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Table 1 S y of imp in fit with the three-compartment model over the two-compartment model

Study Number Mean AIC two- Mean AIC three- Mean SC two- Mean SC three- Number of curves (%)

group of curves compartment compartment compartment compartment (three-compartment better
than two-compartment)”

Resting 35 652.4 630.2 (p<0.01) 663.8 638.4 (p<0.01) 24 (69)

Beta-blocker 20 3784 378.8 (p=ns.) 382.0 (p<0.01) 3847 3(15)

Adenosine 45 405.1 393.6 (p<0.01) 408.7 399.5 (p<0.01) 28 (62)

The p value indicates that the value in the cell is significantly lower than the comresponding other value.

AIC: Akaike information criterion, SC: Schwarz criterion

“This column gives the number of TTAC fits where the three-compartment model fit provided a significant improvement over the two-

riment fit acc

fing to all criteria (AIC, SC).

L

AIC and SC demonstrated that the three-compartment
model fit provided significant improvement over the two-
compartment model fit for resting and adenosine studies.
For the beta-blocker studies, AIC between the two model
fits was not significantly different, whilst SC demonstrated
significantly better fit with the two-compartment model.
Improved AIC and SC for the three-compartment model fit
were observed in 69% of resting TTACs and 62% of
adenosine TTACs, but only 15% in beta-blocker TTACs.
As shown in Fig. 7a and b, the K, and ¥, values derived
from the two-compartment model fit showed significant
differences compared with those by the three-compartment
model. Both K, and ¥4 were under-estimated with the two-
compartment model fit compared with the three-compartment

Fig. 7 a Plot of K, estimates a
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fit against those from the three-
compartment model fit. ¢ Plot of
K, values derived from the two-
compartment model fit against
mean of the pre- and post-
dynamic SPECT microsphere
blood flow measurements
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model fit. It should, however, be noted that there was a good
correlation between the two- and three-compartment models
for K, thus the bias introduced by the two-compartment
model fit can potentially be corrected. K, values by the three-
compartment model fit with all three corrections were 0.86+
0.36, 2.71+1.64 and 0.55+0.24 mV/min/g corresponding to
rest, adenosine infusion (with constant infusion at 140-
700 mg/kg/h) and beta-blocker (with 2-6 mg administration),
respectively. Difference in V, was less than 10% and again
this bias can potentially be corrected by the regression
equation. The K, obtained with the two-compartment
model also demonstrated a good correlation with the
microsphere flow (Fig. 7c¢), though there was again a
systematic under-estimation in K.
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Fig. 8 ¥, values obtmined from the two-compartment model fit to the
full 4 h resting data, adenosine and beta-blocker infusion 1 h curves
and fit to first | h only of the resting study curves. Data from the
multiple individual myocardial regions are shown

Figure 8 plots the V; values for all evaluated myocardial
segments for the fit to 4 h resting data, adenosine and beta-
blocker infusion | h data and fit to only the first | h of resting
data. The 4-h resting ¥, values are significantly higher
(p<0.01) compared with the adenosine, beta-blocker values
and compared with the fit to the first | h resting data.
However, the |-h resting values are not significantly different
from the beta-blocker ¥, values nor the adenosine values.

Discussion

This study demonstrates that the kinetic analysis of quanti-
tatively assessed myocardial *°'T1 accumulation (build-up
and washout in healthy canines) provided quantitative MBF
values, which agreed well with flows obtained using
microspheres for a wide physiological range of flows.
The size of the TTACs relative to the arterial plasma
concentration corresponded well to the pharmacological
stresses induced by adenosine and beta-blocker challenges.
The compartmental model approach could reproduce these
TTACs to make the determination of kinetic parameters,
such as K and ¥y, possible. The three-compartment model
gave results which were generally higher than the two-
compartment model and which were statistically significant-
ly better in terms of AIC, SC for the resting and adenosine
studies, and this was in line with the visual inspection of the
TTAC model fit curves. It should, however, be noted that the
differences were only small between the two- and three-
compartment model approaches, approximately 20% for K,
and 10% for V4 The bias associated with the two-
compartment model could be corrected by a linear
regression as shown in Fig. 7a—c. This opens the possibility
of using the more reliable two-compartment model fit due to
its reduced number of parameters for routine clinical studies.
The improved reliability of the two-compartment model fitin
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the clinical setting is particularly important if one intends to
shorten the study time or generate parametric images.

The three corrections for PVE, Hct and first-pass EF
proved to be important. The PVE correction method used in
this work cannot, however, be applied to clinical studies,
and the PVE correction in the beating heart still remains a
considerable challenge in clinical studies. PVE may be
reduced by gating the data, which may not, however, be
feasible for the already noisy and large dynamic SPECT
data sets. PVE may also be reduced by including resolution
recovery as part of the reconstruction process [17-20].
Alternatively, it may also be possible to include PVE as part
of the kinetic model firting [21-25]. However, this adds
extra fitting parameters and requires some parameters to be
assumed fixed.

The input function is an important component in
compartment model fitting. In this study, rapid arterial blood
sampling was performed, and the plasma was separated by
centrifugation. A number of important insights were gained
by performing rapid separation of plasma in a subset of
samples and dogs. It was found that **'Tl enters the red
blood cells as observed from the rapid separation of plasma
in a subset of samples and dogs, which is not un-expected
as potassium is also known [22] to be taken up by the red
blood cells. The exchange of **'T1 between red blood cells
and plasma is relatively slow compared to the passage of
blood through the capillary bed and hence direct uptake of
activity from the red blood cells into tissue is believed to be
negligible. Hence, tissue uptake will be dominated by the
activity in the plasma during passage through the capillary
bed and plasma in the substrate being measured. As a
consequence, the flow measurement obtained with 2007 is
plasma flow, which is in contrast to the microsphere studies,
which measure whole blood flow. Conversion of plasma to
blood flow was achieved by dividing the plasma flow by
(1-Het), as shown in Eq. 1, which then allowed the direct
comparison with the microsphere measurements.

Rigorous estimation of the input function requires
frequent arterial blood sampling. This is not only considered
invasive, but also labor intensive. In addition, it has been
shown in this study that rapid separation of the plasma for at
least the first 30-40 min post-*'Tl administration is
required to obtain accurate plasma concentration. If the
separation of plasma is delayed, then the true plasma
concentration at the time of sampling cannot be measured,
which results in biased K, estimates. An empirical
relationship of plasma to whole blood ratio as a function
of time was developed and was found to be sufficiently
consistent between dogs (Fig. 3) to allow the mean curve to
be applied with minimal bias. Thus, in clinical practice,
whole blood samples may be counted and converted to
plasma concentration using the empirical relationship. This
also potentially allows the input function to be obtained
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non-invasively from the SPECT data using, for example, a
curve derived from a left ventricular region. However, it
should be noted that the relationship between plasma and
whole blood counts in this study was derived for a 4-min
infusion protocol and may be different for other injection
protocols, such as bolus injection. Previously, it has been
shown that population-based input functions calibrated with
one or two blood samples could avoid the need for frequent
arterial blood samples [26-28]. There is also a potential for
applying this approach to *°'Tl studies. This is beyond the
scope of this study and a systematic study should be
designed to confirm this in clinical settings.

2171 has a high trans-capillary EF and thus the initial
regional uptake of this tracer predominantly reflects the
regional blood flow [10]. Use of a tracer that has a high
first-pass EF is essential when one intends to quantitatively
assess MBF at a high flow range or the coronary flow
reserve. The EF of ' Tl is reported as >0.8 [10] for a wide
flow range and is known to be higher than *™Tc-labelled
tracers such as tetrofosmine and sestamibi [29]. The
physical characteristics of “°'T1 are unfortunately not ideal
as low energy emission increases the attenuation factor and
the scatter in the image. In addition, the relatively long half-
life limits the administered activity to about a tenth of that
with *™Tc tracers. Despite these shortcomings, the phys-
iological characteristics of having high first-pass EF make
'T] an interesting tracer particularly for the absolute
quantitation of MBF and the coronary flow reserve. This
study demonstrates that quantitative physiological parame-
ters can be derived from dynamic **'TI SPECT studies,
despite its less than ideal imaging chamcteristics.

