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Fig. 3. Plasma elimination profiles of Gd following a single intra-
venous injection of Gd-micelle at a dose of 33 ymol Gd/kg and Gd-
liposome including Gd-liposome prepared by ethanol injection
method (GdL-E) at a dose of 6.75 pmol Gd/kg and Gd-liposome
prepared by reverse phase evaporation method (GdL-R) at a dose of
2.65 umol Gd/kg. Data represent mean=S.D. (n=3-4).
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kidney, and spleen between various first doses of the Gd-
micelle from 0 to 100 pmol/kg (Fig. 4A). A dose of
100 pmol Gd/kg is the clinical dose of Gd-DTPA (17).
Interestingly, the distribution of Gd-micelles in plasma,
kidney, spleen and liver with the first injection of the empty
liposome was similar to that with the first injection of saline.
For the liver, the percent injected dose after a first dose of
33 umol/kg and 100 pmol/kg was significantly higher than in
the control saline group, possibly due to the incomplete
elimination of the first dose of the Gd-micelle in liver at day 7
because of high doses of polymeric micelles (67.3 mg ~
203.9 mg polymer/kg). The dose of 2 pmol Gd/kg of the Gd-
micelle was the minimum at which Gd was detectable by
means of ICP 6 h after injection. As shown in Fig. 4B, when
the second dose of the Gd-micelle was decreased to 5 umol/
kg and 2 pmolkg, the distribution was similar to that of
33 umol/kg (Fig. 4A). Hence, the results showed that the
tissue distribution of the Gd-micelle at the second dose of 33,
5, or 2 umolkg was not affected significantly except in liver
by pre-administration of the Gd-micelle or the empty lip-
osome. Although Gd in the first dose may interfere with the
Gd accumulation in liver following the second dose injection,
Gd-micelle as the first dose for micelle-forming properties are
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Fig. 4. Effect of the first dose on the tissue distribution of Gd-micelle.
The second dose of Gd-micelle with 33 umol/kg (A) or 5 umolkg or
2 pmol/kg (B) was intravenously injected at day 7 after the first
injection of 0.5, 5, 33, 100 pmolkg of Gd-micelle or the empty
liposome at a dose of 2 umol lipid/kg. Tissues including blood, liver,
spleen, and kidney were taken out 6 h after the second injection of
Gd-micelle. Data represent mean+S.D. (n=3, 6). P values apply to
differences between the saline group and Gd-micelle or liposome
treated group. *p<0.05, *¥p<0.01.
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Fig. 1 A schematic diagram of the procedure to estimate the input
functions using multiple tissue TACs. Step I: the model function (Eq.
3) was individually fitted to N tissue TACs. Then, means and standard
deviations of #, t,, o and K, were calculated, and the tissue TACs
with values of #; or #,>one standard deviation of respective means
were excluded (indicated as N’ TACs). In the second step, assuming
that all parts of the liver share the same input functions, values of #,
t, a and K, were fixed to their means and the other two parameters
(4 and Ky) were estimated by minimizing Eq. 4 by the grid search
method. Finally, the image-based input function was obtained by
substituting the estimated parameters into Eq. 1

mization algorithm), and the set of ten parameters, 4, ¢y, t,
Kg, a, Ku, K1, b, k3 and V,, was obtained for each tissue
TAC. Then, means and standard deviations of 4, ¢, £, Kg,
« and K, were calculated, and the tissue TACs with values
of #| or t,>one standard deviation of respective means were
excluded to avoid the potential influence of TACs outside
the liver. In the second step, assuming that all parts of the
liver share the same input function, values of ¢, t,, « and
Kys were fixed to their means and the other two parameters
(4 and Kg) in the model input function were estimated by
minimizing the following equation:

=3

i€Tis

Y (cE - (- mrwecn+vaw) @)
k

where CTiSi’k is the activity concentration for kth frame in
ith tissue region of interest, ¢ is the corresponding time of
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kth frame and A'(t) is defined as in Eq. 2 with rate constant
values of K';, k¥, and k’5, and blood volume of ¥y, for ith
tissue region, respectively. In this procedure, $* was
minimized by the grid search method to avoid dependency
on initial guess, where 5% was calculated for 1,000 discrete
values of both 4 and Kg between ranges of three standard
deviations from respective mean values, omitting the
negative value. In this procedure, for a given input function,
i.e. once 4 and K, are given, then K';, k,, k5 and V' for ith
TAC were computed by the Powell-Brent minimization
algorithm, with acceptable ranges of 0—~5 ml/min per g, 0—
5 min™', 01 min™* and 0-0.5 ml/ml, respectively, and then
substituted into Eq. 4. Finally, the image-based input
function was obtained by substituting the estimated
parameters into Eq. 1.

Simulation study

The influence of noise versus number of TACs on the
accuracy of the method was explored. As the noise on
tissue TACs increased, the standard deviation of uptake
ratio of tracer increased; as more regions were used, the
standard deviation tended to decrease. However, if the
number of TACs is larger, the noise on tissue is also large
and vice versa. Our simulation was intended to reveal an
optimal number of tissue TACs to be extracted from the
whole region of the liver. First, to this purpose, we selected
one mixed input function from one of the present experi-
ments and used it as true input function in this simulation.
One of the present experimental data sets was chosen and
100 tissue TACs were extracted as follows: a region of
interest (ROI) was placed on the whole area of the liver in a
summed image and subsequently divided into 100 subsets
of TACs. The subsets were created as follows: first, the area
under the curve (AUC) was computed for each pixel TAC.
Second, TACs were ordered based on the AUC value and
divided into 100 sets. Then, one TAC for each subset was
obtained by averaging respective TACs. Each subset
consisted of the same number of pixels. The rate constant
values and blood volume (X, k3, k3 and Vj) were computed
for each TAC using the corresponding input function by the
non-linear Gauss-Newton method, assuming Eq. 3 and
parameter values were obtained (means + SDs were 1.4+
1.0 m/min per g, 2.1:+1.3 min™', 0.018+0.008 min™' and
0.36+0.12 ml/ml for K, &y, k3 and ¥V, respectively).
Based on the obtained set of rate constant values and
blood volume, one set of 100 hepatic tissue TACs was
generated from the true input function using Eq. 3. Then,
tissue TACs with noise were generated as follows. Gaussian
noise at peak was imposed on the set of 100 hepatic tissue
TACs. Three levels of noise were introduced, corresponding
to 10, 20 and 80% of counts at the level of the peak and 10,
20 and 80% of the square root of counts at the other points.
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This procedure was repeated 100 times and 10,000 of noisy
tissue TACs, embracing a total of 10,000 pixels, were
obtained. Then, the TACs were ordered and averaged with
the same procedure as in the experimental study (see below),
i.e. the TACs were ordered based on the AUC and divided
into Ny (= 10, 15, 20, 50, 100 and 200) groups. The TACs
were averaged for each group to obtain Ny; TACs. For each
N, and each level of noise, input function was estimated,
as described. Then, rate constant values were computed
using estimated input function and tissue TACs. This
procedure was repeated 100 times and the bias and
deviation in values of rate constant values were calculated.
Their bias and deviation were presented as a function of
Mis-

