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Fig. 1. A diagram illustrating the major cortical and subcortical structures
involved in the sequential finger movements of SI and ET tasks, and their
interconnections. These structures are organized into a basal ganglia—
thalamo—motor loop, a cerebello-cerebral loop and connectivity within
motor cortices. Abbreviations: Put, putamen; GPi, internal segment of the
globus pallidus; VL, ventrolateral nucleus of the thalamus; VPL, ventro—
posterior—lateral nucleus and X area of the thalamus; SMA, supplementary
motor area; SMC, primary sensory-motor cortex; PMv, ventral premotor
cortex; CB, cerebellar hemisphere (anterior lobe); DN, dentate nucleus of the
cerebellum. r=right, I=left in this and subsequent figures.

no significant pathological change was found by anatomical T1-
and T2-weighted MRI, although there were some changes due to
normal aging. All subjects were strongly right-handed as assessed
by a modified version of the Edinburgh handedness inventory
(Oldfield, 1971). Informed written consent was obtained from all
subjects for participation in this study. The local ethical committee
of Kyushu University approved this study.

Experimental design

The activation paradigm consisted of sequential movements
performed with the left hand as previously described (Taniwaki et
al., 2003; 2006). We intended to reveal the movement-rate-related
activity but not simple repetitive or extemally cued movements.
From our previous study (Taniwaki et al., 2003; 2006), sequential

* or internally cued movement could indicate movement-rate-related

activity of the basal ganglia. Non-dominant hand movements cause
a greater recruitment of the striatum (Mattay et al., 1998) and
cerebellum (Jancke et al., 1999). Thus, we used sequential finger
movements in. the left hand. :
Subjects were instructed to move each finger with changing
movement rates. They were then required to practice the tasks before
they were scanned, until they were able to perform them at constant
amplitude without error. They were also instructed to keep their eyes

T value for A, B

16

Fig. 2. Regions showing main effects of movement rate (A and B) and significant linear relationship between BOLD signal and increasing movement rate (C and
D) in the aged group. All regions are significant at the level of p<0.001, uncorrected. A, C: self-initiated movements; B, D: externally triggered movements in

this and subsequent figures.
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closed during MRI. Subjects had to (1) make finger-to-thumb
opposition movements in the order of index, middle, ring and little
fingers; (2) open and clench the fist twice; (3) complete finger-to-
thumb opposition movements in the opposite order (namely, little,
third, middle and index fingers); (4) once again open and clench the
fist twice; and (5) repeat the same series of movements for 40 s
during data acquisition. Each individual opposition movement and
pair of opening and clenching fist movement was counted as a single
movement. During SI tasks, movement rates were set at very slow
(as slow as possible), slow, moderate (comfortable pace), fast and
very fast (as fast as possible) speeds. During ET tasks, movement
rates were set at 0.5, 1, 2, 3 or 4 Hz for all subjects. Subjects paced
their movements in response to a metronome, which consisted of a
clicking sound at precise time intervals and was delivered binaurally
to the subjects via air conduction through a pair of 2.5-m long plastic
tubes. During rest conditions, subjects were asked to lie down and
listen to the metronome used in the ET session. Movements were
performed for 40 s (activation) at a constant rate, followed by 40 s of
rest (baseline); the time-point to switch from movement to rest was
indicated by a voice signal. Movement rate conditions were pre-
sented in a pseudorandom order within an imaging series.
Consequently, there were a total of five baseline/activation cycles
(for the five different rates) per imaging series. Two consecutive
imaging series (one SI, and one ET) were conducted per subject. The
order of SI and ET movements was counter-balanced among the
subjects. Finger movements were recorded by digital video
recording, and exact movement rates were analyzed visually
through a video monitor. Two-way analysis of variance (ANOVA)
with repeated measures was performed to determine effects of
movement rates and tasks.

SfMRI methods

Images were acquired on a 1.5 T Magnetom SYMPHONY
(Siemens, Enlangen, Germany) whole body MRI system equipped
with a circular polarized volume head coil, as previously described
(Taniwaki et al., 2003; 2006). Initially, a set of localized images
was acquired to position the image slice. In each session, 100 EPI
multislice data sets were acquired (TE, 50 ms; TR, 4 s, flip angle,
90°, acquisition time for the whole paradigm, 400 s). Each
multislice data set contained 32 transverse slices (slice thickness,
3.0 mm; interslice gap, 1.0 mm; matrix, 64 x 64; FOV, 23 cm). All
images were analyzed using SPM 2 Software (Wellcome
Department of Cognitive Neurology, London, UK). The first three
data sets of cach time-scrics were discarded in order to allow the
MRI signal to reach equilibrium, and the remaining EPI volumes
were realigned against the first volume. Images were spatially
normalized against a standard template and smoothed using a
Gaussian kernel with 8-mm full width at half maximum (FWHM).
The design matrix was set using the box car reference waveform
(40-s epoch). The time-series in each voxel was high-pass filtered
(160-s cut-off) and scaled to a grand mean of 100 over voxels and
scans within each session.

Activation areas

Activation areas were determined as previously described
(Taniwaki et al., 2006). In brief, statistical analysis was performed
in two stages. In the first stage, using a single subject fixed effect
model and parametric approach in SPM 2, three different rate-
response relationships could be identified: (1) categorical on—off

responses based on the differences between finger movement and
resting conditions regardless of movement rates (zero order term),
(2) linear responses in parallel with movement rate (first-order
term), and (3) non-linear relationship (second, third and fourth
order term) (Biichel et al., 1996, 1998). Each term was represented
by the interaction between a delta function and the average of
movement rates exerted during each epoch. The resulting
covariates were convolved with a canonical synthetic hemody-
namic response function and were used in a general linear model
(Friston et al., 1995), together with a single covariate representing
the mean (constant) term over scans. Parameter estimates for each
covariate resulting from the least mean squares fit of the model to
the data were calculated, and statistical parametric maps of the #-
statistic (SPM {¢}), resulting from linear contrasts of each covariate
(Foston et al., 1995), were generated and stored as separate images
for each subject.