Whilst the quantitative physiological parameter estima-
tion removed the systematic bias between MBF estimated by
01T dynamic SPECT and by microspheres, the spread of
data points around the regression line was rather large
(Figs. 6e and 7c). This is not only due to possible errors in
the estimation of MBF from the *°'T1, but there was also
considerable variation in flow estimated by the micro-
spheres at the beginning and end of the study. Thus, at least
part of the variability is attributable to errors in microsphere
flow measurement, and particularly for the pharmaceutical
intervention studies, flow may not have remained constant
throughout the entire study duration, which may also
account for some of the differences seen between the
various flow measurements.

V4 estimated in this study could serve as an index of
viability, as viable myocytes are required to maintain the
large concentration gradient between plasma and myocar-
dium at equilibrium. There was no significant difference in
V4 values between rest, beta-blocker and adenosine studies
when fitted for | h (Fig. 8). The significant difference
between the 1- and 4-h fit for resting data could be
explained by the limitation of the two-compartment model.
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Considerable spread in the ¥y values observed over all dog
studies on the other hand was partially attributed to the
short (insufficient) scan time for reliable estimates of V.
With the exception of the large, outlying ¥y values in all 5
regions of | dog, the resting Fy values fell within a
relatively narrow range of 47 to 65 (mean+=SD=55+6).
Given the sufficiently long scan time, significant reduction
in ¥y in infarcted arcas may be detected. However, this
would need to be tested with a suitable study design.

The scan time of 4 h required to achieve reliable ¥,
estimates is not practical in the routine clinical setting. As
has been shown by Lau et al. [30], the scan period may be
split into two sessions, an early dynamic scan for 30 min
followed by a single static scan at approximately 3 h. This
scheme is not more onerous than current rest/re-distribution
protocols and hence could be practical. In addition, it may
be possible to simplify the scanning protocol further to two
static scans by using the table look-up method for the two-
compartment model, which has been successfully employed
for other SPECT tracers with relatively slow kinetics similar
to 2°'T1 [27, 31, 32). This warrants further investigation,

This study relies on established, rigorous attenuation and
scatter correction in SPECT [5] and availability of multi-
detector SPECT systems capable of performing dynamic
acquisition. To our knowledge, this is the first report that
has demonstrated that it is possible to obtain quantitative
physiological parameter estimates of K| and Vy in the
myocardium using a clinical SPECT scanner and *°'TI.
This work suggests that it is feasible to apply our technique
to clinical studies. Further studies are, however, needed to
validate the proposed approach in the clinical setting.
Incomplete motion correction is one possible error source,
particularly in patients. Dynamic SPECT is probably more
sensitive to the possible movement of patients during the
study. Shortened clinical protocol is preferred, but this
requires additional development to improve the reliability
of parameter estimates. In addition, two scanning sessions
are needed to assess the coronary flow reserve. We have
recently demonstrated a technique to assess two cercbral
blood flow images, one at rest and another after a vasodilating
drug, from a single session of a SPECT scan in conjunction
with split dose administration of '*'I-iodoamphetamine and
dynamic SPECT [7]. As a clinical implication, the quanti-
tative assessment of MBF and coronary flow reserve is
important. For instance, coronary micro-vascular dysfunction
or impaired endothelial function in patients with coronary
risk factors or patients with cardiomyopathy or with heart
failure is an un-resolved important issue to answer [11].
Coronary flow reserve can be reduced in patients with hyper-
cholesterolemia without overt coronary stenosis [12]. A
systematic study should be carried out to validate this
approach for assessing MBF at rest and after adenosine from
a single session of a scan.
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Abstract

Purpose The liver is perfused through the portal vein and
the hepatic artery. When its perfusion is assessed using
positron emission tomography (PET) and '*O-labeled water
(H5'*0), calculations require a dual blood input function
(DIF), i.e., arterial and portal blood activity curves. The
former can be generally obtained invasively, but blood
withdrawal from the portal vein is not feasible in humans.
The aim of the present study was to develop a new
technique to estimate quantitative liver perfusion from H,'°0
PET images with a completely non-invasive approach.
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Methods We studied normal pigs (n=14) in which arterial
and portal blood tracer concentrations and Doppler ultraso-
nography flow rates were determined invasively to serve as
reference measurements. Our technique consisted of using
model DIF to create tissue model function and the latter
method to simultaneously fit multiple liver time-activity
curves from images. The parameters obtained reproduced
the DIF. Simulation studies were performed to examine the
magnitude of potential biases in the flow values and to
optimize the extraction of multiple tissue curves from the
image.

Results The simulation showed that the error associated
with assumed parameters was <10%, and the optimal
number of tissue curves was between 10 and 20. The
estimated DIFs were well reproduced against the measured
ones. In addition, the calculated liver perfusion values were
not different between the methods and showed a tight
correlation (r=0.90).

Conclusion In conclusion, our results demonstrate that DIF
can be estimated directly from tissue curves obtained
through H,'*O PET imaging. This suggests the possibility
to enable completely non-invasive technique to assess liver
perfusion in patho-physiological studies.

Keywords Hepatic blood flow - Input function - Portal vein -
Positron emission tomography - H,'*0

Introduction

The quantitative determination of hepatic blood flow has
the potential to provide important information in the

assessment and follow-up of liver disorders, which are
almost invariably accompanied by abnormalities in organ
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perfusion, representing a prognostic indicator and respond-
ing to disease amelioration [4, 10, 19, 21, 28-31, 35].
Positron emission tomography (PET) and '*O-labeled water
(H,'°0) enable to assess hepatic perfusion quantitatively
[29, 30, 35], as based on tracer kinetic modeling, requiring
the notion of the time variation of radiotracer concentra-
tions in the liver tissue and in the blood entering the organ
(input function).

The liver is characterized by a dual blood supply,
comprising the hepatic artery and the portal vein, draining
venous blood from the gastrointestinal tract. Thus, in the
modeling of PET data from liver, two blood time-activity
curves are required to represent the input function (dual
input function [DIF]). However, blood withdrawal from a
peripheral artery [8, 9, 16, 17, 26, 33] is not always
successful and risk-free, and it requires careful correction in
time delay between the sampling site and the tissue, More
importantly, the portal vein cannot be accessed from any
peripheral site, making its blood collection impractical in
humans.

The aim of the present study was to develop a new
technique to estimate the two components of the DIF non-
invasively from dynamic H,'*0 PET images. The present

Ca(t) = 0.

= K1 4a) “ —CXP(K'_.{[ +{t}(,f.l i r)]]

= m[exp (K1 + o)ty — 1)) +exp (Kl +a)(t2—1) —2-exp(Kell +a)(fy — 1))

method was characterized by use of a model input function
to create a tissue model function, which was used to
simultaneously fit multiple tissue curves from PET image.
The parameter obtained in the input function model
reproduced the input function. Computer simulation studies
were performed to examine the magnitude of potential
biases in the parameter estimates caused by the inherent
assumptions and to optimize the extraction of multiple
tissue curves from the image. The present investigation was
conducted in pigs because the comparison between mea-
sured and estimated values necessitated deep catheterization
and invasive Doppler flow measurements.

Materials and methods
Theory and computation of non-invasive DIF

A model function was created to shape the input function
according to the dose of tracer, administration process,
body weight, and physiological state in each subject [18].
The model function introduced is

(t<n)

(h<1<n) “)

(t>n)

Details of the model function are given in the Appendix.
Briefly, A indicates the height, and r, and #>—#, indicate the
appearance time of tracer and administration duration,
respectively. K, (ml/min) and K(=nK,) (ml/min) represent
the tracer bidirectional diffusion rates between arterial
blood and whole body interstitial spaces, respectively.

