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Abstract

Purpose 2°'T| has been extensively used for myocardial
perfusion and viability assessment. Unlike **™Tc-labelled
agents, such as **™Tc-sestamibi and **™Tc-tetrofosmine, the
regional concentration of *°' Tl varies with time. This study
is intended to validate a kinetic modelling approach for in
vivo quantitative estimation of regional myocardial blood
flow (MBF) and volume of distribution of 2°'TI using
dynamic SPECT.

Methods Dynamic SPECT was carried out on 20 normal
canines after the intravenous administration of 2*' Tl using a
commercial SPECT system. Seven animals were studied at
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rest, nine during adenosine infusion, and four after beta-blocker
administration. Quantitative images were reconstructed with
a previously validated technique, employing OS-EM with
attenuation-correction, and transmission-dependent convolu-
tion subtraction scatter correction. Measured regional time—
activity curves in myocardial segments were fitted to two-
and three-compartment models. Regional MBF was defined
as the influx rate constant (K,) with corrections for the partial
volume effect, haematocrit and limited first-pass extraction
fraction, and was compared with that determined from
radio-labelled microspheres experiments.

Results Regional time-activity curves responded well to
pharmacological stress. Quantitative MBF values were higher
with adenosine and decreased after beta-blocker compared to
a resting condition. MBFs obtained with SPECT (MBFspgcr)
correlated well with the MBF values obtained by the radio-
labelled microspheres (MBFys) (MBFspeer=-0.067+
1.042xMBFys, p<0.001). The three-compartment model
provided better fit than the two-compartment model, but the
difference in MBF values between the two methods was small
and could be accounted for with a simple linear regression.
Conclusion Absolute quantitation of regional MBF, for a
wide physiological flow range, appears to be feasible using
207T] and dynamic SPECT.

Keywords Myocardial blood flow - Dynamic SPECT -
Thallium-201 - Compartment model - Quantitation

Introduction

Myocardial perfusion imaging using Thallium-201 '
is well established in routine clinical practice for detecting
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exercise-induced myocardial ischaemia and/or for assessing
myocardial viability in patients with coronary artery disease.
The diagnosis, however, has been limited to qualitative or
visual assessment of the physical extent of the defect areas
rather than quantitative assessment of physiological functions.
Quantitative methods would for example enable longitudinal
studies when assessing therapy response and pharmacological
interventions. Some groups have already investigated the
feasibility of estimating quantitative parameters with dynamic
SPECT in the myocardium using 20071 [1] and 99me.
Teboroxime [, 2], but these techniques have not yet been
applied to clinical practice. This is largely attributed to the
fact that quantitative reconstruction programmes are not
readily available on commercial SPECT systems.

We have developed a reconstruction programme package
for SPECT, which can accurately provide quantitative
images of radio-labelled tracer distributions in vivo, which
is a pre-requisite for absolute physiological parameter
estimation. The adequacy and accuracy of these methods
have been demonstrated in multiple papers for **™Tc and
2017 in cardiac studies [3-5], and for **™Tc and '*’I in
brain studies [6]. It has also been demonstrated, in brain
studies, that physiological parameters such as cerebral
perfusion [6] and cerebral flow reactivity {7] obtained using
our package were as accurate as those determined by PET.
These findings suggest that absolute quantitation of regional
myocardial perfusion might also be possible in a clinical
setting using commercial SPECT cameras.

2'7] is a potassium analogue, and its kinetics has been
extensively investigated in previous studies {8, 9]. Due to the
high first-pass extraction fraction (EF) [10] and a large
distribution volume, 2°'TI has been considered an ideal tracer
for quantitation of absolute myocardial blood flow, not only
at rest but also at hyperemic conditions. As a clinical
implication, quantitative 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 cardiomy-
opathy or with heart faiture is an un-resolved important issue to
answer [11]. Coronary flow reserve can also be reduced in
patients with hyper-cholesterolemia without overt coronary
stenosis [12]. The low energy and long half-life of 21T] have,
however, seriously limited its use in nuclear cardiology.

The goal of this study was to validate our reconstruction
methodology for the estimation of myocardial blood flow
using 2°'T1 and dynamic SPECT using tissue time-activity
curves (TTAC) derived from myocardial regions. In
addition, we aimed to find the optimal kinetic model
configuration and to investigate the factors affecting the
estimation of physiological parameters such as the partial
volume effect (PVE), appropriate choice of input function,
conversion from plasma to blood flow using haematocrit
(Hct) and the limited first-pass tracer EF.
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Materials and methods
Subjects

A total of 21 dogs were studied in which 8 were in a resting
condition, 9 dogs during constant infusion of adenosine for
increased MBF, and 4 dogs during constant infusion of
beta-blocker. Of the 21 studies, 1 study was un-successful
and projection data could not be retrieved from the scanner,
reducing the number of resting studies to 7 and total dog
studies to 20. Adenosine was infused continuously over the
study duration at a rate ranging from 140 to 700 mg/kg/h to
achieve a range of blood flow increases. An initial dose of
beta-blockers ranging from 2 to 6 mg was given, followed
by a constant infusion for the duration of the study of 2 or
4 mg/h. The study protocol was approved by the animal
ethics committee at the Akita Research Institute of Brain,
Akita City, Japan where all experiments were carried out.

SPECT procedures

All dogs were anaesthetised, and the catheters for dose
administration and arterial blood sampling were inserted
before the study. The SPECT system was a conventional
dual-head gamma camera (Toshiba GCA-7200A, Tokyo,
Japan) fitted with short focal length fan-beam collimators
(LEHR-Fan). The transverse field-of-view (FOV) was 22 cm
diameter and axial FOV was 20 cm. The dogs were carefully
taped into a cradle to minimise motion during the study,
and also to ensure that no truncation occurred. Heart rate and
blood pressure were monitored throughout the study and
recorded at regular intervals.

