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amplification. Curve fits to representative TTACs for resting,
beta-blocker and adenosine infusion studies are shown in
Fig. 5. The height of the TTACSs relative to the input function
comresponded well with the pharmacological challenges.
Compared 1o the resting studies, peaks of TTACSs relative
to the arterial input function were higher for adenosine and
lower after beta-blocker administration. Results of kinetic
firmng by the two- and three-comparmrment models are also
plotted on this figure. Visually, the three-compartment model
provided better fits than the two-compartment model to the
observed TTACs, which is pamticularly evident for the ininal
scan penod of the resting and adenosine studies,

Shown in Fig. 6a-¢ is the comparisons of K; obtained by
NLLSF (three-compartment model fit) with the microsphere

flow estimates. Values were averaged over the myocardial
segments in both axes, thus cach point corresponds to a
single study. There was good correlation between Ky and the
microsphere flow when no corrections were applied, but K,
significantly under-estimated the true flow (Fig. 6a). All the
corrections improved the K estimates (Fig. 6b d) and the
best agreement between Ky and microsphere flow was
observed when all three factors were corrected as described
in Eg. | (Fig. 6¢). Results of the regression analysis also
demonstrated the highest correlation coefficient when all
three correction factors were applied. Table | summarises
the results of the Akaike information criteria (AIC) and
Schwartz criteria (SC) obtained from the kinetic fitting
analysis for all myocardial segments of all subjects. Both
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Table 1 Summary of improvement in fit with the three-companiment 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 companment compartment partment {three-compartment better
than wo-compartment)”

Resting 35 6524 630.2 (p<0.01) 663 8 638.4 (p<0.01) 24 (69)

Beta-blocker 20 3784 3788 (p=ns.) 382.0 (p<0.01) 384.7 3(15)

Adenosine 45 4051 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 corresponding other value.

AIC: Akaike information criterion, SC: Schwarz criterion

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

compartment fit according to all eriterin (AIC, 5C),

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 TTACSs, but only 15% in beta-blocker TTACs.
As shown in Fig, 7a and b, the K, and V) values derived
from the rwo-compartment model fit showed significant
differences compared with those by the three-compartment
model. Both K; and V4 were under-estimated with the two-
compartment model fit compared with the three-compartment

Fig. 7 a Plot of K; estimates
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b Plot of ¥y estimates denved
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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 Ky, thus the bias introduced by the two-compartment
maodel fit can potentially be corrected. K, values by the three-
compartment model fit with all three corrections were (.86
0.36, 2.71+1.64 and 0.55+0.24 mUmin/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 Fy 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 obained from the two-companment model fit 1o the
full 4 h resting data. adenosine and beta-blocker infusion 1 h curves
and fit to first 1 h only of the restng study curves. Dala from the
multiple individual myocardial regions are shown

Figure 8 plots the ¥ 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 Vy 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 1-h resting values are not significantly different
from the beta-blocker V4 values nor the adenosine values.

Discussion

This study demonstrates that the kinetic analysis of quanti-
wtively 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
TTACSs to make the determination of kinetic parameters,
such as Ky and Fy, 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 Vy 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 fit in
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the clinical setting is particularly important if one intends to
shorten the study time or generate parametric images.

The three comrections for PVE, Her 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 stll 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 fiting [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 2017) 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 **'T1 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. |, 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 tue 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) o 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 smudy and a systematic study should be
designed to confirm this in clinical settings.

017 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 **'T1 is reporred as >0.8 [10] for a wide
flow range and is known 1o 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 characteristics,

Whilst the quantitative physiological parameter estima-
tion removed the systematic bias between MBF estimated by
“I71 dynamic SPECT and by microspheres, the spread of
data points around the regression line was rather large
(Figs. 6Ge and 7¢). This is not only due to possible errors in
the estimation of MBF from the “'Tl, 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 vaniability is attnbutable 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
vanous flow measurements.

‘g 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
Va values between rest, beta-blocker and adenosine studies
when fied 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.