The portal vein blood model function was generated by
introducing the gut compartment model [29-31, 35], that is,
a single compartment model between arterial blood and gut
compartment, assuming no difference in appearance time
between arterial and portal blood (or delay time of portal
input), with diffusion rate k, in the gut system as

Cp(r) = kCalr) @ ekt (2)

Using these arterial and portal input model functions, the
tissue response function can be expressed by assuming a
single tissue compartment model [29-30, 35] and that
tracers in arterial and portal blood were well mixed before
exchange with liver tissue as

Cns(t) = (faCalt) +/,Ce(1)) @ 7" (3)
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where k; is defined as (f,+/,)/V1, and Vi (ml/g) is the
distribution volume of water between blood and tissue. In
the present study, ¥, was fixed to 0.7 ml/g. which was
suggested to fix in a sensitivity analysis by Ziegler et al.
[35] and was obtained as 0.71+0.03 ml/g for same subjects
in our preliminary evaluation using measured blood input
functions. Including a blood volume term into this
equation, the model function for liver tracer concentrations,
as measured by PET (Cpgr), can be expressed as

Coer(1) = (1= ¥o) (ACA(1) +/pCol0) @ ™

+ VoCinput (1) (4)
where Cipult) is defined as
Capua(t) = RiCa(t) + ryCor) (5)

where r, and r, are arterial (f, mI/min/g) and portal vein
blood flow (f, ml/min/g) ratios to total hepatic flow, ie.,
=Rt and r=f/(fG+f) [35). The flow chart to
estimate input functions in this procedure is simplified in
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Fig. 1. Multiple tissue time-activity curves (TAC) from
liver image were used to estimate the input functions. First,
the model function in Eq. 4 was individually fitted to tissue
TACs, assuming that k, in Eq. 2 is constant by a non-linear
fitting method (vaniable-metric method in the PAW envi-
ronment: version 2.13/08 [http://wwwasd.web.cern.ch/
wwwasd/paw/]), and the set of seven parameters of 4, 1,
ty, K1 +a), fi, fp, and ¥, in Egs. 1 and 4 was obtained for
each tissue TAC. Then, means and standard deviations of
h, b, and ry(=f/(fa+/;)) were calculated, and the tissue
TACs with values of #;, or £,>1 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
functions, values of f;, £;, and r, were fixed to their means,

Tissue TAC

N (N: number of TACs]

Fit [Tissue TAC 1|(A,K t1,12,fa,fp,V0) parameters

Fit (A,K,t1,12,fa,fp, Vo)are estimated
from each TAC

using Eq (5)
Fit [Tissiie TACH) (4Kt 1ot Vo)
-

Mean of t1, 2 and r=(fafp)
ﬂ |T|nu.TAc

|

1]

Y
|omnc (tror 2> SD of
means
No

(N":number of
TACs omitted)

|Flu t1, tzlndrb Mnulnl
A and K, and fa and Vo for

each TAC, are estimated
-N' by minimizing Sz in Eq (6)

r:m TAC
L]

memm

Fig. 1 A schematic diagram of the procedure to estimate the input
functions using multiple tissue TACs, Step ! The model function
(Eq. 4) was individually fitted to N tissue time-activity curves (TAC).
Then, means and standard deviations of ¢, iy, and r, were calculated,
and the tissue TACs with values of t; or 1> standard deviation of
respective means were excluded (indicated as N' TACS) 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 functions,
values of 1y, #,. and r, were fixed to their means, and the other two
parameters (4 and K (1 +a)) were estimated by minimizing Eq. 6 by
the grid search method. Finally, the image-based input function was
obtained by substituting the estimated parameters into Eq. |

"

and the other two parameters (4 and K (1+a)) were
estimated by minimizing the following equation:

ZE(% ((' V')(fCA{f}u‘Cp(r)) (6)

ETx
e + V'c,,.,,...(n))

where Cper™* is the tissue TAC for Ath frame in ith tissue
region of interest, 1 is the corresponding time of kth frame,
and £, £,/(=fu(1=ru/r,) and ¥,' are values of arterial and
portal vein blood flows and of blood volume for /th tissue,
respectively. In this procedure, 5° was minimized by the
grid search method fo avoid dependency of initial guess,
where 5% was calculated for 1,000 discrete values of both A
and K (1+a) between ranges of three standard deviations
from respective mean values, omitting the negative value.
In this procedure, for a given input function, i.e., given 4
and K (1+a), f; and ¥y for each TAC were computed by
the grid search method, with acceptable ranges of 0-
100 ml/min/g and 0-1 ml/ml, and steps of | mli/min/g and
0.01 ml/ml, respectively, and then substituted in Eq. 6.
Finally, the image-based input function was obtained by
substituting the estimated parameters into Eq. 1.

Simulation study

The present method for generating portal vein input
assumes that the diffusion rate in the gut system, &, is a
fix constant, and there is no time delay between portal and
arterial blood. It is not a priori known how these assumed
factors degrade the accuracy of estimated DIF and flow.
Moreover, tissue TACs from PET images convey some
degree of noise, and the accuracy of the estimated input
function might depend on either the degree of noise, or the
applied number of tissue TACs, or both. A simulation study
was designed to reveal the influence of the above elements
on the accuracy of the current method.

To this purpose, we selected one arterial curve from one
of the present experiments. First, a portal input curve was
created by assuming k,=0.5/min, corresponding to the
estimated mean in all animals. The combination of these
arterial and portal vein curves was treated as the “true DIF’.
In the present experimental study, the average of activity
concentrations in an area of the summed image was
distributed with a 20% range around the mean for the
whole liver, and this percentage was independent of the size
of the selected areas in regions >50 pixels. This supports
the assumption that flow values in the liver distribute
around a 20% range around a mean of arterial flow of
15 ml/min/100 g [22]. Thus, by assuming ten values of £, as
13, 135, 14, 145, 15, 15, 155, 16, 16.5, and 17 ml/min/
100 g, and ratio r(=//f;)=6 [22], one set of ten hepatic
tissue TACs was generated from the true DIF using Eq. 6.
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The propagation of an error in &y and delay time to blood
flow estimation was simulated. The sequence of steps in
this procedure is simplified in Fig. 2a and b. For kg,
simulated portal input curves were created from the selected

a
mlﬁm(c»
kg= {035 7 s 85 /min
= Y /‘_ e
Combinations
sherisriosans of Cpand Cp
[] [
1 g Ny Fﬂ:dm
/ / / ACs
[ ll ll I
T T ——
—| | Estimate DIF
[amdty] [lasndtp] ... [amaty] Somm®
b
Arterial (Ca) and
portal (Cp) Inputs
Delay= 10 sec
A |fl e
F o .