Table 2
Brain areas with more activation in aged subjects than in young subjects
Main effect Linear effect
Coordinates Coordinates
Z x y z VA x y z
SI movement
rPut n.s. n.s.
rGPi n.s. n.s.
VL ns. n.s.
rVPL n.s. ns.
rSMA ns. - ns.
rSMC ns. n.s.
rPMv n.s. ns.
ICB n.s. n.s.
IDN n.s. n.s.
1Put ns. . n.s.
1GPi ‘ns. ns.
IVL n.s. n.s.
IVPL ns. n.s.
ISMA n.s. n.s.
ISMC 3.89 -52 -16 54 n.s.
IPMv n.s. .s.
rCB n.s. n.s.
DN n.s. n.s.
ET movement
rPut n.s. ns.
rGPi ns. n.s.
rVL .. n.s.
rVPL n.s. ns.
rSMA n.s. n.s.
rSMC ns. ns.
rPMv n.s. n.s.
ICB ns. n.s.
IDN ns. ’ ns.
1Put n.s. n.s.
IGPi ns. . ) ns.
VL n.s. : ns.
IVPL n.s. n.s.
ISMA 4.08 -10 —-18 40 ns.
ISMC 4.83 -32 -24 56 ns.
1PMv n.s. n.s.
rCB n.s. ns.
DN n.s. n.s.

Z-values refer 1o activation maxima within the respective region, p<0.001
uncorrected, height threshold Z>3.09.
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In order to create activation maps representing the main
effects of movement rates (Oth order), as well as the linear (Ist
order) and non-linear (2nd, 3rd and 4th order) changes in signals
in relation to movement rates, random-effect analysis was
performed (Friston et al,, 1999). Data for the second stage of
analysis comprised pooled parameter estimates for each-covariate
across all subjects. Contrast images for each subject were entered
into a one-sample #-test for each covariate of interest. The SPM {1}
values were thresholded at p<0.001 for mapping. For the
comparison of activation between the young and aged group, a
two-sample f-test model (p<0.001) was used. Anatomical labels
for coordinates in SPM2 (MNI brain template) were defined by
Talairach Daemon (http://ric.uthscsa.edu/projects/talairachdaemon.
html) after a non-linear transformation of the MNI brain template
to the Talairach atlas (http://www.mrc-cbu.cam.ac.uk/Imaging/
Common/mnispace.shtml). For SEM, ROIs were selected at the
local maxima from the first-order linear effect regardless of the
tasks (Taniwaki et al,, 2006). Therefore, we investigated the
following regions with the following coordinates in young
subjects: right putamen (Put) (28, -6, 0), right internal segment
of the globus pallidus (GPi) (10, —2, —2), right ventrolateral
nucleus of the thalamus (VL) (16, —14, 16), right ventro—
posterior-lateral nucleus of the thalamus (VPL) (18, —22, 6), right
supplementary motor area (SMA) (6, —2, 40), right sensorimotor

cortex (SMC) (48, —20, 52), right ventral premotor cortex (PMv)
(52, 2, 38), right dentate nucleus of the cerebellum (DN) (18,
—54, —22), right anterior lobe of cerebellar hemisphere (CB) (26,
—56, —26), and left Put (~26, 14, 4), left GPi (12, 0, 0), left
VL (=12, -12, 12), left VPL (-12, -20, 8), left SMA (-6, 0, 42),
left SMC (—40, —18, 58), left PMv (=56, 0, 32), left DN (-22,
=50, —22) and left CB (—30, —54, —22). In aged subjects, some
coordinates were also selected at the local maxima from the
subjects’ first-order linear effect regardless of the tasks: right
SMA (2, —4, 48), right SMC (42, -12, 54), right PMv (40, -8,
40), right DN (16, —52, —20), right CB (36, —66, —18), and left
VPL (=22, —18, 12), left SMC (-50, —12, 44), left PMv (=56,
—8, 38), left DN (-8, —-54, —22) and left CB (~26, —68, —16).
Other ROIs were selected from the same coordinates in young
subjects.

Structural equation modeling

In this analysis, variables were considered in terms of the
covariance structure with parameters (interregional connection)
being estimated by minimizing the differences between observed
covariance and those implied by a predicted model. The model
consisted of anatomically separable regions, and connections were
specified between those regions and their directions. Anatomical

Fig. 3. Brain areas with more activation in aged subjects than in young subjects. Regions showing main effects of movement rate (A and B) and a significant
linear refationship between BOLD signal and increasing movement rate (C and D). All regions are significant at the level of p<(0.001, uncorrected.
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regions comprised Put, GPi, VL, VPL, SMA, SMC, PMy, CB and
DN (Table 1). Connections between brain regions are based on the
neuroanatomical knowledge of BGTM and CC loops (Alexander
et al,, 1990; Delong, 1990; Kelly and Strick, 2003) as described
previously (Taniwaki et al., 2006). The basal ganglia—thalamo—
motor (BGTM) loop comprises some cortical motor areas, in-
cluding the SMA, PMv and SMC, and several subcortical
structures such as the Put, GPi and VL. The Put is the input
nucleus of the basal ganglia and receives projections from SMA,
PMv and SMC. The GPi receives input from the Put and is
considered to be an output nucleus of the basal ganglia. In turn,
the VL receives projections from the GPi and completes the
circuit by projecting back to the SMA, PMv and SMC
(Alexander et al., 1990; Delong, 1990). In the cerebello-cerebral
(CC) loop, motor cortices such as SMC or PMv are target
- structures of outputs from the CB via the DN and VPL, while
cerebellar inputs originate from these motor cortices (Kelly and
Strick, 2003). Between the two loops, SMA and PMv have
reciprocal interconnections with each other and project to SMC
(Barbas and Pandya, 1987; Johnson et al., 1996; Muakkassa and
Strick, 1979; Rizzolatti et al., 1998; Rowe et al., 2002). Re-
cursive connections from the cortex back to the thalamus have
also been documented in such a model (Delong, 1990; Grafon et
al., 1994). Since significant linear effects were observed in
bilateral hemispheres, it was decided to construct an anatomical
network for bilateral loops. Interhemispheric connections were
constructed by a primate study within motor cortices, such as the
SMC, PMv and SMA (Rouiller et al., 1994). A schematic
representation of all of the connections used in this study is
shown in Fig. 1.