Considerable spread in the V4 values observed over all dog
studies on the other hand was partially atributed to the
short (insufficient) scan time for rchable estimates of Vy.
With the exception of the large, outlying ¥y values in all 5
regions of | dog, the resting Vy values fell within a
relatively narrow range of 47 to 65 (mean+SD=55+6),
Given the sufficiently long scan time, significant reduction
in Vy in infarcted areas 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 Vy
estimates is not practical in the routine climcal serting. 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-distmbution
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 *'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 *°'T1.
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 cerchral
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

Single proton emission computed tomography (SPECT) images are degraded
by photon scatter making scatler compensation essential for accurate
reconstruction. Reconstruction-based scatter compensation with Monte Carlo
(MC) modelling of scatter shows promise for accurate scatter correction, but
it is normally hampered by long computation times. The aim of this work
was 1o accelerate the MC-based scatter compensation using coarse grid and
intermitient scatter modelling. The acceleration methods were compared 1o
un-accelerated implementation using MC-simulated projection data of the
mathematical cardiac 1orso (MCAT) phantom modelling “"Te uptake and
clinical myocardial perfusion studies. The results showed that when combined
the acceleration methods reduced the reconstruction time for 10 ordered subset
expectation maximization (OS-EM) iterations from 56 to 11 min without
a significant reduction in image quality indicating that the coarse grid and
intermittent scatter modelling are suitable for MC-based scatter compensation
in cardiac SPECT.

1. Introduction

The quality of single proton emission computed tomography (SPECT) is degraded by
attenuation, collimator blurring and scatter. Whereas attenuation and collimator blurring can
nowadays be corrected in clinically acceptable times, accurate and efficient scatter correction
has been proven to be a more difficult problem. This is mainly due to the fact that the shape
of the scatter point-spread function depends on the location inside the object and can be very
difficult to parametrize.

One very promising recently presented scatter compensation method is the Monte Carlo
(MC)-based scatter correction by Beekman ef al (2002). In this method, a MC simulator
is used as a forward-projector for scatter in the ordered subsel expectation maximization
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(OS-EM) algorithm (Hudson and Larkin 1994), MC-based scatnter modelling is expected 1o
be especially advantageous in areas where the attenuating media is highly non-uniform such
as the thorax, because it can faithfully produce the complex shape of the scatter response
function. The MC-based scatter compensation has been shown (o outperform the common
triple-energy window scatter compensation method in terms of contrast and myocardial lesion
detectability (Xiao et al 2006). Unfortunately, despite the considerable advances made in MC-
based scatter compensation its widespread utilization in clinical practice can still be limited
by long computation times.

Kadrmas et al (1998) have presented two simple and effective acceleration methods for
reconstruction-based scatter compensation. The first of these approaches is the coarse grid
scalter modelling method, which calculates the scatter contribution using sparser grid than is
used in the actual reconstruction. The second approach is the intermittent scatter modelling
method, where scatter is modelled only during the first couple of OS-EM iterations and then
held as a constant additive factor for the later iterations. Both of these approaches are based on
the assumption that the scatter response contains mainly low-frequency components and can
thus be modelled with a relatively large voxel size and not during the last OS-EM ierations,
Kadrmas ¢1 al presented their acceleration methods for the effective scatter source estimation
method (Frey and Tsui 1996) and showed that the performance of the accelerated scatter
compensation was very similar to the performance of the standard (un-accelerated) scatter
correction.

The goal of this work was to implement the coarse grid and intermittent scatter modelling
methods for MC-based scatter compensation and to evaluate their performance in case of
#mTe cardiac SPECT,

2. Materials and methods

2.1. Implementation of the MC simulator

MC simulations are based on sampling radioactive decays within a source volume and
following their interactions inside the attenuating media. Our MC simulator uses four differem
maps in the simulations: emission map for setting photons to be tracked, density map for
sampling interactions and primary and scatter maps for storing photon weights. The history
of each photon (primary or scatter) in our simple MC simulator is tracked shortly as follows:

(1) If the simulated photon is a primary the primary map is updated. Otherwise direction
cosines are sampled and random walk is started for the scatter photon,

(2) Photon interaction points are calculated using the delta scattering algorithm (Woodcock
i al 1965), which does not require ray tracing through the atienuating media. The basic
principle of delta scattering is that the path-length P between two “fictious™ interaction
points is sampled as P = —In(R)/ 1 ue, where R is a uniform random number and i,y is
the largest attenuation coefficient in the attenuating media (Ljungberg ef al 2005). At the
end of the sampled path a possible interaction is sampled according to established methods
or tracking is continued by sampling a new distance P according to the above-mentioned
equation.