.......... -[ /‘—]F;:"’""'

Estimate DIF

=
[amity] [faendTy] ... fasmaty] Comme "

Fig. 2 Schematic diagram of the procedure to analyze error sensitivity
in hepatic artenial (f;) and portal flow (f,) values against assumed &,
(a) and time delay (b). Portal input curves were created by changing
the value of &, from 0.35 to 0.65/min in (a) and by shifting the time
from 0 to 10 s in (b), respectively, and combinations of the arterial
(C4) and simulated portal (Cp) curves were used as the simulated dual
input functions (DIF). Sets of tissue time-activity curves (74C) were
generated from these simulated DIFs by ing ten valves of f,
from 13 to 17 ml/min/100 g. In turn, each set of tissue TACs was used
to back-estimate DIF fixing &, as 0.5/min and time delay as 0.0 s
Finally, 7, and £, were calculated from estimated DIFs for each kg and
delay hime
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arterial curve by changing &, from 0.35 to 0.65/min for
error simulation in kg, and combinations of the arterial and
simulated portal vein curves were used as the simulated
DIF. Sets of tissue TACs were generated from these
simulated DIFs, with the same assumptions of £, and r as
given above. In tumn, each set for each kg was used to back-
estimate DIF (arterial and portal components), fixing k, as
0.5/min in this process as presented above. Finally, £, and f,
were calculated from estimated DIFs for each k; by the
Gauss—Newton non-linear fitting method in the interactive
modeling and data analysis system called PyBLD (hup:/
homepage2.nifty.com/peco/pybld/pybld.html) [S] using
Eq. 4. For delay time, simulated portal input curves were
created from the selected arterial curve by shifting the time
from 0 to 10 s, and combinations of the arterial and
simulated portal vein curves were used as the simulated
DIF. Sets of tissue TACs were generated as above. In turn,
each set for each delay time was used to back-estimate DIF
fixing time delay as 0.0 s. Finally, f, and f, were calculated
from estimated DIFs for each delay time. Mean of percent
difference between computed and assumed (‘true’) flow
values are presented as a function of k, and delay time.
The influence of noise versus number of TACs on the
accuracy of the method was explored. As shown by Edward
et al. [7], 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. The
procedure is summarized in Fig. 3. First, tissue TACs with
noise were generated as follows: Gaussian noise at peak
was imposed on the set of ten hepatic tissue TACs
generated above. Two levels of noise were introduced,
corresponding to 10% and 20% of counts at the level of the
peak and 10% and 20% each of the square root of counts at
the other points. This procedure was repeated 100 times and
100 sets of noisy tissue TACs, embracing a total of 1,000
pixels obtained. Next, the ith set of tissue TACs in Ath
frame with f, defined as C' were summed for same f, as

Ny
C=y-2 G ™

where Nt indicates the summed number of tissue TACs and
corresponds to the summed number of pixels. Ny were set
to 5, 10, 20, 50, 100, and 200, corresponding to a number
of tissue TACs (N) of 200, 100, 50, 20, 10, and 3,
respectively. Here, when Ny was 200, the 100 tissue TACs
were summed as Ny=100 and additionally combinations of

fi=13 and 13.5, 14 and 14.5, 15 and 15, 15.5 and 16, and

16.5 and 17 ml/min/100 g were summed. For each Ny, and
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Fig. 3 Schematic diagram of the procedure to analyze statistical
accuracy of hepatic arterial (f,) and porml flow (f,) values against
noise on tissue curves. First, tissue time—activity curves (74C) with
noise were gencrated by imposing Gaussian noise on the set of ten
hepatic tissue TACs. This procedure was repeated 100 times, and 100
sets of noisy tissue TACs were obtained. Next, the Ny (=5, 10, 20, 50,
100, and 200) sets of tissuc TACs with the same flow value were
summed. For each Ny, dual input function (DIF) was estimated. Then,
arterial (f;) and portal blood flow () values were computed using
estimated DIF and tissue TACs. This procedure was repeated 100
umes

cach level of noise, DIF was estimated, as described. Then,
arterial and portal vein blood flow values were computed as
above, using estimated DIF and tissue TACs with f, of
15 ml/100 g/min. This procedure was repeated 100 times,
and the bias and deviation in values of arterial and portal
vein flow results were calculated. Their bias and deviation
was presented as a function of N,

Experimental study
PET experiment

Fourteen pigs under anesthesia with weight 30.0+1.1 kg
were studied. Data on glucose metabolism in these animals
have been previously reported [13, 14]. Animals were
deprived of food on the day prior to the study at 5:00 pm.
Anesthesia was induced with ketamine (1.0 g) into neck
muscles and maintained by ketamine and pancuronium
(total of 1.5 g and 40 mg, respectively) administered
intravenously during the experiment. Animals were intu-

13

bated through a tracheostomy, and their respiration was
controlled by a ventilator providing oxygen and normal
room air (regulated ventilation, 16 breaths per minute).
Catheters were inserted into the carotid artery for arterial
blood sampling and the femoral vein for administration of
H,'0. Splanchnic vessels were accessed by sub-costal
incision; after dissection of the hepato-gastric ligament,
purse string sutures were allocated to allow catheter
insertion via a small incision in the portal vein. A catheter
was inserted directly in the portal vein for portal vein blood
sampling. Ultrasound-based flow-probes (Medi-Stim But-
terfly Flowmeter, Medi-Stim AS) were placed around the
portal vein and hepatic artery to determine blood velocity in
each vessel. The diameter of the hepatic artery and portal
vein were measured off-line from B-mode ultrasound
images acquired using an Acuson Sequoia 512 mainframe
with a 13-MHz B-mode linear array transducer. The area of
the vessel was calculated assuming circular shape. Then,
blood flow was obtained for each vessel during the PET
scans. The surgical access was closed, and the distal
catheter extremities were secured to the abdominal surface
to avoid tip displacement. The animals were then trans-
ported to the PET center for tracer administration, liver
imaging, and blood sampling. Vital signs, blood pressure,
and heart rate were monitored throughout the study.

PET acquisition was carried out in 2D mode using an
ECAT 931-08/12 scanner (CTI Inc, Knoxville, TN, USA)
with a 10.5-cm axial field of view and a resolution of
6.7 mm (axial)x6.5 mm (in-plane) full width at half
maximum. Afler transmission scan for attenuation correc-
tion, the dynamic scan was started after the injection of
H,'*0 (274 MBq, 30-s bolus injection), consisting of 20
frames with gradually increasing individual durations (6% 5,
6x15, and 8x30 s),

During PET scanning, blood was withdrawn continu-
ously from the carotid artery and portal vein through
catheters (1.4 mm in inner diameter; length of tube was
900 mm to the detector and 60 mm in the detector sensitive
region) by using a peristaltic pump (Scanditronix, Uppsala,
Sweden) with a withdraw speed of 6 ml/min. Radioactivity
concentrations in blood were measured with a BGO
coincidence monitor system. The detectors had been
cross-calibrated to the PET scanner via ion chamber [26].

At the end of the experimental period, animals were
sacrificed by potassium chloride injection and anesthetic
overdose, the abdominal cavity was rapidly accessed, and
the whole liver was explanted and weighed and its volume
was measured by water displacement; liver density was
calculated as the ratio of organ weight-to-volume to derive
the ultrasound-based flow to PET-equivalent unit (i.e., flow
per unit of tissue volume).

The protocol was reviewed and approved by the Ethical
Committee for Animal Experiments of the University of Turku.
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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 median root prior reconstruction algorithm with
150 iterations and Bayesian coefficient of 0.3 [1]. Attenu-
ation correction was applied with transmission data. A
reconstructed image had 128=128x15 matrix size with a
pixel size of 2.4 mmx2.4 mm and 6.7 mm with 20 frames.

Measured arterial and portal vein blood TACs were
corrected for physical decay and dispersion [11] as 7=2.5 s,
which was experimentally obtained and usually applied in
our center. The arterial TAC corrected for decay and
dispersion was then corrected for delay by fitting to a
whole-liver tissue TAC [12]. The arterial curve obtained,
C.(r), was used as the measured arterial input function.
Then, the portal vein curve, corrected for dispersion (=
2.5 s) and delay with the same delay time for arterial TAC,
Cp(t), was fitted according to the following equation:
Co(1) = keCa(t + Aty) @ e~ (+44) (8)
to obtain k; and to account for the appearance time (Af,
seconds) via the gut system. Obtained measured curves
were directly fitted with Eqs. | and 2 to examine adequacy
for a usage of model functions.