fMRI signal changes were calculated using a single subject
fixed effect model. Averaged signal changes of baseline epochs
were subtracted from those of each task condition. fMRI data of
local maxima in each ROI were standardized to zero mean and to
unit variance for each participant (Bullmore et al., 2000; Kondo et
al., 2004). The individual time-series for each location were then
concatenated into a group matrix for path analysis and subsequent
group comparisons (n=1164) to obtain stable SEM model
solutions. Interregional correlations of activity between selected
regions were obtained and the pairwise correlations ¢;; for the ith
and jth regions constituted the (pxp) interregional correlation
matrix. The matrix was combined with a neuroanatomical model
(Fig. 1) to compute structural equation models using LISREL 8.5
software (Scientific Software International, Inc, Lincolnwood, IL).
A maximum likclihood algorithm was used to fit the parameters.
Within-hemisphere functional networks were constructed at first,
and the functional network accounting for interhemispheric
interactions was calculated in the final stage (Mclntosh et al.,
1994). The influence of other connections could be estimated by
modification indices (Mclntosh and Gonzalez-Lima, 1994
MclIntosh et al.,, 1994). Residual influences were set to 0.30 for
all regions. Statistical inferences from group differences were
based on a stacked model approach including an omnibus test.
This procedure determined the x* goodness-of-fit statistic for both
a null model, in which path coefficients are equally constrained
between conditions, and an alternative model, in which coeffi-
cients are allowed to differ (Mclntosh et al., 1994). The
significance of differences between the models was expressed as
the difference in the % statistic with degrees of freedom equal to
differences in the degrees of freedom for the nuil model and
alternative models (Mclntosh et al., 1994).

Results
Performance of subjects

During SI movements in aged subjects, very slow movements
were performed at a frequency of 1.00+0.37 Hz (mean+SD),
slow movements were performed at a rate of 1.26+0.46 Hz,
moderate movements were performed at 1.75+0.59 Hz, fast
movements were performed at 2.87+0.53 Hz, and very fast
movements were performed at 3.43+0.63 Hz. ET movement rates
were almost identical to the rates of the auditory triggers (0.5 Hz
trigger, 0.56+0.14 Hz; 1 Hz trigger, 0.98+0.04 Hz; 2 Hz trigger,
1.98+0.04 Hz; 3 Hz trigger, 2.94+0.09 Hz; 4 Hz trigger; 3.78+
0.16 Hz). In our previous reports of young subjects (Taniwaki et
al., 2006), very slow movements were performed at a frequency of

Table 3
Brain areas with more activation in young subjects than in aged subjects

Main effect Linear effect
Coordinates Coordinates
VA x v z Z X y z
ST movement .
rPut n.s. 4.19 26 -8 -2
rGPi n.s. ns.
VL n.s. 3.18 8 ~14 2
rVPL n.s. 4.02 16 ~-22 6
1SMA n.s. 322 4 =2 42
rSMC 3.55 56 -18 46 ns.
PMv n.s. ns.
ICB n.s. n.s.
IDN n.s. n.s.
1Put n.s. n.s.
IGPi n.s. n.s.
V1. n.s. n.s.
IVPL n.s. n.s. .
ISMA n.s. 319 -4 4 44
ISMC n.s. ns.
IPMv n.s. n.s.
CB n.s. n.s.
DN n.s. n.s.
ET movement
rPut n.s. n.s.
rGPi n.s. n.s.
VL n.s. n.s.
rVPL ns. ns.
rSMA n.s. ns.
rSMC n.s. ns.
PMv n.s. n.s.
ICB 3.84 -26 -50 -20 n.s.
IDN ns. ns.
1Put n.s. n.s.
IGPi n.s. n.s.
1\"%2% n.s. n.s.
IVPL n.s. n.s.
ISMA n.s. n.s.
ISMC n.s. ns.
IPMv n.s. n.s.
CB ns. ns.
DN ns. n.s.

Z-values refer to activation maxima within the respective region, p<0.001
uncorrected, height threshold Z>3.09.
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0.69+0.16 Hz (mean+SD), slow movements were performed at
1.00+£0.25 Hz, moderate movements were performed at 1.84+
0.58 Hz, fast movements were performed at 2.95+0.78 Hz, and
very fast movements were performed at 4.03+0.94 Hz during Sl
movements; as in the present study, ET movement rates were
almost identical to the rates of the auditory triggers (0.5 Hz trigger,
0.51+0.02 Hz; | Hz trigger, 1.00+0.01 Hz; 2 Hz trigger, 1.99%
0.02 Hz; 3 Hz trigger, 3.01+0.07 Hz; 4 Hz trigger, 3.97+
0.07 Hz). No statistical difference was observed between young
and aged subjects (p=0.626 in SI movements and p=0.131 in ET
movements, determined by two-way ANOVA with repeated
measures), although there was a tendency toward slower move-
ment during the SI task and increased variability in frequency
during ET task in aged subjects compared with young subjects.

Foci of activation

Within group analysis in aged subjects

To separate regional activities within the same task but with
different rate-response functions, a parametric approach based on
orthogonal basic functions up to the fourth order was used. In the
study of main effects, both tasks caused significant activation in the
bilateral posterior Put, VL, VPL, SMA, SMC, PMv, DN, CB and
the right GP (Table 1; Figs. 2A and B) in the aged subjects,

consistent with the results in young subjects previously reported
(Taniwaki et al., 2006).

A significant positive linear increase in the magnitude of the
BOLD response in parallel with rate of finger movement was seen
in the right SMC, PMv and DN, and the left VPL, SMC and PMv
during SI tasks (Table 1; Fig. 2C). There was a tendency toward a
linear increase in the activation of the left CB. In ET tasks, a
significant positive linear increase was detected in the right SMA,
left SMC, bilateral CB and DN, and a tendency toward a linear
increase in activation was observed in the right SMC and PMv
(Table 1; Fig. 2D).

Neither a significant non-linear rate—response function (2nd
order), nor a negative linear correlation in terms of a decline in
BOLD response in parallel with tapping rate, was documented in
BGTM or CC loops.

Between-group analysis of brain activity

Compared with young subjects, aged subjects had greater
activation in the left SMC during SI tasks and in the left SMA
and SMC during ET tasks in a study of main effects (Table 2; Fig.
3). There was greater activation in the.right SMC during SI tasks
and in the left CB during ET tasks in young subjects compared
with aged subjects in the main effects analysis (Table 3; Fig. 4).
In the analysis of linear effects, young subjects showed greater

T value

prererem

7

O

Fig. 4. Brain arcas with more activation in young subjects than in aged subjects. Regions showing main effects of movement rate (A and B) and a significant
linear relationship between BOLD signal and increasing movement rate (C and D). All regions are significant at the level of p<0.001, uncorrected.
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activation in the right Put, VL, VPL, SMA and lefi SMA during
ST movement. :

Structural equation modeling

The results of mapping experiments on aged subjects suggest
that the bilateral motor cortices contribute more to the rate-
dependent motor processing than the subcortical motor loops. To
confirm this hypothesis, functional network analysis was performed.