Experimental study
Study design

Details of the study design are given in previous articles
[12, 13]. Briefly, after animal preparation, PET imaging
was performed to measure liver glucose uptake during
fasting (n=4), physiological (n=4) and supraphysiological
(n=4) euglycaemic hyperinsulinaemia. ['*FIFDG was
injected, and its concentration in the carotid artery and
portal vein was frequently measured. Immediately after the
animals were sacrificed, the liver was explanted to measure
organ density. The protocol was reviewed and approved by
the FEthics Committee for Animal Experiments of the
University of Turku.

Animal preparation

Twelve anaesthetized, weight-matched pigs were studied
during fasting (weight: 29.84£0.6 kg), physiological
(1.0 mU - kg - min™'; weight: 30.0£0.5 kg) or supra-
physiological euglycaemic hyperinsulinaemia (5.0 mU -
kg - min™'; weight: 30.3+0.5 kg). Animals were deprived
of food on the day before the study at 5 p.m. Anaesthesia
was induced by injection of 1.0 g ketamine into the neck
muscles before transportation of the pigs to the operating
room. Throughout the experiment, animals were kept
anaesthetized with ketamine and pancuronium (total of
1.5 g and 40 mg, respectively) and mechanically ventilated
via tracheal intubation with oxygen and normal room air
(regulated ventilation, 16 breaths/min). Catheters were
placed in the femoral vein and carotid artery for the
administration of glucose, insulin and ["®FJFDG and for
sampling of arterial blood, respectively. Splanchnic vessels
were accessed by subcostal incision; after dissection of the
hepatogastric ligament, purse-string sutures were allocated
to allow catheter insertion via a small incision in the portal
vein. Doppler flow probes were placed around the portal
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vein and hepatic artery to monitor blood flow [12]. The
surgical access was closed, and the distal catheter extrem-
ities were secured to the abdominal surface to avoid tip
displacement. The animals were then transported to the
PET Centre for tracer administration, liver imaging and
blood sampling.

PET scanning

Scans were performed using an ECAT 931-08/12 scanner
(CTI Inc., Knoxville, TN, USA). After acquisition of a
transmission scan to correct for photon attenuation, ["*F)
FDG (27447 MBq) was rapidly injected, and an 180-min
dynamic ['®F]JFDG PET scan was started (31 frames, 8x 15,
2x30, 2x120, 1x180, 6x300, 8x600 and 4x900 s). We
sampled 2 ml of arterial and portal venous blood frequently
(i.e. once every imaging time frame) for the determination
of plasma ['®FIFDG radioactivity. The tube length was
260 mm. To keep tube patency, the line was flushed with a
bolus of saline (5 ml), and a slow saline infusion was
maintained. Vital signs, blood pressure and heart rate were
monitored throughout the study.

Image processing

Dynamic sinogram data were corrected for dead time in
each frame in addition to detector normalization. Random
counts were also subtracted based on random counting
obtained by the off-time coincidence method. Tomographic
images were reconstructed from corrected sinogram data by
the median root prior reconstruction algorithm (MRP) with
150 iterations and Bayesian coefficient of 0.3 [1]. Scatter
correction was not available, however, the MRP can
produce more accurate quantitative pixel values with high
resolution and good noise reduction than filtered back
projection (FBP) or maximum likelihood expectation
maximization (MLEM) reconstruction algorithms, and
reconstruction artefacts due to the FBP algorithm are
reduced [1]. Attenuation correction was applied with
transmission data. A reconstructed image had 128x128x
15 matrix size with a pixel size of 2.4 mm*2.4 mm and
6.7 mm with 31 frames. Spatial resolution in this scanner is
6.7 mm (axial) and 6.5 mm (in-plane) full-width at half-
maximum (FWHM). From this study, the first 60-min data,
i.e. 21 frames, were used in the current analysis.

Data processing

Measured arterial (C,(f) Bq/ml) and portal (C,(¢) Bg/ml)
plasma TACs corrected for decay were mixed based on
flow rates in hepatic artery (¥, ml/min) and portal vein (F,
ml/min), as determined by the ultrasonography technique,
as follows: (Ca(f)Fa + Co(t) Fp)/( F + Fp). Then, the mixed
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blood curve was corrected for delay by fitting to a whole
liver tissue TAC based on a previous method [9], assuming
a two-tissue compartment model.

An ROI was placed on the whole region of the liver in a
summed image. The ROI for the whole region covered
(1.6+0.2)x 10* pixels and was subsequently divided into 30
subsets of TACs. The subsets were created as follows: first,
the AUC was computed for each pixel TAC. Second, TACs
were ordered based on the AUC value and divided into 30
sets. Then, one TAC for each subset was obtained by
averaging respective TACs. Each subset consisted of the
same number of pixels. Representative TACs are shown in
Fig. 2.

Then, the input function was estimated using TACs in
each subset. In the first step, initial values and boundary
conditions for the non-linear fitting for each parameter were
20,000 between 0.02 and 200,000,000 Bg/ml for 4, 0.30
between 0.1 and 0.5 ml/min for Kg, 10 between —~20 and
50 s for ¢;, 60 between 50 and 80 s for £,- £, 0.50 between
0.40 and 2.00 for «, 0.085 between 0.05 and 0.50 for
Ky, 1.5 between 0.1 and 5 ml/min per g for K|, 1.5
between 0.1 and 5 min™" for k>, 0.01 between 0.0001 and
1.0 min™! for k3 and 0.15 between 0 and 0.5 ml/ml for ¥V,
respectively. In the second step, the S* value in Eq. 4 was
minimized, and the image-based input function was
obtained. AUC for measured and image-based inputs
were calculated for 0-60 min, Their % difference was
calculated.