(3) At each real interaction point photon weight is multiplied by the probability that no
photoelectric effect occurred and a copy of the original photon is forced to Compion
scatter towards the detector and scatter map is updated according 1o the convolution-
based forced detection approach (de Jong er al 2001).
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(4) Ir predetermined number of scattering events has not been reached, the history of the
original photon is continued by Compton scatter. New direction cosines are sampled
from the Klein-Nishina function and tracking is continued from (2).

After all the photons have been simulated the primary and scatter maps are multiplied by
probability that photon emitted from a certain voxel reaches the detector without interaction.
Then these maps are convolved with depth-dependent detector response function. which is
assumed o be Gaussian. The blurred primary and scatter maps are finally forward-projected
(o primary and scatter projections.

2.2, Implementation of the reconstruction algorithm with MC-based scatter compensation

The developed MC simulator was included into an OS-EM reconstruction algorithm as
forward-projector for the scattered counts as originally proposed by Beekman ef al (2002).
The OS-EM is given by

fl“

¥, sm,z_ Z,a,gj} +5 3
where [ is the reconstructed image, p is the measured projections. j (or k) is the reconstruction
voxel index, 7 is the projection pixel index, @, is the probability that emission from yoxel j
is detected in pixel i, 5 is the MC-based scatter projections and S, is the nth subset. The
image update in OS-EM consists of sequential forward- and back-projection operations.
The estimated projections are obtained by forward-projecting the current image estimate
(X: @ £7). and correction terms that are used 10 update the old image are formed by back-
projecting the ratio of the measured and estimated + scatter projections (Y, ¢ aj; F’T“'T)

In this work the forward- and back-projectors were implemented as rofation based
(Di Bella er al 1996). The back-projector included attenuation and detector response
compensation and the forward-projector attenuation, detector response and MC-based scatter
compensation,  Atenuation correction factors for each voxel were calculated simply by
summing the rotated attenuation map along columns. Detector response, on the other hand.
was modelled by convolving each plane of the reconstruction matrix parallel (o the projection
plane with collimator response kernel, which was assumed to be Gaussian. The scatter
projection for each projection angle was obtained by MC-based forward-projection of the
current image estimate.

2.3. Acceleration of MC-based scarter compensation

The coarse grid scatter modelling method was implemented by simply down-sampling the
current image estimate (and the atlenuation map) into a sparser matrix before the MC-based
forward-projection and linearly interpolating the scatter projections back to the onginal size
after forward-projection was finished. In the intermittent acceleration approach the MC-based
scarter modelling is performed only in the few early OS-EM iterations and after that the scatter
projections are kept fixed for remaining iterations.

2.4, Performance 1esis

Performance lests were performed using a female version of the mathematical cardiac torso
(MCAT) phantom (Tsui et al 1994), and the camera parameters are shown in table 1.
The MCAT phantom modelled normal human tissue densities in the thorax region and
the source distribution presented the ™ Tc uptake with the following relative activities per
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Figure 1. Comparison of scatter projections and profiles abtained with different down-sampling
factors (factor: | is scatter projection without down-sampling). Upper profile is obtamed from the
anterior projection and lower from the lateral projection. Locations of the profiles are shown as
honzontal Imes.
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Table 1. Camemn parameters for Monte Carlo simulations

Low-energy high-resolution collimator (4.0 ¢m hole length, 0,178 cm hole diameter)
0.4 em intrinsic detector resolution

9.0 energy resolution

15.04 energy window centred on 140 keV

23,0 emradius of rotation

voxel: myocardium 100, liver 50, kidney 100, spleen 80, lung 5 and rest of the body 2.5.
Twao lesions (anterior and inferior) with the relative uptake of 2.5 were included in the len
myocardium.

The effects of different down-sampling factors in the coarse grid scatter modelling scheme
were studied by performing MC simulations using the MCAT phantom. The pixel size was set
10 0.625 ¢m (64 x 64 projection and 64 x 64 x 64 image matrix size), Down-sampling factors
of 2 (64 x 64 x 64 image matrix down-sampled 10 32 x 32 x 32 matrix) and 4 (64 x 64 x
64 image matrix down-sampled (0 16 x 16 x 16 matrix size) were investigated. Figure |
presents anterior and lateral scatter projection images of the MCAT phantom. According
to this figure factor 4 produces slightly distorted scauter projections, and thus the down-
sampling factor was set 1o 2 for all the reconstructions accelerated with the coarse grid scatter
modelling.