Within-group analysis of structural equation modeling in aged
subjects

The omnibus test showed that the functional networks in the
right hemisphere and left cerebellum differed significantly between
the two tasks in aged subjects [x° diff{29)=387.37, p<0.001].
Functional interactions from the right SMC to the right VL, and
those from the right PMv to the right SMC were stronger during SI
tasks. There were moderate interactions from the right SMA to the
right SMC during both tasks (Table 5: Figs. 5C and D).

Functional networks in the left hemisphere and right cerebellum
differed significantly between the two tasks according to the

6.6 to 1.0 sene
0.4wB3 .

0.2 10 0.0 cmmm——h

omnibus test [x* diff29)=327.54, p<0.001]. Interactions from the
left GPi to the left VL were stronger during SI tasks, whereas those
from the left PMv to the left SMA were stronger during ET tasks.

Interhemisphere SEM in SI tasks resulted in a model that was
different from that generated during the ET task [x* diff(12)=
271.01, p<0.001]. Interactions from the left to right PMv were
stronger during SI movements; by contrast, the interactions from
the night SMA to the left SMC, those from the left to right SMC,
and those from the left SMA to right PMv were stronger during ET
tasks. Moderate interactions between both SMAs were observed in
both tasks.

Between-group analysis of structural equation modeling

The functional networks in the right hemisphere and left
cerebellum differed significantly between the two groups of
subjects according to the omnibus test of data collected during SI
tasks [ diff{29)=1078.72, p<0.001] and ET tasks [? diff29)=
280.71, p<0.001}. During SI tasks, BGTM interactions from the
right SMA to the right SMC, via the right Put, right GPi and
right VL, were stronger in young subjects than in aged subjects,
whereas the interactions from the night SMA to the right SMC

[IVPL f- i

>
x
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Fig. 5. Schematic representation of the results of structural equation modeling in young (A and B) and aged subjects (C and D). (A and C) Self-initiated
movements. (B and D) Externally triggered movements. Positive coefficients (solid arrows) indicate interactions in which an increase in activity in one arca is
associated with an increase in activity in the other area. Negative coefficients (broken arrows) indicate opposite interactions.
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Table 4
Interregional cormrelation coefficients (Pearson product-moment correlation (A) and path coefficients (B) during two different tasks in young subjects

Pt GP VL VPL SMA SMC PMv IDN ICB [IPut IGP IVL  IVPL ISMA ISMC IPMv DN 1CB

St
rPut 1.00
rGP 053 100
VL 005 026 1.00
rVPL 019 020 017 1.00
ISMA 024 006 0.1 000 1.00
SMC 000 004 033 006 -0.03 1.00
rPMv 010 -0.02 017 003 -001 021 1.00
IDN 025 016 000 017 004 000 -003 1.00
iCB 021 008 008 010 006 0.17 001 018 1.00
[Put 020 025 -001 022 -002 -0.12 0.07 016 002 100
IGP 014 016 014 017 -007 013 0.1l 021 006 017 1.00
IVL 011 013 046 018 016 0.I7 009 005 007 006 021 1.00
IVPL 011 016 028 033 009 001 003 0I5 002 016 016 042 100
ISMA 012 011 003 -001 018 -006 003 007 -005 008 000 014 004 100
ISMC 005 006 005 003 017 020 001 012 007 -003 004 016 006 002 1.00
IPMv 007 007 -002 012 015 003 -002 014 -002 007 009 -003 003 014 016 100
DN 026 021 006 016 008 002 —002 043 021 010 021 016 006 003 007 002 1.00
CB 008 000 -009 -008 006 00f -003 005 029 006 -002 002 -004 006 009 000 041 100

ET
rPut 1.00
rGP 017 100
VL -0.01 016 1.00
rVPL 001 018 035 1.00
SMA -002 014 017 008 1.00
SMC 011 010 012 010 0.13 1.00
rPMv 017 006 0.04 023 004 022 1.00
IDN 023 015 012 022 006 012 000 1.00
ICB 002 -006 016 004 009 028 008 02 100
[Put 016 009 007 011 011 011 011 014 000 1.00
IGP 010 019 020 018 014 006 004 OI1I 005 013 100
IVL  -010 023 025 021 0I5 003 016 003 000 008 015 100
IVPL 019 033 028 026 007 -001 017 019 002 014 02 050 1.00
ISMA 010 014 012 003 017 010 009 003 -003 002 012 014 015 100
ISMC 029 006 -012 -005 008 015 0.7 016 0.14 -004 -003 002 010 010 1.00
IPMv 008 002 001 -006 006 006 0.1t ~006 008 008 003 001 004 011 005 1.00
DN 016 -012 -013 000 000 008 -003 033 018 011 010 007 012 002 015 005 1.00
rCB 005 -0.09 -004 000 -006 -004 000 010 022 -009 -002 003 -004 ~006 008 —002 0.18 1.00

B
st
tPut - - - - 024 -003 010 - - - - - - - - - - -
GP 053 - - - - - - - - - - - - - - - - -
VL - 024 - - 008 022 009 -~ - - - - - - - - - -
fVPL - - - - - 006 003 017 - -~ - - - - - - - -
SMA - - 008 - - - —002 - - - - - - 012 - 010 - -
SMC - - 024 -001 -006 - 016 - - - - - - 007 015 002 - -
tPMv - - 013 000 -002 - - - - - - - - 003 - 002 - -
IDN - - - - - - - - 0.18 - - - - - - - - -
IcB - - - - - 0.18 -0.03 - - - - - - - - - - -
IPut - - - - - - - - - - - - - 007 -004 007 — -
IGP - - - - - - - - - 017 - - - - - - - -
VL - - - - - - - - - - 021 - - 012 012 -007 - -
IVPL - - - - - - - - - - . - - - 0.09 -0.05 006 -
ISMA - - - - 014 - 002 - - - - ] — - - ol - -
ISMC - - - - 017 016 -002 - - -~ - 0.15 -003 -003 - 017 - -
IPMv - - - - 012 - 001 - - - - -006 006 0.1 - - - -
DN - - - - - - - - - - - - - - - - - 04l
CB - - - - - - - - - - - - - 009 -002 - -