A region of interest (ROI) was placed on the whole
region of the liver in a summed image and subsequently
divided plane-by-plane into sub-regions of 700 pixels each,
corresponding to 11-22 sub-regions. Sub-regions were
created by extracting pixels firstly from horizontal then
vertical directions inside the whole ROI in each slice. Each
sub-region consisted of a single area with the same number
of pixels. Tissue TACs in the sub-regions were extracted
from dynamic images. Then. DIF was estimated according
to the procedure introduced above. In the first step, initial
values and boundary conditions for the non-linear fitting
(PAW environment) for each parameter were 20,000
between 0.0000002 and 200,000,000 Bg/ml for 4, 5
between 2 and 20 ml/min for K (l+a), 1 between —10
and 100 s for #;, 20 between 1 to 60 s for r,—1;, 20 between
1 and 100 ml/min/g for f;, 100 between | and 400 ml/min/g
for fy,, and 0.05 between 0 and 1 ml/ml for ¥}, In the second
step, S° value in Eq. 6 was minimized, and the image-based
input function was obtained. Arcas under the curves (AUC)
for measured and image-based inputs were calculated for 0
to 180 s. Their percent difference was calculated.

Perfusion values f, and f, were calculated by non-linear
Gauss-Newton fitting method (PyBLD environment).
Results obtained with the new technique were compared
with (a) those obtained with the measured input function
and (b) the ones from our independent reference method,
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i.e., ultrasonography, after their normalization to the organ
volume to derive PET-equivalent units.

Staristical analysis

Data are shown individually or as mean=8D. The Student’s
paired 1 test was used for intra-individual comparisons of
flow values. Regression analyses were performed according
to standard techniques, A p<0.05 was considered to be
significant. Differences between the flow values were
calculated as (fy—fy)/fx where fy and fy are flow values
from the non-invasive method and from the measured input
or ultrasonography, respectively, and plotted in Bland-
Altman plot [3].

Results
Simulation study

The biases in values of arterial, portal vein, and total blood
perfusion due to a fixed k, and delay time are presented in
Fig. 4a and b as a function of the value of k; and delay
time, respectively. The error in total flow results did not
exceed 10% for a <20% (i.e., 0.4-0.6 min ') difference
between the fixed and the assumed (true) &, and for a <10-s
time delay.

The influence of noise and number of tissue TACs, i.e.,
the bias and deviation on both arterial and portal blood flow
values, showed to be minimal for a number of tissue TACs
of 10 to 20 at both noise levels (Fig. 5). As shown in Fig. 5,
if the number of tissue TACs is increased, noise on each
curve for input estimation becomes larger. On the other
hand, a smaller number of tissue TAC corresponds to less
information from tissue TAC in terms of variation of flow
values. This result suggested that the optimal number of
tissue TACs to be applied to preserve accuracy is in the
above range, which is independent of the two noise levels.
Among the five parameter composing the model input
functions, the three parameters f,, f, and r, were deter-
mined with same accuracy, i.e., both the difference and
deviation in those values were less than | s for ¢, and #, and
5% for r,, respectively, for the noise level of 10%,
independent of the number of tissue TACs. Bias and
deviation of the remaining two parameters A and K (1+a)
depended on the number of tissue TACs following the same
tendency as the bias and deviation on blood flow values, as
described above.

Experimental study

Reconstructed images are shown in Fig. 6, together with
divided sub-regions. In the first step of our procedure, the
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Fig. 4 Error in values of arterial (f), portal vein (7). and total (f,+/,) blood flow propagated from error in k; (a) and delay time (b)

obtained value of r, from TACs extracted from sub-regions
overlapping the vena cava (e.g., lower sub-region at upper
left side image in Fig. 6) was 10 to 13 s earlier than the
mean, and these TACs were omitted from further process-
ing. The estimated t,—t, was 27+3 s, which was similar to
the tracer administration duration.

Figure 7 shows the curves of the model arterial and
portal input functions (Egs. 1 and 2) directly fitted to
measured curves. The model functions for those were
superimposable to measured curves, although both modeled
curves slightly overestimated at the late times. This result
suggested that the model function was almost adequate to
use for the estimation of input.

The mean£SD of k, was 0.497£0.153 ml/min/g and that
of Af, was 0.7+5.1 s obtained by fitting the portal TAC
using arterial TAC by Eq. 8.

Estimated, image-derived arterial and hepatic input
functions were almost superimposable to the measured
curves (Fig. 8). The mean+SD and range of difference of

AUCs were ~3.15+8.73% ranging from —13.5% to 17.9%
and 1.47+8.87% ranging from —13.5% to 10.2% for arterial
and portal input functions, respectively. The coefficient of
variation of the estimated flow ratio between artery and
portal vein in the first step across sub-regions was 26+9%.
The mean£SD of that ratio across subjects was 0.15+0.07
and those from ultrasonography was 0.16+0.06, and paired
t test showed no significant difference between them. This
suggests supporting the assumption that the ratio between
arterial and portal input defined in Eq. 5 relates to the flow
values.

The Bland-Altman plot between values of hepatic
arterial, portal, and total perfusion, as estimated by using
the image-derived versus the measured blood curves, is
shown in Fig. 9. This plot demonstrates a small overesti-
mation by image-derived method with a bias of 0.01 and
0.07 mV/min/g for arterial and portal flow, respectively, and
that 0.08 mlUmin/g for total flow. Respective regression
lines were the following: y=0.00+1.09 x (r=0.97, p<

Py 60
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.m.
40 ; 0 : :
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The Number of TACs The Number of TACs

Fig. 5 Bias (lefi) and deviation (right) in the arterial and portal vein blood flow values as a function of the number of time-activity curves applied

to the estimation of the input function

75

) Springer



1906

Eur J Nucl Med Mol Imaging (2008) 35:1899-1911

Fig. 6 View of liver H,'*O PET images in four slices and sub-regions
(solid line). The small area with high activity levels on the mid-right
and mid-left side of the image corresponds to the vena cava and aorta,
respectively

0.001), ¥=0.05+1.02 x (r=0.87, p<0.001), and y=0.02+
1.06 x (r=0090, p<0.001). Paired 7 test showed no
significant difference between the methods. Differences
were —6.8+20.0%, —4.9+£14.3%, and —5.8+15.6% for
arterial, portal, and total blood flow values, respectively.
The Bland-Altman plot between values of hepatic
arterial, portal, and total perfusion, as estimated by using
the current method versus ultrasonography, is given in
Fig. 10. This plot demonstrates an overestimation by
image-derived method with a bias of 0.02 and 0.22 ml/
min/g for arterial and portal flow, respectively, and that
0.24 ml/min/g for total flow. Respective regression lines
were the following: y=0.06+0.69 x (r=0.69, p=0.12), y=
0.41+0.98 x (r=0.54, p=0.025), and y=0.24+0.97 x (r=
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Fig. 7 Time-activity curves representing the arterial (broken line) and
portal (solid line) model input functions (Eqs. | and 2) in comparison
with the measured arterial (black circles) and portal (open circles)
mput functions
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Fig. 8 Estimated arterial (red line) and portal vein (blue line) input
functions from PET images and their comparison with measured
artenial (plot in light blue) and portal input (plot in pink) functions

0.60, p=0.022). Again, paired  test showed no significant
difference between the methods. Differences were 3.6+
52.0%, 15.5+31.3%, and 16.9+33.0% for values of arterial,
portal, and total blood flow, respectively.

The total flow values ranged from 0.5 to 2 ml/min/g in
the animals (Figs. 9 and 10). However, only two out of 14
showed smaller values of 0.5 ml/min/g (i.c., approximately
500 ml in the whole organ), which is still physiologically
reasonable, while the great majority clustered between |
and 2 ml/min/g.

Discussion

In the current work, we developed and validated a method
to estimate the two components of the hepatic dual input
function from liver H>'*0 PET images and quantify hepatic
perfusion. Computer simulations were used to evaluate the
influence of assumptions, noise in raw data, and number
and size of the regions of interest to be used in the analysis.
After demonstrating that k, can be assumed within a 20%
range by introducing a negligible error in perfusion
estimates and that 10-20 regional time-activity curves
appear optimal, the method was validated experimentally
by showing its coherence with measured blood tracer levels
and with liver perfusion results obtained by an independent
technique.