Before the injection of any tracer, a 15-min transmission
study was carried out in which a rod source filled with
approximately 740 MBq of %mTc was placed along the
focal line of one of the fan-beam collimators (see Fig. 1).
The transmission study was followed by injection of 3 MBq
of '"*!'Ce microspheres into the left ventricle via a catheter
and blood was withdrawn from the aorta at a constant flow
rate of 5 ml/min for 2 min to serve as an input function. For
the pharmacological intervention studies, adenosine infu-
sion or beta-blocker injection followed by infusion was
commenced before the '*'Ce microsphere administration.

Dynamic SPECT was commenced with the start of the
4-min constant infusion of 110 MBgq *°'Tl. The frame
collection rates and 360° rotation times were 10x1 min
(rotation time 15 s), 6x2 min (30 s), 3x4 min (60 s) and
5x5 min (60 s) for the first hour for all studies. Resting
blood flow studies had an additional 18x10 min (120 s)
frames collected for a total study period over 4 h. The
shorter total study time for the drug infusion studies was
mandated by the difficulties in keeping the dogs stable with
prolonged infusions of the drugs used. A 34% energy
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Fig. 1 Schematic diagram of data acquisition using a clinical dual-
headed SPECT camera fitted with fan-beam collimators. Transmission
scan was performed using a *™Tec-filled rod source placed at a focal

window centred on 77 keV was used for the *'Tl
acquisitions [4, 13].

Arterial blood samples were taken every 20 s for the first
6 min, every 60 s for 6-10 min, 120 s for 10-20 min, 300 s
for 20-30 min and 600 s for 30-60 min. For the resting
studies, blood samples were also taken every 20 min for
1-2 h and additional samples at 2.5, 3 and 4 h post->"'Tl
infusion. In six studies, plasma was separated immediately
after sampling by centrifugation, and plasma samples were
counted in a well counter cross-calibrated with the SPECT
scanner. To minimise the effects of the continued exchange
of *"'Tl between plasma and red blood cells in the test
tubes after sampling, immediate, rapid separation of plasma
from whole blood was required. An averaged relationship
between plasma and whole blood concentration ratio over
time was obtained, and then multiplied with the whole blood
curves for all studies to derive a plasma input function.

At the end of the SPECT study, the microsphere blood
flow measurement was repeated with *'Cr microspheres.
The dogs were then killed by injection of potassium
chloride (KCIl) and the myocardium was dissected into
samples suitable for counting in the well counter. The **'Tl
concentration in the tissue samples was derived from the
sample weight normalised gamma counter counts. The
samples were stored to allow for the decay of XF] {7 o=
73 h vs T,,,=32.5 days for '*'Ce and 27.8 days for *'Cr)
and then counted to measure the "'Ce and *'Cr activities.
Separation between '*'Ce and *'Cr counts was based on
their respective gamma ray energies (145 keV for '*'Ce and
323 keV for *'Cr)

SPECT data processing
Projection data were processed according to previously

described procedures [3]. Briefly, the transimission data
obtained by the fan-beam collimator were first re-binned

line of one of the collimators, and only one of the detectors was used
(efr). Both detectors were used in the emission scan (right)

into parallel projections. Transmission projections were
normalised by blank projection, re-constructed to generate
quantitative maps of the attenuation coefficient for Wi
and then linearly scaled to provide attenuation correction
maps for 2°'TI. Emission data were corrected for detector
non-uniformity and also re-binned into parallel projections.
The projection data were then corrected for scatter with
transmission-dependent convolution subtraction (TDCS)
originally proposed by Meikle et al. [I4] and further
optimised by our group [+, 3]. The emission projection
data were re-constructed with the OS-EM reconstruction
algorithm [13] using three iterations and ten subsets. The
re-constructed images were cross-calibrated with the well
counter system.

Data analysis

Re-constructed images were normalised by acquisition time
for each frame. Multiple circular regions of interest (ROI)
were drawn on the myocardium, and the TTAC of 206
were generated for the anterior, apical, lateral, posterior and
septal areas of the myocardium. The two-compartment
model (one tissue compartment) and three-compartment
model (two tissue compartments) shown in Fig. 2 were
applied to determine two parameters (K, and K,) for the
two-compartment model and four parameters (K,—K4) for
the three-compartment model by means of non-linear least
squares fitting (NLLSF).

The regional MBF was considered to be related to K,
obtained from compartment model fits. K, is, however,
affected by the PVE, Hct and the limited first-pass EF
whose effects were corrected according to Eq. |:

MBF el K (1
B —
EF (]l —He) = )
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Fig. 2 Two- and three-compartment models evaluated in this study. £, in
units of ml/min/g denotes the regional MBF for both models. Distribution
volume (V) in units of ml/g is defined as K\/K; for the two-compartment
mode, and £ (1 +‘E for the three-compartment model

The physiological basis for the correction factors in Eq. 1
can be described as follows:

1. TTACs obtained from SPECT images are under-estimated
due to the limited spatial resolution relative to the
myocardial wall thickness and also due the myocardial
contractile motion. This phenomenon is known as PVE.
The PVE correction factor for each TTAC was deter-
mined from the ratio of the last SPECT frame counts to
the 2°' Tl myocardial tissue sample counts obtained from
the tissue samples taken and measured with the well
counter at the end of the SPECT scan.