The rate values of K, k, and k3 were computed by the
non-linear fitting method (Gauss-Newton method) using the
equation in combination with either the estimated input
function obtained from the present method or blood
withdrawal data. Then, hepatic fractional extraction values,
K=K k3/(ky+ks), were calculated and compared between
the two methods. Also, K; values were computed by the
Gjedde-Patlak analysis method [7, 21, 22, 26] and values
were compared between methods.

Fig. 2 Comparison of tissue

Results
Simulation study

Figure 2 compares curves obtained from experimental data
and simulated data assuming 10% noise level. They show
similar shapes and distributions between the methods,
demonstrating that the simulation reproduced experimental
conditions.

The influence of noise and the number of tissue TACs,
i.e. the size of bias and deviation on overall rate constant
values, were minimal when the number of tissue TACs was
10-40 and the influence was independent of noise level
(Fig. 3), although the optimal number of tissue TACs
depended on the rate constants K, k», k3 and K. The result
suggested that the overall optimal number of tissue TACs to
be applied to preserve accuracy is in the above range.

Among the six parameters 4, t;, f, Kg, o and Ky, the
four parameters ¢, £, « and K, were determined with the
same accuracy, i.e. less than 1 s for ¢, less than 5 s for #,,
5% for «v and 7% for K, respectively, independent of the
number of tissue TACs applied. The degree of deviation of
the remaining two parameters depended on the number of
parameters.

Experimental study

Reconstructed images are shown in Fig. 4.

The average of estimated delay time between the tissue
curve and measured input was 15+13 s.

In the first step, one- or two-tissue TACs were excluded
because the estimated ¢, value was smaller than the mean
subtracted by one standard deviation. The ¢, value in these
TACs were 8-16 s earlier than the mean, suggesting that
these TACs were located in a region overlapping the vena
cava. The estimated #,- ¢, was 668 s, which was similar to
the tracer administration duration.

curves obtained from experi-
mental {/eff) and simulated data
(right), showing similar shapes
and distributions between the
methods. The black solid curve
with an extremely large peak in
the early phase in the left panel
is from a region covering the
vena cava, distal to the injection
site. The curve was excluded in
the first step of the estimation
procedure

Activity concentration (kBg/ml)

Activity concentration (kBg/ml)

0070 20 30

Time (sec) Time (sec)

@ Springer

40 50 &0 0 10 20 30 40 50 60

133



Eur J Nuc! Med Mol Imaging (2009) 36:2014-2026

2019
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Figure 5 shows a representative fitted curve of the model
input function (Eq. 3) directly fitted to the corresponding
measured input function, suggesting that the model function
was almost fully adequate to estimate the input.

The number of TACs

Estimated, image-derived hepatic input functions are
shown in Fig. 6. Those were almost identical to the
measured curves. The mean £ SD of difference of AUC
was —3.6:8.0%, ranging from —10.8 to 12.3%.
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Fig. 4 Representative view of liver ["*F]JFDG images obtained from one of the experimental studies. Each figure is represented in the same scale
and slice at the nth frame, which is indicated in the upper left corner of each image

The relationships and Bland-Altman plots between
values of hepatic K, &, k3 and Kj, as estimated by using
the image-derived versus the measured blood curves, are
shown in Fig. 7. The plots demonstrate a small overesti-
mation by the image-derived method, with a bias of 0.03
and 0.00052 ml/min per g for K; and K; and of —0.043 and
0.00025 min™' for k, and kj, respectively. Respective
regression lines were: y=0.09+0.93x (#=0.96, p<0.001),
y=0.11+0.92x (#=0.94, p<0.001), y=0.0010+1.05x (r=
0.96, p<0.001) and y=0.00052+0.91x (#=0.95, p<0.001)
for K, k», k3 and K;, respectively. The paired ¢ test showed

80 T T T
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60}
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20 -
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20 40
Time (min)
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Fig. 5 TACs representing the mixed model input functions (Eq. 1), in
comparison with the measured input function (black circles),
generated by mixing the arterial and portal blood activity curves.
The inset shows the input functions in the early phase
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no significant difference between the methods. Differences
were 2.5+19.9%, 0.5+18.1%, 1.9+£15.7% and 0.6+11.2%
for K, ks, k3 and K values, respectively.

The regression line equation for K; values by Gjedde-
Patlak analysis was y=—0.00078+1.11x (»=0.89, p<0.001)
and the paired ¢ test showed no significant difference
between the methods. The difference between the methods
was 6.2+18.1%.

Discussion

In the current work, we validated a method to extract the
mixed input function from liver ['®F]JFDG PET images in
experimental pig studies. The validity was shown in its
coherence with measured input functions and in the tight
correlation of hepatic glucose fractional extraction rate
constant values between the present non-invasive method
and the invasive blood sampling method. The results
presented demonstrate that the input function can be
estimated directly from PET images, supporting the fully
non-invasive assessment of liver glucose metabolism in
clinical applications. The perspective application attainable
here is dual. On the one side, the comparison between
measured arterial and estimated dual (arterial + portal)
tracer levels provides indirect information on gut metabo-
lism, and the gastrointestinal system is a metabolically
active organ, manipulating ingested substrates and regulat-
ing their absorption. This apparatus is generally difficult to
sample during imaging, due to its sparse location and thin
walls, and the current approach could be used similar to a
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non-invasive arterial-venous balance through the organ. On
the other side, the liver controls blood substrate levels, and
its glucose uptake and phosphorylation appear to serve as
signals for hepatic glucose release, also participating in the
modulation of liver fatty acid and triglyceride metabolism.
Thus, the assessment of HGU may be a target process in the
pathogenesis and treatment of diabetes, dyslipidaemia and
the metabolic syndrome.