The effect of the number of scatter update iterations was studied by using MCAT projection
data simulated using the SIMIND MC simulator (Ljungberg and Strand 198Y), The camera
parameters for this simulation are again shown in 1able 1. The number of simulated noise-free

_87__
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Figure 2. Companison of different number of scatter update iterations. Upper profile is obtained
from the anterior projection and lower from the lateral projection. Locations of the profiles are
shown as honizontal lines.

projections was 64 on a 360 orbit and pixel size was 0.3125 cm (128 x 128 projection and
128 x 128 x 128 image matrix size), The projections were collapsed 10 a 64 x 64 matrix size
before the reconstruction. Reconstruclion using the noise-free projection data was performed
with 16 subsets and 1-10 iterations, and the MC forward-projected scaller projections were
saved after every iteration. Figure 2 presents scatter projection images and profiles for different
iteration numbers, and these images show that the scatter projections do not change markedly
afier two iterations. Therefore, in the following performance tests only two scatter ilerations
were used when intermittent scatter modelling was applied.

The acceleration methods were tested using the same MCAT projection data that were
used to find the scatter iterations stopping point. Poisson noise was added to the noise-
free projections by setting number of total counts to 5 million. The projections were
reconstructed without scatter compensation, with the MC-based scatter compensation but
without acceleration, with coarse grid scatter modelling (down-sampling factor of 2), with
mntermitient scatter modelling (scatter updated during the first two iterations) and with both
aceelerations applied at the same ime. Number of MC simulated photons per projection angle
was set 1o 1.0 million and 16 subsets with 10 iterations were used. Afier reconstruction images
were filtered with a 3D Butterworth filter (order: 5, cutoff: 1.0 em '), transverse slices were
zoomed and reoriented into short-axis slices, Regions of interest (ROI) were drawn on the
normal myocardium, ventricle and on the anterior /inferior defect areas. Normal myocardium
to ventricle and normal myocardium to lesion contrasis were calculated.

In addition to Monte Carlo simulations the acceleration methods were also tested using
a clinical *™T¢ myocardial stress/rest perfusion study acquired with the Siemens Symbia
SPECT/CT scanner. Low-energy high-resolution parallel hole collimators were used, and
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Figure }. Shori-axis slices and profiles through the hean of the MCAT phantom for reconstruction

th scatter © P ion (no scatter) and with MC-based scatter compensation without
leration (no acceleration) and with coarse grid + internuttent scatter modellmg (combined)
l\‘.caulu for other acceleration methods are not shown. because they overlap the coarse gnd +
scalter compensation profiles. Upper profile is obtained from the image with inferior

lesion and lower with anterior bmun Locations of the profiles are shown as vertical lines.

Table 2. Lesion-to-pormal myocardium and ventricle-to-normal myocardium contrasts for
different MC-based scatter compensation acceleration schemes.

Contrast
Scatler compensation
method Acceleration method Anterior  Inferior  Venricle
No compensation 057 0.51 0,80
MC-based No acceleration .64 (.58 0.491
Coarse grid 0.65 0.59 093
Intermittent 0.62 0,60 0493
Coarse grid+intermittent  0.64 0.59 09

60 projection angles over a 180" arc were acquired using a symmetric 15% energy window
centred at 140 keV.

3. Results
Figure 3 shows short-axis slices and profiles through the left ventricle of the MCAT phantom

for reconstruction without scatter compensation and with the MC-based scatter compensation
without acceleration and with coarse grid + intermittent scatter modelling. Profiles for the
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Figure 4. Example short-axis (first column), vertical long-axis (second column) and horizontal
long-axis (third column) slices from & clinical rest myocardial perfusion study for reconstruction
without scatter compensation {lirst row), with MC-based scatter compensation without acceleration
(second row ) and with coarse gnd +intermittent scatter modelling (third row)

un-accelerated and accelerated scatter compensation practically overlap indicating similar
performance. This same conclusion can also be drawn from table 2, which presents the lesion
and ventricle contrasts. All the scatter compensation methods offer very similar contrast values
and clearly improve contrast when compared to reconstruction without scatter compensation
Figure 4 presents results for the resting clinical study (for the stress study the findings in
image uality were identical to the resting study). It can be seen that the images reconstructed
with and without MC-based scatter compensation acceleration are nearly identical. Table 3
presents the approximate reconstruction times for different scatter compensation methods