The current approach estimated the hepatic arterial and
portal input functions from multiple tissue curves to
calculate respective and total organ perfusion. A high
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degree of overlap and tight correlations were observed
between the estimated input functions and those obtained
during online blood sampling/counting. Consequently,
calculated flow values were consistent between the meth-
ods. 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 [27], abdom-
inal artery for kidney blood flow quantification with H,'*0O
[15], and aorta for cardiac '*F-FDG metabolism [32], and
for tumor blood using H,'°0 [34]. In these approaches,
ROIs are drawn in visible vessels, and the partial volume
effect must be taken into account by testing different ROI
sizes or by thresholding the pixels inside arterial ROIls; the
need for partial volume correction remains a necessary
limitation. Closer to the current analysis, Edward et al.
applied multiple tissue curves to estimate quantitative
kinetic parameters in the brain [7] and well reproduced
the input function for H,s’0. However, their formula did
not take into account the radioactivity from the blood
component inside the tissue ROL and the validity of their
method may not be directly extrapolated to the liver
because of the large proportion of blood, which is typically
ranging between 0.27 and 0.40 ml/ml [23] in this organ.

The present method showed that the height of the estimated
input is almost doubled if the blood volume is not included
in the formula and if the arterial volume contributes 10% of
radioactivity in the tissue TACs in our preliminary study
(data not shown). The shape of an arterial input function
from multiple tissue TACs has been well reproduced in
brain "*FDG or [''CJMPDX studies by using an indepen-
dent component analysis-based method (extraction of the
plasma TAC using independent component analysis [24,
25] still requiring one arterial blood sample, and the
combination of the latter and the current techniques may
be of further simplification and deserves investigation since
it would entail neither 2 model function nor direct blood
measurements.

One advantage of introducing a model function was to
shape the model input function by imposing constrins to
the parameters range, allowing to overcome noise problems
caused by limited scan duration and short half-life of 'O,
The present approach may be applicable to a study group
including subjects with hepatic disorders as far as measure-
ment conditions are equivalent and the shape of the input
function can be expected to be similar, though the validity
of the present method was tested in normal animals. We

Fig. 10 a Bland-Altman plot
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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. This is not a commonly expected case, In
this situation, the present method would require to, and may
still be adapted, by introducing group-specific parameter
constraints or a modified model function. The present
model function was created by assuming the model,
namely, tracer bidirectional diffusion to whole body as in
differential Eq. 9. The solution was derived as Eq. 10, and
the model function was modified to avoid the one order
term of ¢, which would complicate calculations in the
following procedures, i.e., model function for portal input
and for tissue response functions. This modification could
deteriorate the physiological mean of parameters, such as
K. and Kj; however, the input functions obtained in the
present study using this modified equation well reproduced
the shape of measured inputs. The modified model function
and derived portal model function seemed to be superim-
posable to measured blood TACs, although there were
slight, few-second systematic misalignments in the peak of
arterial blood and overestimations at the late phase. This
suggested that the error in the position of the peak and in
late phase in the estimated input function against measured
ones (Figs. 7 and 8) is due to a limitation in the description
of the model function.

The present estimation procedure followed two steps, as
designed to fit tissue curves individually, and then
simultaneously. The first step allowed careful exclusion of
tissue TACs showing 1, or f, values over one standard
deviation from the mean to eliminate the influence of
radioactivity outside the liver region. In fact, in the
experimental procedure, H,'*O was injected in the femoral
vein, draining into the vena cava, which is not distant from
the liver. Other adjacent high-perfusion organs include the
kidneys. The influence of ROIs drawn in proximity of these
regions was not included in the model. Thus, special
attention was paid at excluding confounding tissue TACs
by examining f; and f,. In the above examples, the tracer
was expected to show an early peak in case of an
anatomical overlap with the vena cava, and the extracted
TAC covering this region was omitted in this step. The
second step was introduced to facilitate the achievement of
the convergence by fixing the values of 1y, 1>, and r, to their
calculated means (as obtained above) to estimate the
remaining two parameters. Generally, if many parameters
are estimated in a fitting procedure such as in the present
method, there could be many local minima, and uniqueness
of parameter solution might not be guaranteed. As shown in
the simulation study, the three parameters 1y, r,. and r, were
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estimated independent of the number of tissue TACs;
however, the remaining two parameters 4 and K (1 +a)
were dependent on that. This suggests that correlation
among parameters due to their numerosity could not be
prevented. However, the shapes of input functions were
reproduced, and flow values were consistent with other two
methods, i.e., those computed from measured inputs and
from ultrasonography. Thus, the correlation among param-
cters did not seem to affect the estimation of flow values,
although further study is required for optimization,

We used a fixed value of kg to represent the diffusion
rate of water between arterial blood and the gut compart-
ment in the estimation of the portal input. The deviation in
this rate constant was about 26% in the current study group.
The simulation analysis showed that values within 20% of
the assumed true k; number corresponded to a propagated
error of 10% in the final estimation of hepatic perfusion.
The value of k; used in our final computations is in
accordance with the recently reviewed concept that [20] in
mammals, the general biological rate (uptake ratio) varies
approximately in proportion to the 3/4 power of body size
and, given a body mass of ~60 kg. k. which is the uptake
rate of water in the gut system, can be predicted to fall
around 0.45 min' in humans. This number is consistent
with a mean figure of 0.5 min ', as obtained in this study,
suggesting that the present assumption could be imple-
mented to obtain the liver input function in humans. We
also assumed a time delay of portal input to be zero against
the arterial one. The deviation in this time was about 0.7 s
in the current study group. The simulation analysis showed
that an error in this value within 10 s corresponded to a
propagated error of less than 10% in the final estimation of
hepatic perfusion. Of further strength, a close agreement
was shown between estimated and measured blood activity
curves and estimated and Doppler-determined liver flow
results. The larger difference of the latter result against the
former result might be due to the model assumptions in
flow calculations, as well as in the assumption of circular
shape when estimating the area of the arterial and portal
vessels by ultrasonography and in the accuracy of ultraso-
nography data (from multiple measurements of flow data,
coefTicient of variation was 13+5% for portal flow and 18+
10% for hepatic arterial flow with this study [data not
shown]). In this study, the flow values were calculated
assuming the dual input, single compartment model [2, 29,
30, 35]. Altogether, the above observations support the use
of a fixed k, and the current model in the fully non-invasive
quantification of liver perfusion.

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 [8,
9, 16, 17, 26, 33], but blood counting requires corrections for
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dispersion, delay between target organ and sampling device,
and cross calibmtion between PET scanner and radioactivity
counter, which are all potential sources of errors, in the same
magnitude as that expected with the current method. Second,
liver perfusion can be compromised both as consequence
and cause of hepatic disease and is considered a prognostic
indicator and useful marker during progression or treatment
follow-up [6, 22]. Third, the possibility to distinctly quantify
portal and arterial perfusion is important because their
reciprocal compensation may be masked once only if total
hepatic flow is measured.