The current approach estimated the hepatic input
function from multiple tissue curves to calculate organ
glucose uptake. A high degree of overlap and tight
correlations were observed between the estimated input
functions and those obtained by the blood sampling/
counting during PET scans. Consequently, calculated rate
constant values were consistent between the methods. The
present approach was originally developed for hepatic
perfusion studies with H,"O PET [17], in which we
documented optimal agreement between the estimated input
functions and those obtained by the blood sampling/
counting during PET scans, and between hepatic perfusion
by PET and by ultrasonography. In our previous report, the
arterial and portal inputs as well as the corresponding blood
flow values were estimated separately because water could
be assumed to be freely diffusible in the gut system and the
variation in gut uptake rate constant was small enough to
allow substitution of individual values with a fixed one.
Thus, we could express the portal input uniquely from
arterial input. In contrast, the extraction fraction of the
current tracer ranged from 0.05 to 0.20 (data not shown)
and the uptake rate constant value of ["®F]FDG in the gut
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system ranged from 0.20 to 0.80 min™, which cannot be
replaced by an assumed common value. Furthermore,
because the extraction fraction in the gut system is not
100%, and the shape of the arterial component flowing into
the portal input and not being extracted could be assumed
to be very similar to that of the arterial input, it is not
feasible to distinguish the two contributions in mathemat-
ical formulations. Thus, the present method provides
directly and solely a mixed input function.

As an alternative to the present procedure, a ROI-based
input extraction from PET images has been used for the
carotid artery in [''C]flumazenil brain studies [24], the
abdominal artery for kidney blood flow quantification with
H,'°0 [14], the aorta for cardiac ['®*F]FDG metabolism [25]
and for tumour blood flow using H,'’0 [28]. In these
approaches, ROIs are drawn in visible vessels and partial
volume correction is needed; their application to HGU
estimation is limited by the difficulty in identifying the
portal vein in PET images. Closer to the current analysis, Di
Bella et al. applied multiple tissue curves to estimate
quantitative kinetic parameters in the brain [3], and
reproduced the input function well for H,'%0, showing
the possibility to extract the input function from multiple
tissue TACs, by assuming a single-tissue compartment
model and a negligible blood volume component. The
applicability of their method to the present ["*FIFDG liver
study, which requires a two-tissue compartment model
accounting for a large blood volume of 0.3 ml/ml [13], is
unknown, Also, Sanabria-Bohoérquez et al. [24] applied
simultaneous fitting of multiple tissue TACs based on a
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Fig. 7 Relationship (leff) and
Bland-Altman plot (right) be-
tween K (a), &y (b), k3 (c) and
K; (d) values, as estimated with
measured and image-derived in-
put functions. The solid line in
left figures shows the regression
line obtained, i.e. y=0.09+0.93x
(=0.96, p<0.001), y=0.11+
0.92x (r=0.94, p<0.001), y=
0.0010+1.05x (r=0.96, p<
0.001) and y=0.00052+0.91x
(r=0.95, p<0.001), for K, ks, k3
and K;, respectively
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mathematical description of a model input function similar
to the present method and reproduced the input function
well for ["'C]flumazenil. The method cannot be applied to
HGU studies, because the formulae for the input function
are partially based on the shape of image-derived curves
from ROIs on visible carotid arteries. Otherwise, the shape
of an arterial input function from multiple tissue TACs has
been well reproduced in brain ['*FJFDG or [''CIMPDX
studies, by using an independent component analysis-based
method (extraction of the plasma TAC using independent
component analysis, EPICA) [19, 20], still requiring one
* arterial blood sample. The combination of the latter and the
current techniques may provide a further simplification and
deserves investigation, since it would entail neither a model
function nor direct blood measurements.

One advantage of introducing a model function was to
shape the curve of the input function by imposing
constraints on the parameters range. We expect no relevant
limitation in the extension of the assumptions concerning
the shape to other species, and in a majority of hepatic
conditions. A drawback in the use of a model function,
however, is that the feasibility is unknown for a group in
which the shape of input functions could be extremely
different or cannot be expressed by the present model
function. In this situation, the present method would require
and may still be adapted to the use of group-specific
parameter constraints or a modified model function. The
present model function (Eq. 1) was created by assuming
tracer bidirectional diffusion as well as metabolism in the
whole body. The input functions obtained in the present
study using this formula reproduced both the shape of
measured inputs at the peak and the rate constant
parameters well. In this study, the first 60-min data were
used in the analysis, because most previous studies for
quantification of HGU were performed using this scan
duration (40 min: Jozzo et al. [11], 63 min: Choi et al. [4]).
When the input functions were estimated using longer
time data, the estimated input functions were almost
superimposable until 90-120 min but they were higher
thereafter; namely, only two input functions were over-
estimated by 5 and 10% for 90- and 120-min data,
respectively, whereas a majority of input functions were
overestimated, though still by 5-10%, for 180-min data.
When estimation was limited to 40-min data, the height of
the peak was 10-30% lower than that of measured input
in three cases.

We considered the possibility to apply standardized input
function methods, which assume that input function across
subjects and conditions have an identical shape so that only
a scaling factor is needed, which could be derived from the
assessment of tracer concentrations in one or two blood
samples. However, the input function shape varied depend-
ing on the injection procedure and the individual physiol-
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ogy of study animals. In fact, both the shapes and the scales
were different (Fig. 6) among the weight-matched subjects
used in the present study.

The present estimation procedure followed two steps, as
designed to fit tissue curves individually and then simulta-
neously. The first step allowed careful exclusion of tissue
TACs showing #; or t, values over one standard deviation
from the mean, to eliminate the influence of radioactivity
outside the liver region. In fact, in the experimental
procedure, ['®F]JFDG was injected into the femoral vein,
draining into the vena cava, and the tracer was expected to
show an early peak in the case of an anatomical overlap
with the vena cava. The second step was introduced to
facilitate the achievement of the convergence, by fixing the
values of #, &, o and K, to their calculated means (as
shown in the simulation study, those parameters were less
divergent than the remaining two parameters) to estimate
the remaining two parameters. The shapes of input
functions were reproduced and rate constant parameters of
K1, ks, ks and K; were consistent with those obtained by
using measured inputs. Thus, the correlation among
parameters, which may limit the identification of unique
solutions due to local minima, did not seem to affect the
estimation of HGU, though further study is required for
optimization.