4. Discussion

The aim of this study was 10 accelerate the MC-based scatler compensation using the
coarse grid and intermittent scatter modelling methods. Both of these acceleration methods
proved 1o provide clear improvement in execution times without any marked degradation in
image quality when compared to un-accelerated version of MC-based scatter-compensation
(tables 2 and 3, figures 3 and 4). The greatest improvement in terms of speed was obtained by
combining the two acceleration methods

90
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Table 3. Approximate reconstruction times (10 iterations, 16 subsets and | million photons per
projection) for different MC-based scatter compensation accelération schemes. Reconstructions
were performed using 2.33 GHz Pentium processor with § GB RAM.

Scatier compensation method  Acceleration method Time ( nuni

No compensation 08

MC-based No acceleration 55.6
Coarse gnd 534
Internuttent 11.6

Coarse prid + intermittent 112

The comparison studies for the scatter compensation methods were performed with
64 x 64 x 64 matrix sizes and coarse-grid down-sampling factor of 2 was used, because
larger down-sampling factors could not fully preserve the details of the scatier projections
(figure 1). With larger matrix sizes than 64 x 64 x 64 larger down-sampling factors could
probably be used for higher acceleration. This was not studied in this work, because in the
case of cardiac SPECT 64 x 64 x 64 matrix size is vsually considered the standard.

The acceleration achieved with the coarse grid scatter modelling depends also on the
implementation of the MC simulator that is used in the forward-projection. As mentioned. our
MC simulator is based on the delta scattering technique (Woodcock ef al 1965), which allows
calculation of the photon interaction points without time-consuming ray tracing. Therefore,
the coarse-grid scatter modelling provided acceleration mainly because the collimator response
and anenuation modelling were performed with the sparser matrix. In the case of 1 million
simulated photons per projection the time needed to model the collimator response and
attenuation is, however. only a small fraction of the time that is spent in sampling the various
probability distributions in the MC calculations. Thus the speed-up provided by the coarse-
grid scatter modelling is quite small, but can be much greater if a smaller number of simulated
photons are used. In addition, if a ray-tracing-based MC algorithm is used instead of delta
scattering. coarse-grid scatter modelling will probably increase the speed much more, because
the efficiency of ray tracing depends heavily on the matrix size.

In this study the scater projections were not noticed to change markedly after 1wo
iterations, and thus in the intermittent scarter modelling scheme scatter projections were
updated only during the first two OS-EM iterations. The number of scatter iterations needed
may. however. depend on the imaging situation as mentioned by Kadrmas er al (199%) and
should therefore be checked before using intermittent scater modelling as an acceleration
method.

One important thing that was not considered in detail in this work is the number of
simulated photons per projection. We chose the 1 million photons per projection according to
our preliminary studies, where we compared the quality of images reconstructed using different
number of simulated photons and noticed that vsing over 1 million photons per projection
does not lead to a significant increase in image quality. The performance of MC-based scatter
compensation is, however, quite complicated because it is not only influenced by the number
of simulated photons but also by the interplay of noise in attenuation map/projection data and
the number of simulated photons. Therefore, a detailed study of noise effects, e.g, similar to
the one presented by de Wit éf al (2005), is probably needed in the future. If different number
of photons per projection are 1o be used the speed-up factors might not be the same as in
tahle 2.

Faster reconstruction times with MC-based scatter compensation than those shown in
table 3 have been presented in the literature (e.g. de Wit eral (2005) and Xiao er al (2006)). This
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speed difference is probably mainly related to algorithm implementation. Our reconstruction
algorithm is not yet fully optimized, and we believe thal we can greatly reduce the execution
time of our reconstruction. In addition to direct code optimization, we are also planning 1o
parallelize our code for multi-core processors. The acceleration methods presented in this
wuork should be very suitable for different parallelization schemes, because they do not affect
the general structure of the OS-EM reconsiruction algorithm.

5. Condusions

We conclude that both the coarse grid and the intermittent scatter modelling methods are
suitable for accelerating MC-based scatter compensation, and with these methods MC-based
scatter compensation is a promising alternative for clinical cardiac SPECT.
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Comparison of Gd-DTPA-Induced Signal Enhancements in Rat Brain C6
Glioma among Different Pulse Sequences in 3-Tesla Magnetic Resonance
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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 ghoma in their thalamus
were examined. Tl-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: E; was 1.12+0.05 for FSE, 1.26+0.11 for FSPGR, and 1.20+0.11 for SE.
FSPGR showed significantly higher signal enhancement than FSE and comparable
enhancement to SE.