The present simulation study allowed to establish that the
optimal number of tissue TACs for DIF estimation was 10 to
20, independent of the noise levels, among the ones selected
in this investigation. As pointed out by Edward et al. [7], as
the noise on tissue TACs increased, the standard deviation of
uptake ratio of tracer increased. Also, they suggested that the
standard deviation tended to decrease when more regions
were used. The present study intended to investigate the
optimal number of tissue TACs from the whole region of
liver. The noise in the liver can be minimized by placing a
ROI to cover the whole organ and subsequently dividing it
in a number of sub-regions corresponding to 10-20 under
the conditions of the current experiments. The present results
may depend on the reconstruction method. However, as far
as the PET image is calculated quantitatively and the
distribution of flow values in the extmcted TACs is in the
same order of magnitude as the present study, the results of
optimization in this study would be applicable because those
two conditions were assumed in the present simulation study.
We assumed that the ratio of blood flow between the hepatic
artery and the portal vein was uniform in the whole organ, as
supported by an extended literature on the healthy liver and
on a majority of metabolic disorders involving the organ.
Conversely, the quantification of flow in hepatic tumors in
which perfusion from arterial blood is predominant may be
best approximated by simplifying the procedure to a single
input or by fitting the relative vascular (arterial and portal)
contributions as additional parameters in the model. The
current procedure was validated for the determination of
liver perfusion with H,'*0 PET data. Required conditions
were a model function to describe the input function and a
kinetic model for tracer exchange between blood and tissue. In
theory, the present method might be adapted to other tracers
and organs if tracer kinetics in the tissue can be described with
a model function,

In conclusion, our results demonstrate that arterial and
portal vein concentrations of labeled water can be estimated
directly from tissue time-activity curves obtained through
dynamic H,'°O PET imaging. The calculated hepatic
arterial, portal, and total perfusion values using estimated
or measured input functions were similar and consistent
with ultrasonography measurements,
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Appendix

A model function for AIF was created by assuming a two-
compartment model in which the tracer is administered in a
rectangular form and diffuses bi-directionally between
arterial and interstitial space in whole body peripheral
tissue compartments. Differential equations for the model
function (Ca(r)) can be expressed as

d(:!{f} _ % — K.Ca(t) + KiCwa(t) ©)
96w _ k., ca(1) - KiCwnlt) 40

¥=4{f|5f532] (ll}
0 (elsewhere)

where 1, and r; assumes the appearance time of
administered tracer, and #,—#; represents the administration
duration; A4 corresponds to the given amount of tracer. The
equation F (Eq. 11) represents the bolus administration of
tracer in the rectangular form with duration f,—t,. Cyg(/) is
the expected tracer concentration in interstitial spaces in
whole body peripheral tissues; K. and K; are bidirectional
tracer diffusion rates between blood and peripheral tissue
compartments, respectively. Solving Eq. 10 for Cyp gives

Cwalt) = x,e“"'ﬁcﬁ{r}e‘- "dr. (12)

Sum of Egs. 9 and 10 is

d(CA0) + Cun) _ 4F (13

dr dr
Thus,
Calt) + Cwn() =F
Zio-n) wsisy 09

=Alz-n) (t>n)
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Substitution of Cwg from Eq. 12 into 14 after multiply-
ing €X' gives
I
ICA() + K,l Ca(t)e"*dr = M'F (15)
0

Differentiation with respect to ¢ after arranging gives

9D _ or 4 ﬁ & K0 +a)r0) )
Ca(t) =0
) A (Kca(l % n}(l B f|} 11— e,;l.lll-ultn -.-J)
K2 (1 +a)
= KZ{IA+ a)? (Ken(l +a)(f — ) + e tIFera _ Kellralin _”))

where a=K/K,. Thus,

. 4 I dF\ .
= =K {14}t Ko (l4a)r
Calt) = K€ Jn(m" + X a )b dr

(17)
Solving Eq. 17, we obtain

(t<t)

(h<t<n)

(18)

(t>n)

The first term in the second equation for f;<r<t, ie.,
Keo(1+a)t~t;), would complicate further calculations
(such as tissue response and portal input); thus, this term
was omitted, and the model function (Eq. 18) was modified

Ca(t) = 0.

A
“al—:ﬂ—]:(‘ —exp (Ke(1 +a)(n —1)))

A (exp(Ke(1 + a)(n — 1)) +exp (Ke(1 + ) (12 — 1)) — 2+ exp (Ke(1 + )ty — 1))

KE(] + )"

to set the C, value as 0 at r=r,, as continuous at r=f, and as
non-zero value at the equilibrium, i.e., at r=o. Thus, the
following equation was derived:

(r<n)

(h<1<n)

(t>1)

(19)
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Background: T1-shortening contrast media are routinely used in magnetic resonance
(MR) examinations for the diagnosis of brain tumors. Although some studies show a
benefit of 3 Tesla (T) compared to 1.5T in delineation of brain tumors using contrast
media, it is unclear which pulse sequences are optimal.

Purpose: To compare gadopentetate dimeglumine (Gd-DTPA )-induced signal enhance-
ments in rat brain C6 glioma in the thalamus region among different pulse sequences in
3T MR imaging.

Material and Methods: Five rats with a surgically implanted C6 glioma in their thalamus
were examined. T1-weighted brain images of the five rats were acquired before and after
Gd-DTPA administration (0.1 mmol/kg) using three clinically available pulse sequences
(spin echo [SE], fast SE [FSE], fast spoiled gradient echo [FSPGR]) at 3T. Signal
enhancement in the glioma (Ey) was calculated as the signal intensity after Gd-DTPA
administration scaled by that before administration. Pulse sequences were compared
using the Tukey-Kramer test.

Results: Er was 1.12+0.05 for FSE, 1.26+0.11 for FSPGR, and 1.2040.11 for SE.
FSPGR showed significantly higher signal enhancement than FSE and comparable
enhancement to SE.

Conclusion: FSPGR is superior to FSE and comparable to SE in its ability to delineate
rat brain Cé glioma in the thalamus region.

Key words: Brain; contrast agents; MR imaging
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Tl-shortening contrast media are routinely used in studies have reported that GRE techniques compare

magnetic resonance (MR) examinations for the
diagnosis of brain tumors. Some studies show a
benefit of 3 Tesla (T) compared to 1.5T in
delineation of brain tumors using contrast media
(1-5). However, it is unclear which pulse sequences
are optimal. The conventional spin-echo (SE)
technique has been most frequently used for TI-
weighted (T1W) imaging of tumors after contrast
media administration. The gradient-echo (GRE)
technique, which is faster than SE, was introduced
initially at 1.5T or lower field strength (6-11). Some

informa
healthcare

Acta Radiologica rad134548.3d 23/10/07 20:29:49

The Charlesworth Group, Wakefield +44(0)1924 369598 - A 751wW (lan 20 2003

favorably with the SE technique for delineation of
brain tumors (8-10), while other studies have
reported that GRE techniques do not show contrast
enhancement as well as SE (6, 7, 11). At 3T, as at
1.5T or lower field strength, the issue of whether
GRE techniques are effective compared to SE has
not been determined. In 16 patients, NOBAUER-
HUMANN et al. reported that 3D GRE with
magnetization preparation (MPRAGE) was com-
parable to TIW SE in tumor-to-brain contrast at
3T, although the parameters of TIW SE were not

DOI 10.1080/02841850701630326 () 2007 Taylor & Francis
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optimized for 3T (1). In 12 patients, FisCHBACH et al.
compared four TIW sequences: SE, inversion
recovery fast SE (IR-FSE), 2D GRE, and
MPRAGE at 3T. They observed that SE and IR-
FSE provided higher contrast enhancement of brain
tumors than 2D GRE and MPRAGE.
Furthermore, their impressions showed that the
visual quality of SE was superior to that of the other
three sequences (12).

In order to compare pulse sequences, it would be
preferable if the pathological and physiological
conditions of subjects were constant across scans.
One possible model system is the widely used rat
brain glioma model (4, 5, 13-15). In most studies
with small animals, MR imaging systems with small
magnets are widely used. The pulse sequences
available on the scanner designed for small animals,
however, are different from those on a clinical
scanner. By using a scanner designed for humans,
we can compare diagnostic values of practical
clinical pulse sequences. To our knowledge, no
studies have been reported comparing pulse
sequences on a 3T human scanner using a rat brain
glioma model.