Although a close agreement was shown between
estimated and measured input functions (Fig. 6), some
modelled input functions showed over- and underestima-
tions as compared to the measured ones, and the difference
of the AUC was —3.6+8.0%, ranging from —10.8 to 12.3%
between them. On the one side, this may be due to a model
function-related error. On the other side, the difference may
also be partly explained by inherent ultrasonography
measurement error [from multiple measurements of flow
data, the coefficient of variation was 13+5% for portal
flow and 18£10% for hepatic arterial flow in this study
(data not shown)], since ultrasonography defined the %
hepatic input contributions from arterial and portal blood
to construct the mixed input TAC from the measured
data. However, we found tight correlations in rate
constant values of Ky, ky, k3 and K (+=0.96, 0.94, 0.96
and 0.95, respectively, and p<0.001 for all), as computed
by non-linear fitting assuming a two-tissue compartment
model. There are two mathematical approaches used to
quantify liver ['®F]FDG uptake and phosphorylation, i.e.
graphical analysis [11, 18] and two-tissue compartment
model [4, 11, 12, 18], the latter accounting for the potential
dephosphorylation of ['*F]FDG-6-phosphate (['*F]JFDG-
6P) occurring in hepatocytes. Both provide an estimation
of a composite parameter (i.e. the fractional extraction of
the tracer) intended as a unidirectional influx rate constant,
which can be used to compute HGU once the lumped
constant (L.C) is known. Further studies are required to
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compare quantitative accuracy obtained by different models
by using our image-derived input approach.

The validation of the current approach, as obtained in
this study, is especially valuable in the liver for multiple
reasons. First, the inaccessibility of the portal vein prevents
its direct blood sampling in humans. Arterial blood can be
obtained, but blood counting requires corrections for
dispersion [8] and delay [5, 9, 15, 16, 23, 27], and cross-
calibration between PET scanner and radioactivity count-
er, which are all potential sources of errors. Second,
HGU can be compromised both as a consequence and a
cause of hepatic disease and may become a prognostic
indicator and useful marker during progression or
treatment follow-up.

In conclusion, our results demonstrate that the concen-
tration of ['®FJFDG reaching the liver as input function can
be estimated directly from tissue TACs obtained through
dynamic ["*FJFDG PET imaging. The calculated HGU
values using estimated and measured input functions were
similar.
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Appendix

A model function for hepatic input function for '*FDG was
created, by assuming a three-compartment model, in which
the tracer is administered in a rectangular form and diffuses
bidirectionally between arterial blood and whole-body
peripheral tissue compartments. Part of the tracer is
metabolized and accumulated in the third compartment.
Differential equations for the model function (Cy(¢)) can be
expressed as;

dCi(t) dF

(;t( ) _ —r = KeCi(0) + KiC(1) 5)
1Cyp(t
‘(‘“’;35(—) = Kz Cy(t) — Ky Cis(¢) — Ky Cus(6) ©)
@ Springer
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ar
dt

b

(h<t<y)

(elsewhere)

where ¢; assumes the appearance time of administered
tracer and #,-f, represents the administration duration, 4 is
scalar of input function. The equation F (Eq. 7) represents
the bolus administration of tracer in the rectangular form
with duration f-1;. Cywg(?) is the expected tracer concen-
tration in whole-body peripheral tissues, Ky and K; are
bidirectional tracer diffusion rates between blood and
peripheral tissue compartments, respectively, and Ky is
the metabolic rate of the tracer in assumed whole body.
Solving Eq. 6 for Cywp gives:

t
CWB(t) :Kee-(K1+KM)-t/ C](T)C(KI+KM)'TdT (8)
0
The sum of Eq. 5 and a x Eq. 6 generates:
d(C(t Cwal(t dF
( 1( ) '1;(1 WB( )) =— (a — I)KE(CI + CZCWB) (9)
t dt
where
a = (K]/KE -1 +KM/KE)/2
b/ 4 K~ 14 KK 4 (10
Thus,
Cr(#) + aCwp(t) = — @ exp(—(1 — a)Kgt) (1)

dt

where ® indicates convolution integral. Substitution of
Cwg from Eq. 8 into Eq. 11 after multiplying ™5
gives:

t
e(KI+KM)»tCI(t)+aKE/ C[(T)Q(K[+W)'Td1
0

— o~ (1—a)Ket+(KI-+KM)-t / ’_df S1-aket g,
0

7 (12)

Differentiation with respect to ¢ after arrangement gives:

dr

dt
(13)

+ dc(t) _ &ef(l—u)[\’e-l

i
/(IFe(l—u)K(’~IdT+
dt a .

K;
—+ Kz |C
(“ " E) 0 o dt
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Thus,
C[(t)_K[ e*ﬁ-l /-l e[\’e~(afl)vT+/3AT/ dr I\e(l a)- ‘drdT
a J0 0 dl
T JF (14)
+€7ﬁ"/ ——Kebrgr
o dt

where 8=(K/a+Kg). Solving Eq. 14, we obtain:

a(l—a)p

a(exp(Ke(1— a)tz) —exp(Kp(1—a)ty))(exp(Ke(1—a))—exp(yt; —p1)))

a(l-a)y

a(l—-a)y

(t>10)

a() =o. (t < 1)
§— —£)) 1—exp(B(t; —t) xp(Kg(1—a){ti—t)) —exp(B(ti —1)))
A “p(p -0) 4 o E(ff,f);‘a D elepiks B (BT ] (t <t <t)
l» CXP(ﬁ(’z t) —exp(B(f1 1)) +a(l~cxp(ﬁ(t,-tz))) +a(exp(KgB(tl~t2))~cxp(/3(t,—12))) (15)

where

o= KyKg and v=(Kya+aKg).
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Abstract

Purpose The quantitative assessment of renal blood flow
(RBF) may help to understand the physiological basis of
kidney function and allow an evaluation of pathophysio-
logical events leading to vascular damage, such as renal
arterial stenosis and chronic allograft nephropathy. The
RBF may be quantified using PET with H,"0, although
RBF studies that have been performed without theoretical
evaluation have assumed the partition coefficient of water
(p, ml/g) to be uniform over the whole region of renal
tissue, and/or radioactivity from the vascular space (V. ml/
ml) to be negligible. The aim of this study was to develop a
method for calculating parametric images of RBF (K, k)
as well as ¥, without fixing the partition coefficient by the
basis function method (BFM).

Methods The feasibility was tested in healthy subjects. A
simulation study was performed to evaluate error sensitiv-
ities for possible error sources.
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Results The experimental study showed that the quantita-
tive accuracy of the present method was consistent with
nonlinear least-squares fitting, i.e. K gpm=0.93K,,
~LE=0.11 mi/min/g (+=0.80, p<0.001), k; ppv=0.96k;,
NLE—0.13 mi/min/g (r=0.77, p<0.001), and Va.
BEM=0.92Va ar—0.00 mU/ml (7=0.97, p<0.001). Values of
the Akaike information criterion from this fitting were the
smallest for all subjects except two. The quality of
parametric images obtained was acceptable.