Conclusion: FSPGR 1s superior to FSE and comparable to SE in its ability to delineate
rat brain C6 ghoma in the thalamus region.

Key words: Brain; contrast agents, MR imaging

Hiroshi Sato, Laboratory for Diagnostic Solutions, Advanced Medical Engineering Center,
Research Institute, National Cardiovascular Center, 5-7-1 Fujishiro-dai, Suita, Osaka 563-
8565, Japan (fax. +81 6 6835 5429, e-mail. camo@rineve.go jp)

Accepred for publication August 5, 2007

Tl-shortening contrast media are routinely used in
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)
technigue has been most frequently used for TI-
weighted (TIW) 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
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studies have reported that GRE techniques compare
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-
HuUMANN 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
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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
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.

wis 1o

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 4+ 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 Lo 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 50Q 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 (Nanishige Co., Ltd.,, Tokyo, Japan)
using an acrylic jig specially designed for the coil
(Fig. I). Rats were placed prone on the fixing
apparatus. Rat heads were secured using an incisor
hook and ear bars. All components of the fixing
apparatus consisted of non-magnetic materials.
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 T 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 vanable 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; shce thickness | mm; slice gap | mm;
number of slices 16; number of excitations (NEX) |;
coronal plane. An 8-cm polyvinyl chloride tube with
an outer diameter of 2.7 mm was inserted into the
amimal’s trachea, and the rats were ventilated with
an average of 23 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 cach TR walue. 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 fMuid, and muscle.
Mean TI values were calculated from each ROL 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 vials with a diameter of 27 mm,
which were set in agar.

71 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, 3000,
11,000, 15000 ms; TE 9 ms; BW 16 kHz; FOV

Table |. Pulse sequences and i para s used for

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

Circular ROIs with 70 80% of the diameter of a
vial were placed on a homogeneous signal portion of
cach 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 Tl 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.

TIW mages of cach 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 ol 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, delincated by
histopathology.

Rat brain C6 glioma model study

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

adk di 1

1Gd-DTPA)

a8 ¥

¢ of saline ph

g
B e ¥

Pulse sequence TR, ms TE, ms T1, ms FA, ETL BW, kHz NEX Acquisition time, min:s
SE 1400 14 16 | 446
FSE 1400 16 3 11 | 1:52
TIFLAIR 3000 16 1300 - i 12 1 4:00
FSPGR 20 32 i} 32 10 0:39

For all pulse sequences. FOV was 210 x | 58 mm. matrix was 256 x 192 the number of slices was 1. 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 ume: TE: echo
time; T1: mversion time; FA: flip angle: ETL: echo train length; BW: bandwidth, NEX- number of excitations
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Japan) were implanted into the region of the
thalamus in the left hemispheres of the brains of
20 rats (8 weeks old, 292.8+148¢g). The
implantation procedures were performed under
general anesthesia using an intramuscular injection
of ketamine (33 mg/kg; Sankyo Co., Lid., Tokyo,
Japan) and «xylazine (7 mg/kg: Bayer AG,
Leverkusen, Germany). A burr hole was made
3 mm lateral and 2 mm posterior to the bregma
using a dental drill. A needle with an outer diameter
of 0.3 mm was inserted 4 mm below the outer table
of the skull through the burr hole. A 10-ul solution
containing 107 cells/ml was infused over 5 min at a
constant rate using a microsyringe (Hamilton Co.,
Reno, Nev., USA) and infusion pump (Eicom
Corp., Kyoto, Japan).