(continued on next page)
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Table 4 (continued)

rPut 1GP VL rVPL SMA SMC rPMv IDN

1Put  IGP IVL IVPL ISMA ISMC IPMv DN 1CB

B

ET
rPut - - - - -0.04 0.08 0.15 -
GP 017 -~ - - - - - -
VL - 0.14 -~ - 0.10 006 003 -
rVPL - - - - - 0.02 -002 021
SMA - - 0.14 - - - 003 -
SMC - - 0.07 0.01 0.1 - 021 -
rPMv - - -007 026 002 - - -
IDN - - - - - - - -
ICB - - - - - 028 002 -
[Put - - - - - - - -
IGP - - - - - - - -
VL - - - - — - - -
IVPL - - - - ~ - - -
ISMA -~ - - - 013 - 007 -
ISMC - - - - -007 007 015 -
IPMv - - - - -0.05 - 008 -~
DN - - - - - - - -
CB - ~ - - - - - -

- - — - 008 012 005 - -
- - - - 006 - 0.08 - -

0.13 - - - - - - - -
- 014 - - 009 003 000 - -
- - - - - -006 -001 0.3 -
- - 011 - - - 008 - -
- -~  -007 014 008 - 004 - -

- - -003 004 008 - - - -
- - - - - - -~ 08
- - - - - 008 -002 - -

and those from the right PMv to right SMC were stronger in
aged subjects. There were moderate interactions from the right
SMC to the right VL in both subjects. During ET tasks, entirc
CC interactions from the left CB to the left CB, via the left DN,
right VPL, right PMv and right SMC, were stronger in young
subjects. By contrast, intcraction from the right SMA to the right
SMC was stronger in aged subjects (Tables 4, 5; Fig. 5).

The omnibus test suggested that the functional networks of the
left hemisphere and right cerebellum arc different between the
young and aged groups during both SI [yx* diff{29)=344.92,
p<0.001] and ET tasks [ diff{29)=255.01, p<0.001]. During SI
tasks, moderate interactions were scen from the left GPi to the left
VL in both groups. In addition, the interactions from the right CB
to the right DN were stronger in the young group than in the aged
group. During ET tasks, the interactions from the left PMv to the
left SMA were stronger in the aged group.

The results of interhemisphere SEM were different between
young and aged groups during both SI f[x? diff(12)=2013.49,
p<0.001] and ET tasks [ diff{12)=2404.69, p<0.001]. Only the
old group showed moderate interactions between hemispheres.
During S1 tasks, there were stronger interactions from the left PMv
to right PMv in the aged group. During ET tasks, interhemispheric
interactions from the left SMA to right PMyv, those from the left
SMC to the right SMC and those from the right SMA to the left
SMC were stronger in the aged group. There were stronger
reciprocal influences among bilateral SMAs in the aged group
during both tasks.

Discussion

In the current study, we compared functional interactions within
the BGTM and CC loops between young and aged subjects using
fMRI combined with a parametric approach and SEM, during
sequential finger movements of SI and ET tasks. The major new
findings in aged subjects were as follows: (1) decreased
connectivity within BGTM loops during SI movements, (2)
decreased connectivity within CC loops during ET movements
and (3) increased connectivity within motor cortices and between
hemispheres during both types of movement.

Decreased connectivity within BGTM loop during SI task

Normal aging is characterized by impaired motor ability
(Calautti et al., 2001; Mattay et al., 2002; Sailer et al.,, 2000;
Welford, 1988). In particular, slowing of motor movements and
loss of fine motor skills are thought to reflect underlying age-
related degeneration in brain systems subserving motor function
(Smith et al., 1999). The basal ganglia are subcortical nuclei that
are thought to be motor structures involved in the timing of
movements (O'Boyle et al., 1996; Pastor et al., 1992, 2004), the
speed of movement and the acquisition of motor skills (Laforce
and Doyon, 2002; Vakil et al., 2000). Concerning the contribution
of lower sensorimotor processes to behavioral slowing in the
elderly, Kaasinen et al. (2000) have documented the decline of the
dopaminergic neurotransmitter system in the aging human brain
and, more specifically, the loss of dopamine receptors in the
striatum and extrastriatal regions, which is associated with a basic
impairment in motor functions (Volkow et al., 1998). These results
suggest decreased activity in the regions within the BGTM loop in
aged subjects.

Although several functional brain imaging studies have
reported age-related changes in human motor system, only a
few studies have reported age-related changes in the striatum. In
an fMRI study of a visually paced button press task using the
right hand, aged subjects showed additional areas of activation in
the bilateral Put (Mattay et al., 2002). Aged subjects showed
greater activation in the ipsilateral Put and less activation in the
contralateral Put, when either making a fist or opposing the
thumb and index finger with left hand (Fang et al., 2005). Studies
of self-initiated, memorized sequential right finger movements
(Wu and Hallett, 2005), visually paced isometric hand grip tasks
using each hand (Ward and Frackowiak, 2003), auditory paced
finger and wrist movements of each hand (Hutchinson et al.,
2002) and auditory paced thumb to index tapping with either
hand (Calautti et al., 2001) failed to show any age-related change
in the activation of the striatum. Thus, the results of previous
functional brain imaging studies were inconsistent. Basically,
these studies performed categorical comparisons of fMRI and
PET data and could only show the change in activation in each
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Tabie 5 ’
Interregional cormrelation coefficients (Pearson product-moment correlation (A) and path coefficients (B) during two different tasks in aged subjects

Pt tGP VL VPL SMA ISMC PMv IDN ICB {Put IGP IVL IVPL ISMA ISMC IPMv DN rCB

3

rPut 1.00

rGP 019 1.00

VL 018 016 100

fVPL 027 020 029 1.00

ISMA 005 002 002 002 100

SMC 017 008 026 021 030 100

PMv 010 013 019 01I 012 029 100

IDN 008 005 019 018 010 021 014 1.00

ICB 000 003 015 004 -002 005 -004 0I5 100

1Put 025 022 013 018 -005 003 018 0.3 0.0 1.00

IGP 021 030 027 019 009 006 015 005 010 017 1.00

VL 013 024 054 027 000 010 01 015 016 018 030 100

IVPL 025 022 038 028 001 012 015 015 019 026 027 052 100

ISMA 009 009 -001 0064 055 021 0.4 007 —-007 002 006 —002 001 1.00

ISMC 006 006 004 007 003 009 019 009 -002 012 006 004 0.3 0.2 100

IPMv 016 021 018 016 009 019 028 014 000 008 011 0I5 008 020 017 1.00

DN 008 005 015 011 009 020 020 037 021 005 004 013 010 004 005 010 100

CB  -001 004 005 00! -005 -00l -004 0.1 049 0.2 -001 0.2 022 —-004 002 —004 013 100
ET :