Conclusion The simulation study suggested that delay and
dispersion time constants should be estimated within an
accuracy of 2 s. F, and p cannot be neglected or fixed, and
reliable measurement of even relative RBF values requires
that ¥, is fitted. This study showed the feasibility of
measurement of RBF using PET with H,'*0.

Keywords Positron emission tomography - Renal blood
flow - Compartment model - Parametric image

Introduction

The quantitative assessment of renal blood flow (RBF) may
help to understand the pathophysiological basis of kidney
function and to evaluate pathophysiological events leading
to vascular damage, such as renal arterial stenosis and
chronic allograft nephropathy. The quantitative estimation
of RBF by the use of H,'°0 and dynamic PET has been
developed and demonstrated by Nitzsche et al. [1]. The
kinetic model of H,'%0 is based on the assumptions that all
activity is extracted by the parenchyma, exfraction is very
rapid, and tubular transport has not started or is insignifi-
cant at a level that does not influence the calculation of
RBF [1-5]. With these assumptions, RBF has been
estimated based on regions of interest (ROI) by the H,'°0
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dynamic PET approach [1, 3, 4]. Also, calculations to
produce parametric images of RBF has been reported [5].
However, the quantitative computation of RBF has so far
assumed that the blood/tissue partition coefficient of water
(p, ml/g) is uniform for the whole region of renal tissue [3,
4], and/or that the contribution of radioactivity from the
vascular space is negligible [5—7]. The influence on
quantitative accuracy of these assumptions is unknown,

In previous studies RBF has been computed from the
uptake rate (K;, ml/min/g) [1-7]. Some studies also
simultaneously computed the partition coefficient (p) [6,
7], and the apparent p values obtained ranged between
0.52 and 0.78 ml/g. From the published values of water
content for tissue (76%) and blood (81%) [8], the p value
can be physiologically determined as: pynys=0.94 ml/g [9].
The much smaller apparent p value might be due to the
tissue mixture (or a partial volume effect) [10, 11] because
of the composite structure of the kidney. The effects of the
tissue mixture affect mostly K; and not clearance rate (k;
min"). Therefore the clearance rate of H,'*0 (k, min™")
multiplied by pphys could be used for the calculation of
blood flow rather than K; (ml/min/g) [11] when the effect
of the tissue mixture is not negligible, although it is
unknown how the glomerular filtration rate (GFR)
additionally contribute to k,. Thus, the influence of GFR
on k, should be evaluated and allowed for in the
computation of RBF.

The aim of this study was to develop a method to
simultaneously calculate parametric images of K, and &, as
well as the arterial blood volume (V,, ml/ml). The
feasibility in terms of quantitative accuracy and image
quality of calculated images was experimentally tested in
healthy subjects. GFR was measured in each subject to
investigate how much it contributes to the clearance rate
(k», min"). A simulation study was also performed to
evaluate error sensitivities for possible error sources.

Materials and methods
Theory

The present formula was characterized by simultaneously
estimating multiple parameters of uptake rate constant
(K, ml/min/g) and clearance rate constant (k, ml/g) as
well as activity concentration in the arterial vascular space
(Va, ml/ml). The kinetic model for H,'*O was based on a
single-tissue compartment model as follows:

Ci(t) = (1= V) - Ky < Au(t) @ €' + Vg - Ay(1) (1)

where Ci(f) (Bg/ml) is radioactivity concentration in a voxel
of PET image, 4,(f) (Bg/ml) is the arterial input function,
and ® indicates the convolution integral.
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In the present computation, we applied a basis function
method (BFM) as introduced by Koeppe et al. [12] to
compute the cerebral blood flow parametric image as well
as the clearance rate constant simultaneously. Gunn et al.
[13] applied this method to parametric imaging of both
binding potential and the delivery of ligand relative to the
reference region. The computation method has also been
applied to myocardial blood flow studies to compute the
uptake, clearance rates and blood volume [14, 15]. The
BFM procedure for the present RBF computation is
illustrated in Fig. 1. The BFM method enables parametric
images to be computed by using linear least squares
together with a discrete range of basis functions as the
parameter value for &, incorporating the nonlinearity and
covering the expected physiological range. The
corresponding basis functions formed are:

Flly, t) = Ay(t) @ e ** (2)

For a physiologically reasonable range of k», i.e. 0 <k, <
15.0 ml/min/g, 1,500 discrete values for k, were found to

The kinetic model for H,'%0 in kidney: Eq (1)

v

Read arterial input function

v

Precalculate the basis functions (Eq (2))
(k,: 1500 discrete values between 0 ~ 15 ml/min/g)

Repeat for all image pixels

I Read pixel C(f) from image l(
I Take one basis function I{
v

Estimate ©and ¥, for this basis
function using Eq (3) and
standard linear least squares

v

Determine by direct search the
basis function that minimizes s®

v

| solve K, and v, from@and ¥ |

v

Write K, , k, and V, into parametric
images

Repeat for all
basis functions

Fig. 1 Schematic diagram of the computation procedure by the BFM
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be sufficient. Then Eq. 1 can be transformed for each basis
function into a linear equation:

Ci(t) = @ F(ka,t) + ¥ - 4,(t)
O =(1-Vy)- K
v="7r

3)

Hence for fixed values of k,, the remaining two
parameters © and W can be estimated using the given basis
function by standard linear least squares, and are repre-
sented as Oy, and ¥y,. The value k, for which the residual
sum of squares

s(ke)’= > (Cilt) — O - Flka, £) — Wiz - 4(1))*

H

4)

is minimized is determined by a direct search, and
associated parameter values for this solution (K, k, Va)
are obtained.

Subjects

Six healthy human subjects (the demographics are shown
in Table 1) were studied under basal conditions and
stimulation (after enalapril infusion) conditions. All sub-
jects were nonsmokers and none of them was taking any
medication. All subjects gave written informed consent.
The study was approved by the Ethics Committee of the
Hospital District of South-Western Finland, and was
conducted in accordance with the Declaration of Helsinki
as revised in 1966.