2. The arterial input function for the compartment model
studies was defined from the plasma radioactivity
concentration curve, rather than the whole blood radio-
activity curve. K| is therefore the regional “plasma” flow.
Thus, for comparison with the microsphere flow measure-
ments, which estimates the whole blood flow, K was
divided by (1—Hct) to obtain the flow for the total blood.

3. For a tracer with limited first-pass EF<1.0, flow (MBF)
is related to K; by K;=EFxMBF. The first-pass EF is
flow-dependent and decreases at high flow. We have
applied an empirical formulation for the first-pass EF
based on the*data by Weich et al. [10] (EF=0.84—
0.524-log o(K, ) where K| is K, /(1—Hct). The K,
values obtained with two- and three-compartment models
with/without corrections according to Eq. | were com-
pared to the average of microsphere blood flow values
obtained pre- and post-dynamic SPECT scan.

The distribution volume of 2°' Tl (V4) was defined as

V4 = — for the two — compartment model (2a)

K K
Vs = =L (1 + %) for the three — compartment model.
4

(2b)
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As mentioned before, the resting studies were collected
for 4 h, whilst the adenosine and beta-blocker studies were
collected for approximately 1 h. To investigate whether the
shorter collection time introduces systematic bias, NLLSF
fits restricted to the first 1 h of the resting study data were
also performed and compared with the V4 values from the
full 4 h resting data set and with the estimates obtained
from the beta-blocker and adenosine studies.

Akaike information criterion (AIC) and Schwarz criterion
(SC) were calculated for both two-compartment and three-
compartment model fits [16] to test the adequacy of the two
models. All data are presented as mean=1 SD. Student's
{ test was employed in the comparison of the V4 values.
Pearson's regression analysis was applied to compare K,
and microsphere flow values. A probability value of <0.05
was considered statistically significant.

Results

Figure 3 shows the plasma to whole blood concentration
ratios in the six dogs with rapid plasma separation and the
averaged data. Equilibrium is reached afier about 40 min,
at which time the mean ratio was found to be 0.76. As
expected, relative plasma concentration is highest early on
as the tracer is injected into the plasma (and not red blood
cells). 2°'T1 is rapidly cleared from the plasma causing a
rapid decline in relative plasma concentration and “under-
shoot” before equilibrium is established. Samples left for a
prolonged period before plasma separation showed the value
of approximately 0.78, which was close to the plasma to
whole blood concentrations ratio at the equilibrium shown in

1.6 T T T T T

Dog 11 + Dogls

¢ Doglé

A Mean Ratio

Mean Data Curve Fit

x ¢ OO

+

Plasma To Whale Blood Concentration Ratio
o

0.4 2 L ) ) "
0 10 20 30 49 50 60

Sample Time (min)
Fig. 3 Individual and mean plasma to whole blood concentration
ratios over time for the six dogs with rapid plasma separation. Error
bars indicate the standard error of the mean. Solid line is the curve fit
to mean ratio data
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Fig. 4 A rypical example of
sequential SPECT images of the
myocardium for six representa-
tive slices after intravenous injec-
tion of °'T1 into a canine at rest

Fig. 5. The plasma to whole blood ratio curves could be
approximated by the following equation:

e \ \
Ryjpeis = Age MY 4 4, (i i P (3)

which resulted in 45=1.30320.045, 4,=0.7649=0.0056,
A1=0.03636£0.0039 min~', A;=0.1263+0.0077 min~' and
Ar=0.9516+0.41 min. The correlation coefficient for the fit
was =0.995,

40000

Figure 4 shows a typical example of sequential images
after the intravenous injection of "' T for six representative
slices of a dog studied at rest. It can be seen that “°'TI
appeared in the ventricular chambers first and then
gradually accumulated homogeneously into the left myo-
cardium. The quality of these images is reasonably good,
indicating that our approach of estimating the kinetic
parameters by NLLSF is feasible without excessive noise
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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 TTACs relative to the input function
corresponded well with the pharmacological challenges.
Compared to the resting studies, peaks of TTACs relative
to the arterial input function were higher for adenosine and
lower after beta-blocker administration. Results of kinetic
fitting by the two- and three-compartment 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 particularly evident for the initial
scan period of the resting and adenosine studies.

Shown in Fig. 6a—e 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 each point corresponds 1o a
single study. There was good correlation between K, 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 K, and microsphere flow was
observed when all three factors were corrected as described
in Eq. 1 (Fig. 6e). 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

Fig. 6 Plot of K derived from a b
the three-compartment model fit Sy ——K,=0078+0249"MBF R=089 S ——K,=0129+0375"MBF R=088
against the mean of the pre- and
post-dynamic SPECT 4l No Corrections a4l PVE Correction
microsphere blood flow mea- No Hct, EF Correction
surements. a No correction for g g
PVE, limited first-pass EF or 2 st e 3r
conversion from plasma to 9] v
blood flow has been applied. R 2,
b Correction for PVE has been g H
applied, but not for Het or 5 5
limited first-pass EF. ¢ Correc- 1 1
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; C
have been applied, but not for 5p ——K, =0206+061"MBF R=089 Sp ——K, =-0.035+0.638*MBF R=052
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Table I Summary of improvement 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 20 378.4 378.8 (p=n.s.) 382.0 (p<0.01) 384.7 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 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 a significant improvement over the two-

compartment fit according to all criteria (AIC, SC).

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 V4 values derived
from the two-compartment model fit showed significant
differences compared with those by the three-compartment
model. Both X, and V4 were under-estimated with the two-
compartment model fit compared with the three-compartment

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 ml/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.