rPut 1.00

rGP 006  1.00

rVL 013 000 1.00

tVPL 015 0.6 020 1.00

'SMA 008 000 006 008 100

SMC 003 000 004 008 046 100

PMv 005 009 003 010 024 020 100

IDN 012 008 017 013 007 015 009 1.00

ICB 004 003 010 001 012 -002 -005 0.10 1.00

1Put 009 020 013 026 006 002 003 0Il 009 1.00

IGP 016 021 009 017 001 005 001 008 007 010 1.00

IVL 012 011 053 019 013 009 007 017 009 016 005 100

IVPL - 0I5 002 028 021 004 001 005 014 00l 020 008 033 1.00

ISMA 016 001 007 000 049 020 028 008 004 003 -002 008 0.3 100

ISMC 007 -005 018 009 036 034 007 010 018 010 008 011 009 018 1.00

IPMv - 011 008 011 009 "015 003 0I5 005 ~003 008 003 008 017 026 011 100

DN 012 004 010 020 -007 000 003 028 012 011 -007 014 012 -001 003 -001 1.00

CB 002 003 010 -00l -0.12 -013 000 003 033 005 00l 005 —004 001 -002 004 006 1.00

B
SI

rPut - - - - 000 015 005 - - - - - - - - - - -
GP 019 - - - - - - - - - - - - - - - - -
VL - 013 - - -006 020 008 - - - - - - - - - - -
rVPL - - - - - 00L 001 0.18 - - - - - - - - - -
SMA - - 000 - - - 0.09 - - - - - - ‘041 - -002 - -
SMC - - 0.11 015 027 - 021 - - - - - - 0.18 004 015 - -
rPMv - - 013 007 009 - - - - - - - - 008 - 020 - -
IDN - - - - - - - - 015 - - - - - - - - -
ICB - - - - - 007 -006 - - - - - - - - - - -
[Put - - - - - - - - - - - - - -0.01 0.1l 0.06 - -
IGP - - - - - - - - - 017 - - - - - - - -
IVL - - - - - - - - - - 029 - - -005 004 008 - -
IVPL - - - - - - - - - ~ - - - - -007 010 009 -~
ISMA - - - - 039 - 006 - . - - - -0.03 - - - 0.16 - -
ISMC - - - - 000 003 018 - - - - -0 018 009 - 015 - -
IPMv - - - - 0.07 -~ 021 - - - - 014 -002 015 - - - -
DN - - - - - - - - - - - - - - - - - 0.13
CB - - - - - - - - - - - - - - 003 -004 - -

(continued on next page)
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Table § (continued)

Pt 1GP VL rVPL SMA rSMC rPMv IDN

1Put  IGP IVL IVPL ISMA ISMC IPMv DN 1CB

B
ET )

tPut - - — - 008 -001 003 —
GP 006 - - - - - - -
rvL - 000 - - 004 001 002 -
VPL - - - - - 002 000 0.13
SMA - - 004 - - - 0.18 -
SMC - - 000 003 044 - 0.09 -
PMv - - -001 009 018 - - -
IDN - - - - - - - -
ICB - - - - - -001 -0.05 -
Put - - - - - - - -
IGP - - - - - - - -
VL - - - - - - - - -
IVPL - - - - - - - -
ISMA - - - - 033 - 012 -
ISMC -~ - - - 031 01l -003 -
IPMv - - - -~ 012 - 0.10 -
DN - - - - - - - -
CB - - - - - - - -

- - - - 037 - 001 - -
- - - - 016 028 -004 - -
- - - - 022 - 0.06 - -

010 - - - - - - - -
- 004 - - 004 007 006 - -
- - - - - 005 003 012 -
- - 004 - - - 020 - -
- - 006 003 016 - 006 - -

- - 000 014 018 - -

- - - - - -002 004 - -

region. Instead, we used correlation data based on rate-dependent
movements and SEM. SEM has provided new insights into task-
specific functional networks (Grafton et al., 1994; McIntosh and
Gonzalez-Lima, 1994; McIntosh et al., 1994). Our approach
provides additional information about brain physiology such as
thythm formation, motor preparation and motor execution that is
not always apparent in the results of categorical comparisons of
fMRI data (Taniwaki et al., 2006). Consistent with clinical (Smith
et al, 1999) and pathological studies (Kaasinen et al, 2000;
Volkow et al, 1998), our current mapping study shows less
activation in the right Put, VL and bilateral SMA in the aged
group compared with the young group during SI movements. Our
SEM results further indicate an age-dependent decline in
connectivity within BGTM loops during Sl tasks. To our
knowledge, we are the first to show an age-related decrease in
connectivity within the BGTM loop. Our aged group also showed
the tendency toward slower movement during the SI task.
Because the BGTM loop is suggested to play an important role in
central timing processes (in the SMA, basal ganglia and VL) and
execution processes in the SMC (Taniwaki et al, 2003; 2006),
age-related decline of either central timing processes and/or
execution processes might reflect the decreased comnectivity
within BGTM loop and slower movement during the SI task.

Decreased connectivity within the CC loop during ET tasks

The cerebellum also plays an important role as a motor structure
(Casini and Ivry, 1999; Ivry et al., 1988; Laforce and Doyon, 2002)
and is involved in the execution of fine motor skills which are lost
during aging (Smith et al., 1999). Anatomically, significant changes
are observed with age in the anterior lobe, where a selective 40% loss
of both Purkinje and granule cells was observed in the cerebellum.
Furthermore, a 30% loss of volume, mostly due to loss of cortical
volume, was observed in the anterior lobe, which is predominantly
involved in motor contro] (Andersen et al., 2003). Thus, decreased
activity within the CC loop can be predicted.

