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Loss of Interhemispheric Connectivity in Patients with
Lacunar Infarction Reflected by Diffusion-Weighted

MR Imaging and Single-Photon Emission CT

Makiko Ishihara, Shin-ichiro Kumita, Hiromitsu Hayashi, and Tatsuo Kumazaki

BACKGROUND AND PURPOSE: Although decreased neuronal connectivity in white matter
has been reported to be a key mechanism of vascular dementia, assessment of white matter
changes by diffusion-weighted MR imaging in relation to measures of associative function has
not been previously addressed. We evaluated the loss of interhemispheric neuronal connectivity
in vascular dementia by measuring diffusional anisotropy of the corpus callosum and deter-
mining its relationship to the regional cortical activity as reflected by cortical perfusion.

METHODS: Nine patients with multiple lacunar infarction and six healthy volunteers (25–
35 years old) were examined. We developed a method to determine the active cortical volume
(ACV) by masking iodine-123 iodoamphetamine SPECT scans to eliminate the effect of brain
atrophy. The anisotropic rate (AR) was calculated as a ratio of two perpendicular diffusion
coefficients in diffusion-weighted MR imaging.

RESULTS: Compared with the ACVs of the healthy volunteers, there were significant de-
creases in the ACVs in the frontal associative areas in the patients, and these were significantly
correlated with cognitive scores. The frontal ACVs showed good correlations with the AR of
the anterior corpus callosum among all participants; however, only insignificant trends toward
correlation were observed between these two parameters within the patient group.

CONCLUSION: A possible relationship between diffusional anisotropy of the anterior corpus
callosum and frontal associative function was suggested; however, an estimation of the decrease
in neuronal connectivity in patients with multiple lacunar infarction in terms of the deterio-
ration in diffusional anisotropy requires further documentation.

Data from functional neuroimaging (1, 2) and post-
mortem neuropathologic (3, 4) studies have shown
that decreased neuronal connectivity in white mat-
ter may be a key mechanism of vascular dementia.
The former studies have suggested a contribution
of the diaschisis phenomenon between cortical and
subcortical structures, and the latter studies have
revealed actual histopathologic changes in subcor-
tical structures. In particular, electron microscopic
studies of Binswanger disease have revealed that
the decreased number of nerve fibers in the anterior
corpus callosum seems to play a contributory role
in the development of dementia (4). However, di-
rect assessment of white matter changes in vivo in
relation to measures of cognitive impairment have
not been previously addressed.
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Because of the advance of ultrafast MR imaging,
diffusion-weighted MR imaging, which permits in
vivo measurement of random motion of tissue wa-
ter molecules (5, 6), has matured into an easy-to-
perform technique (7). The magnitude of diffusion,
given by an apparent diffusion coefficient (ADC),
varies with the direction of measurement because
of water restriction by the myelin sheath (diffu-
sional anisotropy), and this provides much infor-
mation on the microstructural orientation of white
matter (7–10), especially of major tracts, such as
the corpus callosum (7, 8, 10). Recently, we re-
ported the decreases of diffusional anisotropy of
the anterior corpus callosum in association with
multiple lacunar infarction and its possible relation
to cognitive impairment (11). Because these find-
ings are in agreement with the results of the elec-
tron microscopic studies of Binswanger disease (4),
the histopathologic features of which are basically
identical to those of multiple lacunar infarction
(12), we hypothesized that our findings (11) reflect
the number of damaged fibers and thus indicate the
extent of decreased interhemispheric neuronal con-
nectivity. Questions then arose as to the relation-
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ship between the diffusional anisotropy of corpus
callosum and actual associative function.

In quantitative measurements of cortical perfu-
sion by radiotracer uptake, partial volume averag-
ing of gray matter, white matter, and CSF spaces
can induce significant inaccuracy (13), especially
in the atrophic brain (14). To address this, we de-
veloped a method of assessing cortical perfusion in
terms of active cortical volume (ACV). The ACV
technique masks single-photon emission CT
(SPECT) scans, instead of measuring the degree of
perfusion reduction, to estimate actual cortical ac-
tivity. The goals of the current study were, there-
fore, to determine whether ACV is feasible as an
index of cortical activity in associative areas and to
assess the relationship between ACV in associative
areas and diffusional anisotropy of the corpus cal-
losum. We discuss the possibility of estimating loss
of neuronal connectivity in cases of multiple la-
cunar infarction in terms of the deterioration in dif-
fusional anisotropy of the anterior corpus callosum,
thereby providing new background information re-
garding vascular dementia.