Fig. 7 a Plot of K, estimates a b
f Sf—-K =-0004+0.792"K,(3CM) R=098 80 e V, (2CM) = -0.695+0.911*V,, (3CM) R=0.84
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model fit against those from the . ol
three-compartment model fit. 4[2- vs 3-Compartment Fits £
b Plot of ¥4 estimates derived g [|All Corrections % s
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Fig. 8 ¥, values obtained 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 V4 values for all evaluated myocardial
segments for the fit to 4 h resting data, adenosine and beta-
blocker infusion 1 h data and fit to only the first | h of resting
data. The 4-h resting V4 values are significantly higher
(»<0.01) compared with the adenosine, beta-blocker values
and compared with the fit to the first 1 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-
tatively assessed myocardial 2017 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 cormresponded 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 Vg, 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

@_ Springer

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 aiready 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 fitting [21-25]. However, this adds
extra fitting parameters and requires some parameters {0 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 2°' Tl 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 s
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—Hct), 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 2°'TI studies. This is beyond the
scope of this study and a systematic study should be
designed to confirm this in clinical settings.

9'T] 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 2°' 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 2°' Tl 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-
tological characteristics of having high first-pass EF make
20IT] 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 2°'Tl SPECT studies,
despite its less than ideal imaging characteristics.

Whilst the quantitative physiological parameter estima-
tion removed the systematic bias between MBF estimated by
20171 dynamic SPECT and by microspheres, the spread of
data points around the regression line was rather large
(Figs. 6e and 7¢). This is not only due to possible errors in
the estimation of MBF from the 2°'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 1 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 ¥4 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 V4 values fell within a
relatively narrow range of 47 to 65 (meantSD=55+6).
Given the sufficiently long scan time, significant reduction
in ¥4 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 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 [3] 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 V4 in the
myocardium using a clinical SPECT scanner and *°'TL
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 cerebral
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.

@ Springer
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Abstract

Recent magnetic resonance imaging (MRI) studies using diffusion tensor imaging (DTI) have suggested reduced fractional
anisotropy (FA) in the white matter (WM) of the brain in patients with schizophrenia. We tried to examine whether such reduction in
FA exists and whether such changes in FA progress in an age-dependent manner in a Japanese sample of chronic schizophrenia. FA
values were compared between 42 patients with chronic schizophrenia and 42 controls matched for age and gender, by using DT1 with
voxel-by-voxel and region-of-interest analyses. Correlations of FA values with age and duration of illness were examined. Patients
with schizophrenia showed lower FA values, compared to controls, in the widespread WM areas including the uncinate fasciculi and
cingulum bundles. A significant group-by-age interaction was found for FA in the WM, i.e., age-related reduction of FA was more
pronounced in schizophrenics than in controls. A significant negative correlation between FA and duration of illness was also found in
the WM. Our data confirmed decreased FA in schizophrenics, compared to controls in the widespread WM areas. Such decreased FA
values in schizophrenia might be attributable, at least in part, to progressive changes after the onset of the illness.
© 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Diffusion tensor imaging (DTI) (Basser et al., 1994),
a newly developed method to estimate the white matter
(WM) integrity, provides information about the diffu-
sion of water in biological tissues. In the WM, water
diffusion is highly anisotropic, with greater diffusion in
the direction parallel to axonal tracts. Thus, diminished
anisotropy of water diffusion has been proposed to
reflect compromised WM integrity (Lim et al.. 1999),
Fractional anisotropy (FA) (Basser, 1995) is a quanti-
tative measure of diffusion anisotropy acquired from
DTL

The normally aging brain exhibits an assortment of
micro- and macroscopic changes in the WM as well as
the cerebral cortex. Histological studies demonstrate a
decrease in myelin density and in the number of
myelinated fibers (Meier-Ruge et al., 1992). Postmortem
brain (Meier-Ruge et al.., 1992) and volumetric neuroi-
maging studies (Christiansen et al., 1994; Salat et al..
1999) have suggested that WM changes are more
prominent than cortical changes with aging, at least
during certain segments of the age span and in certain
regions of the brain. For example, volume loss in pre-
frontal WM is disproportionately greater than that in
prefrontal cortex with late aging {comparison of elderly
adults aged 60-75 with those aged >85 years (Salat
et al., 1999)}. Several DTI studies have demonstrated
age-related reductions of WM anisotropy in the genu of
the corpus callosum (Pfefferbaum et al., 2000b), anterior
WM (Pfefferbaum et al., 2000a; O’Sullivan et al., 2001),
periventricular WM (Nusbaum et al., 2001), and the
prefrontal WM (Nusbaum et al., 2001; Pfefferbaum
et al., 2005; Salat et al., 2005).

Regarding schizophrenia, impairments of the neural
connectivity between certain cortical areas, such as
frontal and temporal areas, have been implicated in the
pathophysiology of the disease (Frith and Dolan. 1996;
Andreasen et al.. 1997; Bullmore et al., 1997). Indeed,
volumetric magnetic resonance (MR) studies and
pathological studies demonstrated abnormalities of
the WM in schizophrenia (Miyvakawa et al., 1972:
Cannon et al., 1998; Davis et al., 2003; Ho et al., 2003;
Uranova et al., 2004). Changes in WM integrity in
schizophrenia has relevance to the neural disconnection
model of the disorder and may provide a basis for focal
abnormalities as well. Several previous DTI studies
in chronic schizophrenia showed decrease of FA in
schizophrenics mainly in the front-temporal white
matter and corpus callosum (Buchsbaum et al., 1998:;
Lim et al., 1999; Agartz et al.. 2001; Burns et al.,
2003). Furthermore, FA decrease in patients with first
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episode schizophrenia might be less pronounced com-
pared to chronic patients (Price et al.. 2005; Szeszko
et al., 2005), suggesting that the decreased FA in
schizophrenics might be attributed, at least in part, to
progressive and exaggerated age-dependent changes in
schizophrenics rather than neurodevelopmental abnor-
malities in the WM. To date, there is only one cross-
sectional study with a small sample size investigating
age-related FA changes in schizophrenia that demon-
strated an age-related FA increase in schizophrenics
(Jones et al., 2006).