Several functional brain imaging studies have reported age-
related changes in the cerebellum. fMRI studies of a visually paced
button press task using right hand (Mattay et al, 2002) and self-

initiated, memorized sequential right finger movements (Wu and
Hallett," 2005) demonstrated greater activation in the bilateral
cerebellar cortex in aged subjects compared with young subjects.
In an fMRI study of a visually paced isometric hand grip task using
each hand, aged subjects showed additional areas of activation in
the cerebellar vermis (Ward and Frackowiak, 2003). By contrast,
aged subjects showed less activation in bilateral cerebellum by
auditory paced right finger or wrist movement and in the left
cerebellum during left wrist movement compared with young
subjects in an fMRI study (Hutchinson et al., 2002). A PET study
also showed no age-related change in the cerebellum during
auditory paced thumb to index tapping with either hand (Calautti et
al., 2001). Previous imaging studies of regional activation in the
cerebellum have failed to show consistent results, though the tasks
were different from each other.

Consistent with clinical study (Smith et al., 1999) and anatomical
study (Andersen et al., 2003), our SEM results indicate an age-
dependent decline in connectivity within CC loops during ET tasks.
Our aged group also showed the tendency toward increased
variability in frequency in the ET task. Because the CC loop is
involved in the functions of the cerebellum in monitoring and
adjusting inputs from SMC, as well as motor planning processes in
the PMv and exccution processes in the SMC (Taniwaki et al., 2003;
2006), age-related alteration in these functions might bring about not
only decreased connectivity within the CC loop, but also the
tendency toward increased variability in frequency.

Increased connectivity within motor cortices

Our SEM showed increased connectivity within motor cortices
and between cerebral hemispheres. In SI tasks, moderate interac-
tions were observed from the right SMA to the right SMC, from
the right PMv to the right SMC, and the left PMv to right PMv in
the aged subjects. Bilateral SMAs showed moderate positive
reciprocal influences. The role of the SMA in behavior remains
elusive, but many functions have been ascribed to this region
including internal planning (Tanji and Shima, 1994), timing
(Macar et al,, 2004), sequencing (Shima and Tanji, 1998) and
action retrieval (Chen et al., 1995). Our results from the ET tasks
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showed that aged subjects have stronger interactions among the
bilateral PMv, SMA and SMC, which reflect motor planning
processes in the PMv and execution processes in the SMC. Since
this connectivity in the aged group includes neither the basal
ganglia nor the cerebellum, intercortical interactions might be
strengthened for good motor performance.

Interhemispheric interactions were more obvious in aged
subjects than in young subjects. It is possible that these
interhemispheric interactions represent either transcallosal inhibi-
tion or facilitation. SEM results need to be interpreted carefully
because of methodological limitations. We cannot always
interpret a positive path coefficient as an excitatory mnfluence
and a negative path coefficient as inhibitory (McIntosh and
Gonzalez-Lima, 1994). Instead, positive and negative path
coefficients measure signs of covariance relationships among
the structures of a network. Our finding of stronger interhemi-
spheric interactions in aged subjects could be regarded as
reflecting quantitative changes within a functional network that
may be comparable to reduced functional lateralization in the
aged motor cortex (Naccarato et al., 2006). These differences
might be more related to the greater demands in aged subjects on
maintaining and updating working memory, attending to multiple
actions and/or response conflict monitoring.

Previous imaging studies have shown greater activation of motor
cortices in elderly subjects, in both spatial extent and magnitude
(Esposito et al., 1999; Grady, 2000; Hutchinson et al., 2002; Mattay
et al., 2002; Wu and Hallett, 2005). A recent study using rTMS and
PET reported enhanced local effective connectivity between motor-
related areas in aged subjects (Rowe et al., 2006). Our current results
also showed increased connectivity within motor cortices and
between hemispheres. Several imaging studies of motor behavior
provide support for the interpretation that greater activity is a
compensatory response to increased functional demands (Hutch-
inson et al., 2002; Mattay et al., 2002; Wu and Hallett, 2005),
although a recent study did not support this interpretation (Riecker et
al., 2006). The increased interactions within motor cortices in our
elderly subjects may also be a consequence of the reorganization and
redistribution that takes place in brain circuitry in response to
neurodegeneration (Mattay et al., 2002; Wu and Hallett, 2005). It is
possible that increased connectivity within motor cortices is the
product of a breakdown in local inhibitory processes, secondary to
neural degeneration leading to intracortical disconnectivity (Mattay
et al., 2002).

Concluding remarks

A combined use of sequential finger movements, fMRI and SEM
enabled us to visualize the effects of age on functional connectivity
within motor loops in the basal ganglia and cerebellum during
motor execution. Different functional interactions within cortico-
subcortical loops and intracortical loops were demonstrated. The
functional changes that occur in the BGTM and CC loops in
neurological disorders remain to be determined; analysis of patients
with Parkinson’s disease, currently progress in our laboratory, will
help to address this question.
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Abstract

In order to investigate the contribution of genetic variation in the human dopamine receptor D4 gene (DRD4) to the risk of devel-
oping schizophrenia, we carried out a genetic analysis of 27 polymorphisms in 216 schizophrenic patients and 243 healthy controls from
the Kyushu region of Japan. Twenty-two single nucleotide polymorphisms (SNPs) and five insertion/deletion polymorphisms were ana-
Iyzed in this study, including four novel SNPs and a novel mononucleotide repeat. Linkage disequilibrium (LD) and haplotype analyses
reveal weak LD across the DRD4 gene. In univariate analysis female individuals with allele —521C had a higher risk for schizophrenia.
However, this finding was not significant after correction for multiple hypothesis testing. No other polymorphisms or haplotypes differed
between schizophrenic patients and controls. Likewise, multivariate analyses did not reveal any statistically significant associations.
© 2006 Elsevier Ltd. All rights reserved.

Keywords. Schizophrenia; Genetic association; Polymorphism; Dopamine receptor D4; Linkage disequilibrium; Haplotype

‘1. Inreduction of dopaminergic neurotransmission systems in the patho-

genesis of schizophrenia (reviewed by Willner, 1997). The

Schizophrenia is the most prevalent of the major psy-
chotic disorders with [% of the population affected world-
wide. Although family, twin and adoption studies strongly
suggest that genetic variation contributes to the etiology of
schizophrenia (Gottesman, 1991; Kendler and Diehl,
1993}, the underlying molecular basis and pathophysiolog-
ical mechanisms leading to the development of schizophre-
nia are still unclear. Several lines of clinical and
pharmacological evidence suggest the possible involvement

" Corresponding author. Tel.: +81 92 642 5626; fax: +81 92 642 5644,
E-mail address: hiroakik@npsych.med.kyushu-u.ac jp (H. Kawasaki).