Table 1 Baseline characteristics of the six subjects studied

Characteristic Mean+SD
Age (years) 58+5
Plasma creatinine (pmol/1} 85+10
Estimated GFR (ml/min)® 7844
Weight (kg) 82.8+4.5
Body mass index (kg/m?) 26.642.2
Blood pressure (mmHg)

Systolic 136+11
Diastolic 8244
Heart rate (min™") 5745
Fasting plasma total cholesterol (mmol/l) 5.3£1.0
Fasting plasma high density cholesterol (mmol/1) 1.5+0.4
Fasting plasma triglycerides (mmol/1) 1.240.4
Fasting plasma low density cholesterol (mmol/l) 3.240.8
Blood haemoglobin (g/1) 144x12
Fasting plasma glucose (mmol/1) 5.4+0.4

2 Estimated according to the Modification of Diet in Renal Disease
study equation.
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PET experiments

PET was carried out in 2-D mode using a GE Advance
scanner (GE Medical Systems, Milwaukee, WI). After a
300-s transmission scan, two scans were undertaken with
injection of H,"0 (1.0 to 1.5 GBq) into the cephalic vein
of the right forearm. The first scan was under resting
conditions and the other was under stimulated conditions,
namely 20 min after infusion of 0.5 mg enalapril. The scan
protocol consisted of 20 frames over a total of 240 s
(15%4 s, and 5%10 s). During PET scanning, blood was
withdrawn continuously through a catheter inserted into the
left radial artery using a peristaltic pump (Scanditronix,
Uppsala, Sweden). Radioactivity concentrations in the
blood were measured with a BGO coincidence monitor
system. The detectors had been cross-calibrated to the PET
scanner via an ion chamber [16]. GFR was also measured
in each subject [17]. To obtain the PET equivalent flow
ratio for GFR, a kidney weight of 300 g and a cortex ratio
of 70% were assumed [8].

Data processing

Dynamic sinogram data were corrected for dead time in
each frame in addition to detector normalization. Tomo-
graphic images were reconstructed from corrected sinogram
data by the OSEM method using a Hann filter with a cut-off
frequency of 4.6 mm. Attenuation correction was applied
with the transmission data. A reconstructed image consisted
128x128x%35 matrix size with a pixel size of 4.3%x4.3 mm
and 4.2 mm with 20 frames. Measured arterial blood time—
activity curves (TAC) were calibrated to the PET scanner
and corrected for the dispersion (7=5 and 2.5 s for intrinsic
and extrinsic, respectively) [18] and delay [19]. The
corrected blood TAC was used as the input function.

A set of Ky, ky and V, images was generated according
to the BFM formula described above, using a set of
dynamic reconstructed images and input function. Compu-
tations were programmed in C environment (gec 3.2) on a
Sun workstation (Solaris 10 Sun Fire 280R) with 4 GB of
memory and two Sparcv9, 900-MHz CPUs.

Data analysis

A template ROI obtained by summing whole frames of a
reconstructed dynamic image was drawn on an image of the
whole region of each kidney (average ROI size for the all
subjects was 153443 cm?). Also, a ROI was drawn on a
region of high tracer accumulation on the summed image as
an assumed cortical region. Functional values of X, &, and
Va were extracted from both ROIs, i.e. for the whole region
and the cortical region, respectively. Data re shown
individually or as means+SD. Student’s paired ¢ test was
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used for comparisons between the physiological states and
p values <0.05 were considered significant.

The ROI for the whole region was divided plane-by-
plane into subregions of ten pixels each. The subregions
were created by extracting pixels first from the horizontal
direction and then from the vertical direction inside the
whole ROI in each slice. Each subregion consisted of a
single area with the same number of pixels. Functional
values of K, k, and V), were extracted from each subregion.
Tissue TACs were also obtained for each subregion from
corresponding dynamic images. The three parameters K, &
and V, were estimated using the Eq. 1 and the input
function fitted to the tissue TACs by the nonlinear least-
squares fitting method (NLF, Gauss-Newton method).
Functional values of Kj, k; and ¥V from corresponding
subregions were then compared between the methods.
Regression analysis was performed.

The model relevancy introducing p and/or V, into the
computation was tested using the Akaike Information
Criterion (AIC) [20]. The most appropriate model provides
the smallest AIC. The tissue TACs from the subregions were
fitted and AICs were computed for models with the three
parameters Ky, kp and V,, fixing p (=K /k;) at 0.35 ml/g
(mean value obtained in the present subjects), fixing V, at
0 ml/ml, and fixing V, at 0.15 ml/ml (mean value obtained in
the present subjects).

Error analysis in the simulation

Error propagation from errors in the input function for the
present BFM formula was analysed for two factors: delay
and dispersion in arterial TAC. It is known that the
measured arterial TAC is delayed and more dispersed
relative to the true input TAC in the kidney because of
the time for transit of blood through the peripheral artery
and the catheter tube before reaching the detector {18, 19].
Calculations of RBF so far have employed a fixed partition
coefficient (p, =Ky/k;, ml/g) and/or assumed the blood
volume (V,, ml/ml) as negligible throughout the whole
renal region and do not estimate it regionally. BFM
formulae with a fixed value of p (BFM-pfix) and blood
volume ¥V, (BFM-vfix) in addition to the present BFM
formula, and the error in these formulae, were analysed.

A typical arterial input function obtained from the present
PET study was used in the present simulation as the true
input function. Applying this input function to the water
kinetic model in Eq. 1, a tissue TAC was created assuming
values for normal kidney tissue (K;=2.0 ml/min/g,
Va=0.14 ml/g [5], and p=0.4 ml/g, corresponding to the
estimated means in cortical region in all subjects in this
study).

Time in the input function was shifted from —4 to 4 s to
simulate the error sensitivity due to the error in the time
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delay, where a positive error represents an over-correction
of the time delay. The input function was convoluted or
deconvoluted with a simple exponential [18] by shifting the
time constant from —4 to 4 s to simulate the error sensitivity
due to error in dispersion correction, where a negative error
represents under-correction, as described previously [18,
21]. Values of K, and &, were calculated using simulated
input functions and the tissue TACs based on the BFM
formula. Errors in these calculated K| and k, values are
presented as percentage differences from the assumed
values. Then, the value of p was varied from 0.3 to
0.5 ml/g and the tissue TAC was generated as above to
simulate the error from the value of p in BFM-pfix formula.
Also, the V), value was varied from 0.0 to 0.4 ml/ml and the
tissue TAC was generated to simulating the error from ¥, in
BFM-vfix formula. Then, K, and %, were calculated using
the true input function and the created tissue TACs,
assuming p=0.4 ml/g and V,=0.0 ml/ml in the BFM-pfix
and BFM-vfix formulae, respectively. Error in K, and k;
values due to fixing p is presented as the percentage
difference in K and k; as a function of p. Error in K; and &,
values due to neglecting V, is presented as the percentage
difference in K, and k; as a function of V. Also, K and k;
were computed with ¥, fixed at 0.14 ml/ml in the BFM-vfix
formula from the set of the tissue TACs, in which K; and p
were fixed at 2.0 ml/min/g and 0.4 ml/g, respectively, and Va
was varied. The percentage difference in K, and k, between
the two conditions, i.e. the initial (K;=2.0 ml/min/g and
V4=0.14 ml/ml) and changed conditions (presented as AK,
and Ak,, respectively) is presented as a function of the
percentage difference in the assumed ¥, from 0.14 ml/ml
(AV) to investigate the extents to which the change in K|
and k, were estimated when K and &, were computed in the
BFM-vfix formula.