The present study was aimed to examine whether
patients with chronic schizophrenia do have reduced FA
values compared to controls and whether such changes
in FA progress in an age-dependent manner.

2. Methods
2.1. Subjects

Table 1 shows the characteristics of participants of
this study. Forty-two patients with chronic schizophre-
nia were recruited at the National Center of Neurology
and Psychiatry, Tokyo, Japan. Consensus diagnosis was
made for each patient by at least two trained psychi-
atrists according to the DSM-IV criteria (American
Psychiatric Association. 1994), based on all available
information, including clinical interviews, medical re-
cords and other research assessments. All patients were
stable and/or partially remitted and had been taking
antipsychotic medication at the time of MR measure-
ment and neuropsychological tests. Forty-two healthy
volunteers who had no current or past contact to any
psychiatric services served as controls. All the subjects
were biologically unrelated Japanese. After description
of the study, written informed consent was obtained
from every subject. The study protocol was approved by
the ethics committee of the National Center of Neu-
rology and Psychiatry, Tokyo, Japan. Exclusion criteria
for all the participants included asymptomatic or
symptomatic cerebral infarctions detected by T2
weighted MRI, serious neurological or endocrine
disorder, any medical condition that could potentially
affect the central nervous system, or mental retardation
according to DSM-IV criteria.

2.2. Image acquisition

MR studies were performed on a 1.5 tesla Magnetom
Vision Plus system (Siemens, Erlangen, Germany).
Axial DTI scans aligned to the plane containing anterior
and posterior commissures were acquired with a pulsed-
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Table 1
Characteristics of participants
Controls ~ Schizophrenics Two (Two-
sample tailed;
t-test df=82)
t P
Number of 42 42
subjects
Gender 26/16 26/16
(male/female)
Handedness 41/1 41/1
(right/left)
Age (years) 392 (9.0) 40.0(9.3) —0.42 0.68
Range of age (years) 22-59 22-59
Education (years) E2 13.0(2.9) 8.1 <0.001
33)
Full-scale IQ 1143 86.0 (21.3) 6.0 <0.001
(WAIS-R) (11.6)
Age of onset 233 (7.0
Duration of illness 16.8 (9.0)
(years)
Duration of 31.2 (61.3)
hospitalization
(months)
Dose of total 1005.1 (735.3)
antipsychotic
drugs
(mg/day,
chlorpromazine
equivalent)

Dose of typical
antipsychotic
drugs

(mg/day,
chlorpromazine
equivalent)

Dose of atypical
antipsychotic
drugs

(mg/day,
chlorpromazine
equivalent)

Mean (S5.D.).
WAIS-R: Wechsler Adult Intelligence Scale-Revised.

694.8 (748.3)

310.3 (464.2)

gradient, spin-echo, single-shot echo planar imaging
(EPI) sequence (TR/TE=4000/100 ms; acquisition
matrix, 256 x256; NEX=4, FOV 240 mm; b=1000 s/
mm?; 20 slices, slice thickness 5 mm, gap 1.5 mm).
Diffusion was measured along six non-collinear direc-
tions. For each of six gradient directions, four acquisi-
tions were averaged. Four acquisitions without diffusion
weighting (b=0) were also averaged. Additionally, a
three dimensional volumetric acquisition of a TI-
weighted gradient echo sequence with a gapless series
of thin sagittal sections using an MPRage sequence (TR/

TE=11.4/44 ms; flip angle, 15 degree; acquisition
matrix, 256x256; NEX=1, FOV 315 mm; slice
thickness 1.23 mm) was acquired for evaluating the
volume of grey matter (GM), WM and cerebrospinal
fluid (CSF) space.

2.3. Image processing

FA images for each subject were computed from
seven diffusion images acquired as above by an in-house
script on Matlab 6.5 software (Mathworks, Inc., MA,
USA). Then, the FA images were spatially-normalized
using high-dimensional-warping algorithm (Ashburner
etal., 1999) and were matched to the FA template image.
To make the FA template image, we warped FA images
of 4 normal subjects (other than 42 control subjects) to
the single-subject T1 template (skull stripped image)
using spatial normalization function of SPM2 and
averaged the 4 warped FA images. The transformed FA
images were smoothed with a Gaussian kernel. The filter
size (full-width at half-maximum: FWHM) was varied
from zero to 16 mm in steps of 2 mm to validate the
consistency of results of SPM analyses, because a
previous study (Jones et al., 2005) reported that the
statistical results of SPM analyses were differed
depending on filter size. For measuring the volume of
GM, WM and CSF space, an additional function of an
optimized VBM script (http://dbm.neuro.uni-jena.de/
vbm) was used (Good et al., 2001).