0022-3956/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jpsychires.2006.05.014

“dopamine hypothesis™ is supported by the observation
that dopamine receptor antagonists modulate the symp-
toms of schizophrenia and the observation of altered dopa-
mine levels in the striatum, prefrontal cortex and limbic
system of schizophrenic patients. Accordingly dopamine
receptors have been a focus of genetic studies aimed at find-
ing abnormalities associated with schizophrenia. In partic-
ular, the DRD4 gene, a member of the D2-like dopamine
receptor family, has been considered a strong candidate
gene for schizophrenia. This is partly based on the finding
that the atypical antipsychotic drug, clozapine, has a rela-
tively high affinity for DRD4 (Van Tol et al.. 1991), and
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that elevated levels of DRD4 protein and mRNA were
found postmortem in the brains of schizophrenia patients
(Seeman et al., 1993; Stefanis et al., 1998). The DRD4 gene
has also been investigated in attention deficit hyperactivity
disorder (ADHD) and in relation to personality traits such
as novelty seeking.

The DRD4 locus is highly polymorphic (Cichon et al.,
1995; Mitsuyasu et al., 2001; Mitsuyasu et al., 1999; Okuy-
ama et al., 2000; Paterson et al., 1996; Seaman et al., {999;
Van Tol et al., 1992; Wang et al., 2004; Wong et al., 2000).

Association between various polymorphisms and
schizophrenia have been reported by some investigators,
however, efforts to replicate those results have generally
been unsuccessful. Only three studies reported positive
association results {Okuyama et al., 1999; Weiss et al.,
1996; Xing et al., 2003). Among the polymorphisms ana-
lyzed for association with schizophrenia, the —521T/C
polymorphism is one of the most extensively studied, not
only in relation to schizophrenia (Jonsson et al., 200I;
Jonsson et al., 2003; Mitsuyasu et al,, 2001; Okuyama
et al., 1999; Xing et al., 2003), but also ADHD (Bellgrove
et al.. 2003; Kirley et al., 2004; Lowe et al., 2004; Mill et al.,
2003} and personality traits (Bookman et al., 2002; Ekel-
und et al., 2001; Joyce et al., 2003; Lakatos et al., 2002;
Lee et al., 2003; Mitsuyasu et al.,, 2001; Okuyama et al.,
2000; Ronai et al., 2001; Strobel et al., 2002; Strobel
et al., 2003). However, although several studies suggest that
the 48-base pair (bp) variable number of tandem repeat
(VNTR) polymorphism in exon 3 of DRD4 is associated
with ADHD and personality traits {(Faraone et al., 2005;
Jonsson et al., 2003; Savitz and Ramesar, 2004; Schinka

et al., 2002), the overall results of these extensive investiga- -

tions are inconsistent.

Previously, we reported nine novel polymorphisms in
the upstream region of the DRD4 gene in the Japanese
population (Mitsuyasu et al., 1999). Our analysis of five
single nucleotide polymorphisms (SNPs), including
—521T/C, in 208 schizophrenia patients and 210 normal
controls revealed no significant association (Mitsuyasu
et al., 2001).

In this report, we describe a more exhaustive analysis of
polymorphism in the DRD4 gene by carrying out LD and
haplotype analyses with a total of 27 polymorphisms
including the polymorphic 120-bp tandem repeat (TR) in
the 5 UTR and the 48-bp VNTR in exon 3. Both SNP
and haplotype based association analyses, using uni- and
multivariate statistical methods, were carried out to clarify
the relationship between schizophrenia and polymorphisms
of DRDA4.

2. Materials and methods
2. 1. Study population
Two hundred sixteen schizophrenic patients fulfilling the

DSM-IV diagnostic criteria for schizophrenia (121 male
and 95 female), aged 18-82 (mean S51.5+13.7, male

50.5 &+ 14.0, female 52.7 & 13.3), were recruited from nine
hospitals in the northern area of Kyushu. 243 controls
(138 male and 105 female), aged 30-71 years (mean
50.2 £4.6, male 52.1+1.2, female 47.7+6.1), were
recruited from the personnel of the Japanese Self-Defense
Forces and the staff of three hospitals in Fukuoka prefec-
ture, Kyushu. All patients and controls were ethnically
Japanese. There are no significant differences between the
ages of the schizophrenic and control populations, or
between male schizophrenics and controls, total female
and total male populations or female and male schizo-
phrenic populations. In contrast, there are significant age
differences between female and male control populations
and between female patients vs. controls: the average
female control is 4.3 years younger than the average male
control {(p < 0.0001) and 5.0 years younger than the average
female schizophrenic (p = 0.001).

The controls were selected based on information
acquired from a questionnaire that interrogated various
aspects of socio-economic, physical and mental status, as
well as neuro-psychiatric and psychological characteristics.
This questionnaire provides information similar to that
obtained from batteries such as the Temperament and
Character Inventory (Cloninger et al., 1993; Kijima et al.,
1996), the Beck Depression Inventory (Beck et al., 1961),
the State-Trait Anxiety Inventory {(Spielberger et al,
1970), the Maudsley Obsessive-Compulsive Inventory
(Hodgson and Rachman, 1977), and the Kurihama Alco-
holism Screening Test (Saito and Ikegami, 1978). The
inclusion criteria for controls were: (1) over 30 years old,
(2) no physical or psychiatric history, (3) good social
adjustment with occupation, and (4) no intellectual deficit.
All control subjects were assessed for mental and physical
illness by administering the Japanese edition of the Mini-
International Neuropsychiatric Interview (M.I.N.1.) (Shee-
han and Lecrubier, 1998).

All subjects gave informed consent. This study was
approved by and performed in accordance with the guide-
lines of the Ethics Committee of the Graduate School of
Medical Sciences. Kyushu University.

2.2. Génotyping methods

Genomic DNA was purified from peripheral blood leu-
kocytes as previously described (Lahiri and Nurnberger,
1991; Mitsuvasu et al., 2001). Genotyping experiments
were performed using polymerase chain reaction (PCR)
and/or direct sequencing methods. The amplified frag-
ments and primer pairs for PCR are summarized in Table
j and Fig. 1. Both the 120-bp TR and 48-bp VNTR poly-
morphisms were genotyped by detecting the length of each
amplified fragment. The 26 other polymorphisms were gen-
otyped by sequencing two PCR amplified fragments.

The 120-bp TR polymorphism was genotyped using a
previously reported PCR-based typing method (Seaman
et al., 1999). Genotypes were read based on the presence
of 429-bp and/or 549-bp fragments.