MR imaging. Two weeks after implantation, all 20
rats underwent screening by TIW imaging after Gd-
DTPA administration. Developed glioma was
confirmed in only five out of 20 rats. Those five
rats were used for experiments for the comparison
of pulse sequences. Three weeks after implantation,
when the glioma was fully developed, TIW brain
images of the selected five rats (11 weeks old,
301.3+29.0 g) were acquired before and after Gd-
DTPA administration using three pulse sequences
determined by the phantom study (Table 2) in the
coronal plane. Rats were given general anesthesia
with an intramuscular injection of a ketamine
(33 mg/kg) and xylazine (7 mg/kg) mixture, and
allowed to breathe spontaneously during
preparation and imaging. First, precontrast TIW
images were acquired. Then, a dose of 0.1 mmol/kg
of Gd-DTPA was administered by hand injection
followed by a 3.0-ml saline flush through a 22G
indwelling needle placed in a tail or femoral vein.
Postcontrast TIW imaging started | min after Gd-
DTPA administration with identical settings to the
precontrast imaging. Each rat was examined using
all three pulse sequences (Table 2). In order to
climinate the effect of previously administered Gd-
DTPA, three scans using different pulse sequences

were performed on three separate days, at 22- to 26-
hour intervals, in a randomized order.

RO!  analysis. Based on the results of
histopathology (see below), ROIs were placed on a
portion of each glioma. Areas of necrosis or
hemorrhage were excluded from the ROI. Mean
signal intensities in the pre- and postcontrast TIW
images were calculated from each ROI. For each
sequence, signal enhancement of each glioma (E;)
was calculated as E+=S,u/S;.. where Spost 18 signal
intensity in the glioma after contrast and S, is that
before contrast,

Histopathology

One day after MR imaging, rat brains were removed
and fixed in formalin. All brains were completely
coronally sectioned. Sections were stained with
hematoxylin and eosin (HE) in order 1o delineate
areas of ghoma, hemorrhage, and necrosis.

Statistical analysis

All parameters assessed were given as means +
standard deviations, Pair-wise comparison among
pulse sequences was performed using the Tukey-
Kramer test. A P value of <0.05 was considered
statistically significant.

Results

11 in normal rat brains

Fig. 2 shows images from one of the three normal
rals used to quantitate T1 values in the brain,
Table 3 summarizes the T1 values of typical brain
structures. The TI value in the thalamus was
1405 + 32 ms.

T1 of Gd-DTPA solutions

Fig. 3 shows selected images from a series of 17
images obtained with different TR values. Table 4
summarizes T1 values in the Gd-DTPA solutions

Table 2. Pulse and imaging p s used for imaging of rat brains with €6 glioma cell implants

Pulse sequence TR, ms TE. ms FA, ETL BW. kHz NEX Acquisition tinte, min:s
SE 1400 13 - 16 1 446

FSE 1400 18,6 - 3 32 3 4:32

FSPGR 20 47 0 1 8 5:40

For all pulse sequences, FOV was 60 x 45 mm. matrix was 256 x 192, the number of slices was 11, and the slice thickness was 2.5 mm (0, S-mm
gap). SE: spin echo: FSE: fast spin echo; FSPGR: fast spoiled gradient echo: TR: repetition time: TE: echo time; FA: flip angle; ETL: echo

triin length: BW: bandwidth, NEX: number of excitations.
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Gd-DTPA-Induced Signal Enhancements in Rat Brain C6 Glioma 5

Fig. 2. | es from one of three rats used for the measurement of T1 values in ne
images are arranged from left to nght in ascending order of repetition time. All five is
level
Table 3. Tl relaxation time in normal rat brain s 37
Tl. ms
T halamus 1405+ 12
Hippocampus 17794 151
Olfactory bulb 16134117
Cerebral cortex 15064 13
Corpus callosum 1389 4+ 43
Midbramn 1329+ 50
Cerebellum 1726+ 356
Pons 1343480
Cerchrospinal flud 460+ 737
Muscle 1320+99

Mean and standard devianion of values obtained from three rats

ranging from 0 to 10mM. In 30 and 50 mM
solutions, an accurate Tl value could not be
measured because of extensive signal loss due to
T2 decay. The 0.1-mM solution showed a T1 value
(1302 + 54 ms) closest to that in the normal thala-
mus (1405 + 32 ms)

3 Images obtamed n the measurement of T1 values of 19
¢ solutions with different concentrations of gadopentetate
dimeglumine (0, 0.01, 0.03, 005, 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). The four selected images from a
images obtained with different TR values are shown
Each solution was encapsulated in separate polypropylenc wials
which were set in agar. The concentration of gadopentetate
dimeglumine decreases from botlom to top and from left to right
Arrows and arrowheads denote the 50-mM and O-mM solutions.
respectively. All four images are set with equal window width and
equal window level

Fig

series of 17
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The Charlesworth Group, Wakefield +44(011924 369508 - He 751WW [Jan 20 2003

vl brain. One of 16 slices acguired 15 shown The
are set with equal window width and equal window