2.4. Statistical analvsis

2.4.1. Voxel-by-voxel analysis

The resultant FA images were analyzed using
statistical parametric mapping with the framework of
the General Linear Model in SPM2 (Wellcome
Department of Cognitive Neurology, London, UK)
(Friston et al., 1995). We constituted following three

Table 2
The relationship between smoothing kemel sizes (FWHM) and
number of resels in our sample

FWHM (mm) Number of resels
None 12460.4
2x2%32 5131.1
Ax4x4 1720.2
6%x6%6 706.0
8xgx8 2894
10x10%10 119.7
12x12x12 52.1
14x14x14 244
16%16%16 12.4




statistical analyses: 1) a two-sample r-test for estimating controls and the schizophrenics and 3) a correlational
group differences (controls versus schizophrenics), 2) a analysis of FA values with duration of illness, age of
onset, duration of hospitalization, and daily dose of

correlational analysis between age and FA values in both

yed onto axial FA template i

ntal and tempora

I Comparison in FA values between patients with schizophrenia and controls. The SPM |t
areas in which significantly lower FA values in patients compared with controls were observed, including the bilater
uncinate fasciculi, cingulum bundles, and genu and splenium of the corpus callosum (P<0.001, uncorrected)
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antipsychotic drugs in the schizophrenics. In all the
three analyses, relative WM volume (WM volume
divided by the summation of GM, WM and CSF
volumes) and WAIS-R (Wechsler Adult Intelligence
Scale-Revised) full-scale 1Q score were treated as
nuisance variables. The former was included for
eliminating the possible effect of WM volume change
associated with aging on the FA values through partial
voluming from non-WM voxels. The latter was included
to allow for the effects of IQ, because there was some
evidence which suggested DTI measures were correlat-
ed with cognitive decline in elderly (O’Sullivan et al.,
2004). We additionally conducted the analyses without
these two nuisance variables to check whether there
were any differences in the results with or without
nuisance variables in the statistical models. To estimate
population effects (diagnostic effects), we used a single-
subject, condition (controls or schizophrenics) and
covariate (no covariate of interest) model for the SPM
analysis. In the second analysis, we applied the single
subject condition (controls or schizophrenics) and
covariate (interaction with condition, covariate of
interest; age) model. A single-subject, covariate only
model was applied in the third analysis. For these three
analyses, we set masking threshold for FA values of 0.2
for excluding voxels containing partial volume of WM
and other tissues. Since the previous study demonstrat-
ing a positive correlation between FA values and age in
schizophrenics reported mean FA values of around 0.4
(Jones et al., 2006), we additionally set masking
threshold for FA values of 0.35 for examining
correlation between age and FA values of more
anisotropic WM structure in the second analysis. For
the evaluation of the statistical models, we used Wake
Forest University Pickatlas (Maldjian et al., 2003) to
pick up cerebral WM in the Montreal Neurological
Institute (MNI) space. We used uncorrected P<0.001 as
a statistical threshold to search significant differences.
As demonstrated in Table 2, the number of resels
differed profoundly depending on smoothing kernel
sizes (FWHM) and the statistical results with correction
for multiple comparisons could change dramatically
relying on number of resels. On the other hand, SPM
results without correction for multiple comparisons
were essentially unchanged regardless of smoothing
kernel size (data not shown). Therefore, we did not
perform correction for multiple comparisons. The
resultant set of 7 values constituted statistical parametric
map (SPM {t}). We employed the filter size of 6 mm for
presentation of the results considering for the original
voxel dimensions of acquired data {0.94 mm x 0.94 mm
(5.00+1.50) mm}.

2.4.2. ROI analysis

To ensure the robustness of the results of the voxel-
by-voxel analyses, we additionally performed ROI
analyses. We used MarsBar (http://marsbar.source-
forge.net) for extracting region of interest (ROI)
containing all the voxels classified as WM with Wake
Forest University Pickatlas from spatially normalized
and smoothed FA images and calculated mean FA
values of the ROIL Then, we performed correlational
analyses of mean FA values with the same variables
in voxel-by-voxel analysis using Statistical Package
for Social Science (SPSS), 1) in both controls and
schizophrenics, 2) in controls and 3) in schizophrenics.
We constituted a General Linear Model for the first
analysis and entered diagnosis-by-age interaction ef-
fects into the statistical model to examine if there were
any diagnosis-by-age interaction effects. For the second
and third analyses, Pearson’s correlation coefficients
between mean WM FA values and covariates were
calculated.

3. Results
3.1. Voxel-by-voxel analyses

3.1.1. Comparison between schizophrenics and
controls

Schizophrenics demonstrated significantly lower FA
values in widespread WM areas, compared with con-
trols. These WM areas included bilateral frontal and
temporal lobes, uncinate fasciculi (external capsules),
cingulum bundles, and genu and splenium of corpus

Table 3
The summary of the WM areas in which significantly lower FA values
in patients compared with controls were observed

Anatomical regions i- MNI
value coordinates
(Voxel x y z
level)
Rt frontal lobe white matter 4.34 b 253 525 —45
Lt frontal lobe white matter 548 . =133 495 -6
Rt temporal lobe white matter  4.25 48 =33 =15
Lt temporal lobe white matter  4.19  —45 =3t —10.5
Rt uncinate fasciculus (external 4.00 33 12 =1.5
capsule) :
Lt uncinate fasciculus (external 3.84  —33 12 1.5
capsule)
Rt cingulate bundle 4.23 6 6 33
Lt cingulate bundle 432 -75 6 30
genu of corpus callosum 3.79 6 24 10.5
splenium of corpus callosum 4.18 =3 —33 19.5
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Fig. 5. A scatter plot between age and mean WM FA value when masking threshold for FA values was set to 0.2. Filled squares represent
schizophrenics and open circles represent controls. The solid line indicates a regression line for schizophrenics (y=—0.0012x +0.3888, R*=0.49, test
for regression slope: df=40; 1=-6.24; P<0.0001). The dashed line indicates a regression line for controls (v==0.0004x+0.3679, R =0.083, test
or regression slope: df=40; 1=—1.90; P=0.065). A significant diagnosis-by-age interaction effect (general linear model: P=0.009) was noted.