The purpose of the current study was to
elucidate the optimal pulse sequence that provides
the highest obtainable signal enhancement using
gadopentetate dimeglumine (Gd-DTPA) in a rat
brain C6 glioma model on a 3T human whole-body
scanner.

Material and Methods

Protocols of all animal procedures were approved
by the ethics committee for animal research at the
National Cardiovascular Center. Male Sprague-
Dawley rats (Japan SLC, Inc.. Shizuoka, Japan)
were used. Rats had free access to food and water,
and were kept in uncrowded conditions (two/cage)
in a light-, temperature-, and humidity-regulated
room (light on 07.00-19.00, 23+3°C, and
50+ 20%).

Study design

T1 measurements in the brains of three normal rats
and phantom studies were performed to identify
pulse sequences, among which Gd-DTPA-induced
signal enhancements in rat C6 brain gliomas were
compared, and to determine pulse sequence para-
meters. Using the determined pulse sequences and
parameters, we examined five rats with developed
gliomas out of 20 rats that received C6 glioma
implantation in their thalamus region.
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MR imaging system

All scanning was performed on a 3T whole-body
scanner (Signa LX VH3M4; GE Healthcare,
Milwaukee, Wisc., USA) equipped with the manu-
facturer’s gradient system (maximum gradient
strength 40 mT/m: slew rate 150 mT/m/s).

For imaging rat brains, we built a three-turn
solenoid coil with a diameter of 42 mm and a length
along the cylindrical axis of 18 mm. The diameter
and length of this coil were adjusted to rat head size.
The helical pitch of the coil was wide enough to pass
the ear bars used to secure the rat’s head. The coil
was capable of transmission and reception, and was
tuned to an impedance of 50 2 at a resonant
frequency of 127.76 MHz. Capacitance was divided
into six elements in series, which were put at each
half turn. The coil was mounted on a fixing
apparatus (Narishige Co., Ltd., Tokyo, Japan)
using an acrylic jig specially designed for the coil
(Fig. 1). Rats were placed prone on the [ixing
apparatus. Rat heads were secured using an incisor
hook and ear bars. All components of the fixing
apparatus consisted of non-magnetic malterials.
During imaging, the fixing apparatus, on which
the rat and the coil were mounted, was placed in the
gantry so that the cylindrical axis of the coil and the
cranial-to-caudal direction of the rat were perpen-
dicular to a static magnetic field, and the center of
the rat brain was positioned at the magnet isocenter.

Measurement of T1 in normal rat brain

This measurement was performed to establish the
normal T1 value in the transplantation site (thala-
mus) of the C6 glioma cells. T1 values in the brain of
three normal rats (9-13 weeks old, 380+ 50 g) were

Fig. 1. The three-turn solenoid coil and the fixing apparatus used
for the imaging of rats in the present study. The coil was mounted on
the fixing apparatus using the specially designed acrylic jig.
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measured by using a saturation recovery method
with a variable repetition time (TR) SE imaging
sequence (16): TR 600, 1000, 2000, 4000, 8000 ms;
echo time (TE) 10 ms; bandwidth (BW) 16 kHz;
field of view (FOV) 40x30 mm; matrix size
256 x 160; slice thickness | mm; slice gap | mm;
number of slices 16; number of excitations (NEX) 1;
coronal plane. An 8-cm polyvinyl chloride tube with
an outer diameter of 2.7 mm was inserted into the
animal’s trachea, and the rats were ventilated with
an average of 2-3 ml per breath of a mixture of O,,
N, and air (2:1:10) using a small animal ventilator
(CWE SAR-830/AP Ventilator; CWE, Inc.,
Ardmore, Pa., USA) at an average of 80 breaths
per minute, Body temperature was monitored
rectally (36.0+0.5°C).

T1 values were estimated on a pixel-by-pixel basis
using the non-linear least-square fit of the signal
intensity measured for each TR value. In the
obtained T1 images, regions of interest (ROIs) were
placed on the thalamus, hippocampus, olfactory
bulb, cerebral cortex, corpus callosum, midbrain,
cerebellum, pons, cerebrospinal fluid, and muscle.
Mean T1 values were calculated from each ROIL A
mean and a standard deviation of the mean values
obtained from three rats were calculated.

Phantom study

Phantom preparation. Gd-DTPA (Magnevist; Bayer
Schering Pharma, Osaka, Japan) was diluted with
saline to obtain 19 solutions with different
concentrations (0, 0.01, 0.03, 0.05, 0.07, 0.1, 0.15,
0.2,0.25,0.3,0.5,0.7, 1, 3, 5, 7, 10, 30, and 50 mM).
Each solution was encapsulated in separate
polypropylene wvials with a diameter of 27 mm,
which were set in agar.

T1 measurement. T1 values of each Gd-DTPA
solution were measured at room temperature using
the same pulse sequence as the T1 measurement in
normal rats: TR 34, 100, 200, 400, 600, 800, 1000,
1200, 1400, 1600, 1800, 2000, 4000, 6000, 8000,
11,000, 15,000 ms; TE 9 ms; BW 16 kHz; FOV

210 x 158 mm; matrix size 256 x 192; slice thickness
3 mm; number of slices 1; NEX |. A standard
quadrature birdcage head coil was used.

Circular ROIs with 70-80% of the diameter of a
vial were placed on a homogeneous signal portion of
each phantom image. T1 values were estimated by
non-linear least-square fit of the average signal
intensity of all voxels in the ROI measured for each
TR value. Five measurements were performed for
phantoms, and the mean and standard deviation of
measured T1 values were calculated.

Choice of pulse sequences. We used a Gd-DTPA
saline solution (0.1 mM) with a T1 value close to
that in the normal thalamus as a corresponding
solution to the glioma in the thalamus region before
contrast. We hypothesized that T1 in the glioma
would not be so different from that in normal tissue.
Saline solutions with a higher concentration of Gd-
DTPA were regarded as a corresponding solution to
the glioma after contrast.

T1W images of each phantom were acquired at
room temperature (approximately 21°C) using four
clinically available pulse sequences (SE, fast SE
[FSE], IR-FSE [TIFLAIR], and fast spoiled GRE
[FSPGR]) (Table 1). A standard quadrature birde-
age head coil was used for the imaging of phantoms.

Circular ROIs with 70-80% of the diameter of the
vial were placed on a uniform signal portion of each
phantom. Mean signal intensities were calculated
from each ROI. For each sequence, signal enhance-
ments of each Gd-DTPA solution (Ep) were
calculated as Ep=S/S;, where S is the signal intensity
of each solution and S, is that of 0.1 mM of the
solution. The pulse sequences showing high Ep were
used for the imaging of C6 glioma model rats and
were compared based on Gd-DTPA-induced signal
enhancements in brain tumors, delineated by
histopathology.

Rat brain C6 glioma model study

Preparation of rat brain C6 glioma models. C6
glioma cells (CCL-107 cell line, ATCC; Summit
Pharmaceuticals International Corporation, Tokyo,

Table 1. Pulse sequences and imaging parameters used for imaging of saline phantoms containing gadopentetate dimeglumine (Gd-DTPA)

Pulse sequence TR, ms TE. ms TI, ms FA, o ETL BW, kHz NEX Acquisition time, min:s
SE 1400 14 — — - 16 1 4:46
FSE 1400 16 - — 3 32 1 1:52
TIFLAIR 3000 16 1300 — 3 32 | 400
FSPGR 20 3.2 - 30 — 32 10 0:39

For all pulse sequences, FOV was 210 x 158 mm, matrix was 256 x 192, the number of slices was |, and the slice thickness was 3 mm. SE: spin
echo; FSE: fast spin echo; TIFLAIR: inversion recovery fast spin echo; FSPGR: fast spoiled gradient echo; TR: repetition time; TE: echo
time; T1: inversion time; FA: flip angle; ETL: echo train length; BW: bandwidth; NEX: number of excitations.
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