Table 4. TI of saline with different concentrations of Gd-DTPA at

Gd-DTPA concentration, mM Tl ms

0

0.0]
003
0.0%
00
0

13454 108

1970 +92

0.
0
(]
0

R

10
30
50

standard  deviation of values obtamed from five

measurements

Mean and

Choice of pulse sequences

Fig. 4 shows Ep in the Gd-DTPA solutions ranging
from 0.1 to 50 mM. In Gd-DTPA solutions ranging
from 0.15 to 30 mM, a higher Ep was obtained as
follows: FSPGR >SE >FSE >TIFLAIR. Because
Ep for TIFLAIR was lowest at all concentrations,
TIFLAIR was not used for the imaging of rat brain
{umors.

Based on our preliminary experiments, the Tl
value in the glioma in the thalamus region afler
contrast was about 90% of that before contrast
Therefore, we regarded the 0.15-mM solution as a
corresponding solution to glioma after contrast, and
compared Ep values at 0.15 mM obtained using
different sequences (Fig. 5). Ep at 0.15 mM was
1.10+0.02 for FSE, 1.164001 for FSPGR,
1.164+0.01 for SE, and 1.06+0.01 for TIFLAIR
The Tukey-Kramer test showed significant differ-
ences (P<0.05) between all pairs except for
FSPGR SE. Ep for FSPGR was significantly higher
than that for FSE and TIFLAIR and comparable to
that for SE
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Fig. 4. Signal enhancements in saline solutions containing gado-
pentetate dimeglumine (Gd-DTPA) obtained by the following pulse
sequences: spin echo (SE): fast spin echo (FSE): inversion recovery
fast spin echo (TIFLAIR) fast spoiled gradient echo (FSPGR)
Signal enhancement was the signal intensity scaled by that of a (.1-
mM Gd-DTPA solution whose T1 value was closest 1o the avernge
'l value in the bravin parenchyma of normal rats

Signal enhancement in rar brain C6 glioma

Fig. 6 displays typical pre- and posicontrast TIW
images of brains of C6 ghoma model rats, together
with an example of ROIs placed on the glioma and
HE-stained slices. Fig. 7 shows the comparison
between Ey values for FSE, SE, and FSPGR. E;
values were 1,12+0.05 for FSE, 1.26+0.11 for
FSPGR, and 1.204+0.11 for SE. The Tukey-Kramer
test showed the significant superiority of FSPGR
over FSE. There was no significant difference
between FSPGR and SE.

Discussion

TIW imaging using SE results in a corresponding
restriction in the number of slices as a result of the
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Fig 5. Signal enhancement of saline solution with 0.15 mM Gd-
DTPA obtined using different pulse sequences: spin echo 1SE); fast
spin echo (FSE), inversion recovery fast spin echo (TIFLAIR ) fast
spoiled gradient echo (FSPGR). Signal enhancement was defined as
the signal intensity of a 0.15-mM solution scaled by that of a 0.1-mM
solution. The Tukey-Kramer test was performed for pair-wise
panson among four pubse sequences. The asterisk and NS
e significant difference (P <0.05) and no significant difference
-0.05). respectively
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Fig. 6. Examples of pre- (A, C
coronal T l-weighted images oblained using fast spin-echo (FSE) (A,

E) and postcontrast (B, D, F)

B). fast spoiled gradient-echo (FSPGR) (C, D). and spin-echo (SE)
(E. F) sequences. A region of interest (ROT) placed on the ghioma (G)
and a shice stained using hematoxylin and eosm (HE) (H). T1-
weighted images were acquired 3 weeks after the implantation of C6
ghoma cells. Areas of necrosis or hemorrhage, which were delineated
based on histopathology. were excluded from ROls. In the HE-
stained shce, small-cell glioma (arrowhead), hemorrhage (asterisk),
and necrosis {arrow) were found
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Fig. 7. Signal enhancement in rat brain C6 glioma obtained with
different pulse sequences: spin echo (SE); fast spin echo (FSE); fast
spoiled gradient echo (FSPGR). Signal enhancemient was defined as
the signal intensity after Gd-DTPA administration scaled by that
before administration. The pair-wise comparison among pulse
sequences was performed using the Tukey-Kramer test. NS denotes
no significant difference (P >0.05)

262880

98