3.1.2. Correlational analysis in schizophrenic and
control groups

As the results of the second analysis considering
aging effects, a significant negative correlation with age
was observed in the FA values of widespread, almost

diffuse WM areas in the schizophrenic group (Fig. 2),
while in the control group, only FA values in right pre-
frontal {(15.0,49.5, 30.0) in MNI coordinates, /=5.03},
left frontal {(—37.5, —15.0, 34.5), r=4.51} and bilateral
temporo-occipital WM {(31.5, —60.0, 16.5), r=4.75;
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Fig. 6. A scatter plot between duration of illness and mean WM FA value when masking threshold for FA values was set to 0.2. Filled squares
represent schizophrenics. The solid line indicates a regression line for schizophrenics (y=—0.0011x+0.3590, R*=0.36, test for regression slope:

df=40; 1=—4.78; P<0.0001).
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(=30.0, —=60.0, 15.0), t=4.47} demonstrated a signifi-
cant negative correlation with age (Fig. 3). Even if the
analysis was done on voxels with FA values higher than
0.35, to examine more anisotropic WM areas, the results
were essentially unchanged (data not shown).

3.1.3. Correlational analysis between FA4 values and
clinical factors in schizophrenics

There was a significant negative correlation between
FA values and duration of illness in widespread WM areas
(Fig. 4), while there was no significant correlation of FA
values with age of onset, duration of hospitalization or
daily dose of antipsychotic drugs (data not shown).

3.2. ROI analyses

3.2.1. ROIl-based correlational analysis in both schizo-
phrenics and controls

First, we constituted a General Linear Model putting
diagnosis as a fixed factor and age, IQ and relative WM
volume as covariates. F values (significance probabilities)
were as follows; diagnosis: 10.8 (P=0.001), age: 26.1
(P<0.001), 1Q: 0.029 (P=0.865) and relative WM
volume: 16.6 (P<0.001). Then, we added diagnosis-by-
age interaction into the model. F values (significance
probabilities) changed as follows; diagnosis: 2.34
(P=0.130), age: 27.8 (P<0.001), IQ: 0.059 (P=0.809),
relative WM volume: 14.1(P<0.001) and diagnosis-by-
age interaction: 7.08 (P=0.009). Effect of 1Q was not
significant in both models. There was a significant
diagnosis-by-age interaction effect.

3.2.2. ROI-based correlational analysis in controls
Pearson’s correlation coefficients (significance prob-
abilities of the test of significance of the correlation:
two-tailed) of mean WM FA value with age, IQ and
relative WM volume in controls were as follows; FA vs.
age: —0.287 (P=0.065), FA vs. IQ: —0.108 (P=0.496)
and FA vs. mean WM volume: 0.481 (£=0.001). Only
positive correlation between mean WM FA value and
relative WM volume was statistically significant.

3.2.3. ROI-based correlational analysis in schizophrenics

Pearson’s correlation coefficients (significance prob-
abilities of the test of significance of the correlation: two-
tailed) of mean WM FA value with clinical factors in
schizophrenics were as follows; FA vs. age: —0.702 (P<
0.001), FA vs. duration of illness: —0.603 (P<0.001), FA
vs. age of onset: —0.305 (P=0.049), FA vs. total daily
dose of antipsychotics: 0.110 (P=0.489), FA vs. dura-
tion of hospitalization: —0.172 (P=0.277), FA vs. 1Q:
—0.064 (P=0.686), FA vs. relative WM volume: 0.421

(P=0.006). Significant positive correlation was observed
between mean WM FA value and relative WM volume.
Fig. 5 shows a scatter plot between age and mean WM FA
value in controls and schizophrenics. Fig. 6 shows a
scatter plot between duration of illness and mean WM FA
value in schizophrenics. Significant negative correlations
were observed between mean WM FA value and age (or
duration of illness).

4. Discussion

In this study, we obtained three main findings; 1)
lower FA values in schizophrenic patients compared
with controls in WM areas including frontal and
temporal WM, bilateral uncinate fasciculi (external
capsules) and cingulum bundles and genu and splenium
of corpus callosum, 2) age-related reductions of FA
value in the widespread WM were more prominent in
schizophrenics than in controls, and 3) a negative
correlation between FA value in the widespread WM
and duration of illness in schizophrenics.

Recent studies demonstrated age-related FA decline
in normal individuals occurred in the prefrontal WM,
while temporal WM were relatively preserved (Pfeffer-
baum et al., 2005; Salat et al., 2005). However, in this
study, negative age-dependent effects were observed
only in the lenient statistical threshold in the FA values
of restricted areas of the WM in controls. This could be
explained by the fact that all our subjects were under the
age of 60, relatively less old compared to the
participants of normal aging studies.

We replicated the results of the most of the previous
studies, decreased FA values in the WM of schizo-
phrenics. In the earlier studies concerning FA values in
WM of patients with schizophrenia, an inherent
abnormality in WM was expected to be detected since
the decrease of FA values in the WM of the
schizophrenic brain was assumed to occur as neurode-
velopmental impairments before onset of the illness.
Several studies demonstrated that schizophrenics had
reduced FA value in the prefrontal WM (Buchsbaum
et al.. 1998), prefrontal and parieto-occipital WM (Lim
et al.. 1999), splenium of the corpus callosum (Agartz
et al.. 2001) and adjacent occipital WM (forceps major)
(Agartz et al., 2001), left uncinate fasciculus and
bilateral arcuate fasciculus (Burns et al.. 2003), bilateral
cingulum bundles (Kubicki et al.. 2003). Some of them
indicated that the reduction of FA values in schizo-
phrenics might occur independently of reduction of the
white matter volume. Although some studies reported
no significant FA changes in schizophrenics (Steel et al.,
2001; Foong et al.. 2002), most studies with chronic
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schizophrenia demonstrated lower FA values in schizo-
phrenia (Kanaan et al.. 20035). A few DTI studies have
examined first episode patients (Price et al. 2005:
Szeszko et al., 2005). Szeszko et al. found FA decrease
in the left internal capsule and lefi-hemisphere WM of
the middle frontal gyrus and posterior superior temporal
gyrus of first-episode schizophrenics and schizoaffec-
tive disorder patients, however, the decrease was less
pronounced compared with results of the majority of the
studies in chronic schizophrenics. On the other hand,
Price et al. reported that there was no FA decrease in the
corpus callosum of patients with first-episode schizo-
phrenia. They suggested that FA reduction in schizo-
phrenia might reflect neuropathological abnormalities,
which may occur after the onset of the disease and could
be progressive. Our results, 1) age related FA reduction
was more prominent in schizophrenics than controls,
and 2) duration of illness was related to FA reduction in
schizophrenics, suggest that changes of FA value in
schizophrenia are attributable, at least in part, to pro-
gressive neuropathological changes after onset of the
illness.