Results
Experiments

The relationships of the regional ROI values of K, &, and
Va between NLF and BFM are shown in Fig. 2. The
regression lines obtained were K grn=0.93K np.p—0.11 ml/
min/g (7=0.80, p<0.001), k3 prnv=0.96k3 np.r—0.13 ml/min/g
(7=0.77, p<0.001), and Vx gpm=0.92V npr—0.00 ml/ml
(r=0.97, p<0.001), where the subscripts show the methods
used for calculating the parametric values; the slopes were
not significantly different from unity.

The fitted curve by the present model estimating K, &,
and V, fitted better than the other two models fixing
p (=K /ky) or V. An example of fitted curves is shown in
Fig. 3. Also, the AIC values from three parameter fitting
were the smallest for all subjects except two values for two
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Fig. 2 Relationships of (a) K, a

(=2

(b) ky and (c) V4 between the
ROI-based NLF method and
pixel-based BFM. The regres-
sion lines were Kl‘BFM=O~93K1,
NLF_O'II ml/mm/g (l'=080,
p<0001), kz’BFM=0.96k2’
wner—0.13 mi/min/g (=0.77,
p<0.001), and ¥ gen=0.92¥,,
~nLE—0.00 mi/ml (=0.97,
p<0.001)
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Fig. 3 Curves fitted to the measured tissue TAC from the different
computation methods. Three parameters: K, k, and F, were
computed. p-fixed: K; and ¥, were computed with p (=Ky/k;) fixed
at 0.35 ml/g. Va-fixed: K; and k, were computed with ¥, fixed at
0.15 ml/g, Vs-ignored: K; and k, were computed without taking into
account ¥
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parameter fitting fixing V in patient 2 and fixing p in
patient 3, although some AIC values were similar (Table 2).
These results show that the present method with three
parameter fitting is feasible for computing RBF.

Values of Ky, kx'ppnys and Va were obtained for the
whole renal region and cortical region (Table 3). The K|

Table 2 AIC values for the models

Subject  Three p-ﬁxedb Vs-fixed (0.15)° VA—ignoredd
parameters®

1 484420 519828  499+15 494+15

2 4749 486+14  474+9 477+8

3 525412 523483 527£10 5277

4 483+14 49721 50112 506+13

5 497+18 502+£19 508432 499+13

6 496+11 507£14  500£9 497+9

2K, and ky, ¥ computed.

YK, and Va computed with &, fixing such that p=K,/k»=0.35 ml/g.
€K, and k, computed with ¥, fixed at 0.15 ml/g.

dK, and &, computed without taking into account V.
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Table 3 Values of K|, k>'pynys and Va (n=6) in the whole renal region and the cortical region calculated by the present method for the baseline
conditions and the stimulated conditions

K, (ml/min/g) k' pphys (ml/min/g) Va (ml/ml) GFR (ml/min/g)
Whole region
Baseline 1.09+0.33 3.11+1.48 0.15+0.09 0.35+2°
Enalapril-stimulated 1.03+0.44 2,55+1.29 0.16+0.14
Cortical region
Baseline 1.57+0.60* 3.64+2.15% 0.18+0.12*
Enalapril-stimulated 1.42+0.39* 3.55+1.64* 0.25+0.14*

No significant difference was found between the baseline and stimulated conditions.
*Difference was significant between the whole and cortical regions.
* A kidney weight of 300 g and a cortex ratio of 70% were assumed.

values were smaller than kyp,nys values and the ratio time constant up to 2 s (Fig. 5). The error sensitivity in K,

between them ranged from 0.35 to 0.45, suggesting that K, and &k, was 40% when the partition coefficient was 0.35

values underestimated RBF due to the partial volume effect. ~ (Fig. 6). The magnitude of the error was markedly

Both K and /y'pynys Were not significantly different between ~ enhanced when the blood volume was ignored (Fig. 7a),

the resting and stimulated conditions for the whole renal  and if the arterial blood volume increased by 25%, K, and

region and the cortical region, respectively, although the i, were overestimated by 20% (Fig. 7a).

value of V5 was higher under the stimulated conditions than

under the basal conditions. The GFR obtained was 78+4 ml/

min, corresponding to a clearance rate of 0.37+0.02 ml/min/  Discussion

g and to 9.6% of the &, obtained for the cortical region under

the normal conditions. We have presented an approach to generating quantitative
Representative K and kypphys images generated by the K, k» and V, images using H,'°0 and PET applying the

present method are shown in Fig. 4. The quality of the = BFM computation method. The validity of this approach in

image is acceptable. The K, and ky'ppnys values ranged  healthy human subjects under resting and stimulated

from 1.5 to 2.0 ml/min/g and 3.0 to 5.0 around cortical  conditions is described. The rate constant values of K

region, respectively, and some parts showed higher values  and /k»pphys obtained from the parametric images were

than these. The average time required to compute the  consistent against NFL and the quality of the K, and

parametric images was 2 min 23 s. ka'Pphys images obtained was acceptable. The smaller X
against /o'ppnys values suggested that the K, values under-
Error analysis estimated the absolute RBF value due to the partial volume

effect. The simulation showed that the delay time and
The sizes of the errors introduced in both K; and k, were dispersion time constant should be estimated within an
less than 20% for estimation of delay and the dispersion  accuracy of 2 s, and ¥, and p cannot be ignored/fixed to

Fig. 4 Representative paramet- K.
ric images of K, (left) and 1
kapphys (right) for a subject
under baseline conditions. Cor-
onal (upper) and transverse
(lower) views are shown

k2.pphys

0.0 mi/min/g 0.0 mi/min/g
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