Contrary to our results, a previous DTI study
demonstrated ‘positive’ correlation between age and
FA in schizophrenics (Jones et al.. 2006), They measured
FA values of WM tracts captured from tractography, and
they set seedpoints of the tracts manually from one slice
of FA images. Such methods might overlook general
decline of FA values in the WM. Their mean FA values
(average of 8 WM tracts in each subjects) were around
0.4, which was relatively higher than those of our study
{our mean FA value of entire WM was 0.35+0.01 (mean+
S.D.)}. To simulate the analysis of the previous study, we
additionally performed an analysis setting masking
threshold for FA values of 0.35. As a result, the significant
negative correlation remained to be present even in more
anisotropic WM areas.

Previous pathological studies demonstrated micro-
scopic abnormalities of the WM in schizophrenia such
as decreased expression of myelin and oligodendrocyte-
related genes, the decrease in density of oligodendro-
cytes (Hof et al. 2002), damage of myelin sheath
lamellae (Uranova et al.. 2001) and maldistribution of
interstitial neurons (Akbarian et al., 1996) in prefrontal
WM of the brains of schizophrenic patients. Further, a
previous longitudinal MR study demonstrated progres-
sive atrophy of the white matter in schizophrenics (Ho
et al., 2003). Given these previous findings and ours, it
seems likely that age-dependent FA decrease, but not
increase, occurs in schizophrenic brains.

As well as a negative correlation with age, FA values
of schizophrenics showed negative correlation with

duration of illness but not with age of onset or daily dose
of antipsychotics. The facts seem to support the hy-
pothesis that FA reduction in schizophrenia might be
associated with neuropathological abnormalities which
may emerge, at least in part, after the onset of the disease
and could be progressive. Further, the spatial distribu-
tion of age-related FA reduction in schizophrenics was
different from those of normal individuals in previous
studies that demonstrated preserved temporal white
matter (Pfefferbaum et al.. 2005; Salat et al.. 2005).
Such different distributions suggest that FA changes in
schizophrenics might be associated with disease pro-
gression rather than merely exaggerated aging effects.
However, it is difficult for neuroimaging studies, even
for longitudinal studies, to discriminate disease pro-
gression from aging effects. The correlational study
between DTI findings and pathological findings should
be conducted to clarify whether reduction of FA values
in schizophrenics reflect pure disease progression or
merely exaggerated aging effects.

Several limitations should be considered in our study.
First, our study is a cross-sectional study. To confirm
progressive pathological process in the WM of the
patients of schizophrenia, longitudinal studies should be
conducted. Second, IQ score was not matched between
groups, i.e.. mean IQ score was significantly lower in
schizophrenics in our samples. O'Sullivan et al. (2004)
reported DTI measures were correlated strongly with
cognitive decline in elderly. Thus, it could be problem-
atic whether age-related FA decrease in our study was
reflected by cognitive decline. However, no significant
correlation was observed between mean WM FA values
and 1Q in our sample. Also, regarding schizophrenia, it
has been hypothesized that most cognitive change takes
place early in their psychotic episodes and it remains
relatively stable through long term in the illness (Hoff
et al.. 2005). Hence, at least from our data, we cannot
attribute age-related FA decline in schizophrenia to 1Q
changes. Third, the issue of partial volume effect should
be addressed. In schizophrenia, progressive WM at-
rophy has been reported in the previous studies (Ho
et al., 2003). Due to the atrophy, it is possible that the
voxels located in the border of the WM and other tissues
in schizophrenics were estimated as having lower FA
values. However, we minimized the problem by using
the high dimensional warping algorithm, threshold
masking for FA values and adopting relative WM
volume as a nuisance variable. Another issue is the
possible effect of long-term medication with antipsy-
chotics. Although daily dose of antipsychotics was not
correlated with FA values in schizophrenics, we could
not estimate accurate cumulative doses of antipsychotics
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throughout the duration of illness. Several morpholog-
ical MR studies and animal studies suggested that the
administration of antipsychotics could affect brain mor-
phology (Wang ct al.. 2004; Lieberman et al.. 2005). It is
possible that long-term medication with antipsychotics
also affects microstructure of the WM in schizophrenics.
The longitudinal animal studies may clarify this issue.

In conclusion, we confirmed decreased FA in schizo-
phrenics, compared to controls in the widespread WM
areas in a Japanese sample. We found that age-de-
pendent FA decline was more pronounced in chronic
schizophrenics compared to controls, and that such FA
decline was significantly correlated with duration of
illness in patients. These observations suggest that
decreased FA values in schizophrenia might be attrib-
utable, at least in part, to progressive changes in the WM
after the onset of the illness.
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