Methods

Participants

We studied nine patients with multiple lacunar infarction
(six men and three women; average age, 74 6 8 years; range,
62–86 years) and poor cognitive levels as evaluated by mini-
mental state examination (MMSE) (mean score, 17 6 5; range,
10–23), and six healthy young adult volunteers (six men; av-
erage age, 30 6 4 years; range, 25–35). Informed consent was
obtained from every participant. Using a database of patients
with multiple lacunar infarction in our laboratory, the study
group was selected from persons who underwent brain SPECT
and MR imaging within a 3-week interval. Every subject had
a clinical history of repeat transient ischemic attack and hy-
pertension and had multiple lacunae in the deep cerebral region
around the perforating vessels revealed by routine T1- and T2-
weighted MR imaging. We did not include patients with cor-
tical lesions in order to eliminate the effect of direct cortical
tissue damage.

Imaging Protocol

MR imaging data were acquired using a 1.5-T system
(SignaHorizon, General Electric Yokokawa Medical Systems,
Tokyo, Japan) at the maximum gradient strength of 23 mT/m
and slew rate of 77 T/m per second with a quadrature head
coil. A subject’s head was carefully placed to ensure that the
anterior-posterior commissure line was parallel to the axial gra-
dient planes and axial sections. Routine MR imaging evalua-
tion of 15 contiguous axial sections of the whole brain was
performed using conventional spin-echo T1-weighted 420/10
(TR/TE) and fast spin echo T2-weighted 3500/100 (TR/TEeff)
images, with an echo train of 10, a field of view of 24 3 24
cm, an imaging matrix of 256 3 256, and a 6.5-mm section
thickness with a 2.0-mm gap. For diffusion-weighted MR im-
aging, single-shot echo-planar imaging was used to obtain 12
to 14 contiguous axial 6500/120 sections, with a field of view
of 24 3 24 cm, an imaging matrix of 128 3 128, and a 7.0-
mm section with a 1.0-mm gap. The diffusion gradient pulses
were applied with settings of b 5 0 and b 5 710 along the
readout gradient axis (right to left, x-axis) and the phase gra-
dient axis (anterior to posterior, y-axis), respectively; their du-
ration was 25 milliseconds with a 29.2-millisecond gap.

SPECT data were acquired using a three-headed gamma
camera Prism 3000 (Picker-Shimadzu International Inc, Kyoto,
Japan), with low-energy high-resolution collimation and 58
projections over each 1208 with 60 seconds of data collimation
per projection, at 10 minutes after intravenous injection of 222
MBq of iodine-123 iodoamphetamine (123I-IMP). After prefil-
tering the projection data with the standard 2D Butterworth
filter, axial images parallel to the anterior-posterior commissure
line were reconstructed with a 6.8-mm section thickness and a
1.0-mm gap. The reconstruction matrix of the SPECT scans
was 128 3 128, and spatial resolution was 9 mm full width
at half-maximum in the axial plane.

Determination of Diffusional Anisotropy

Three series of diffusion-weighted MR imaging data with a
setting of b 5 0 and b 5 710 for each x- and y-axial direction
were processed on an online computer system (Sun Sparc20)
to create parametric ADC maps of each direction by using
interactive data language software. For the calculation of ADC,
the monoexponential intravoxel incoherent motion model (6)
was used.

S(b 5 710) 5 S(b 5 0) * exp(2b * ADC ;) i 5 x, yi i

Therefore, the ADC value of each direction can be determined
in each pixel from the relative signal intensities by solving the
following equations:

ADC 5 ln [S(b 5 0)/S(b 5 710)]/(71020)x x

ADC 5 ln [S(b 5 0)/S(b 5 710)]/(71020)y y

where S is the signal intensity, b is the factor determined by
the gradient strength, and each ADCx and ADCy is the ADC
value in each axial direction. Region of interest (ROI) data of
the ADCx and ADCy maps were extracted from the anterior
and posterior parts of the corpus callosum and optic radiation
(Fig 1). The ratio of ADCx to ADCy, namely, the anisotropic
rate (AR) (AR 5 ADCx/ADCy 3 100), was calculated as an
index of diffusional anisotropy as in previous studies (15, 16).
This index can be used to determine the main fiber orientation
in a particular ROI. If the AR is greater than 1, the fibers are
oriented in an x-axial direction; and if the AR is less than 1,
the fibers are oriented in a y-axial direction.

Determination of ACV and Evaluation of the Relation to
Neuronal Connectivity

For intersubject analysis, SPECT scans usually require nor-
malization to counts in a certain reference area. In this study,
the value of maximal counts measured in the visual cortex was
used for normalization because there were no participants with
reduced visual function in this study. Initially, brain uptake of
greater than 80% of the maximal counts in the visual cortex
was assumed to represent active cortical tissue and we defined
it as the upper masking level. A lower masking level for elim-
inating pixels of white matter and CSF space from SPECT
scans was also determined. After excluding scatter counts out-
side the brain, binary maps at the preliminary lower masking
levels of 60%, 65%, and 70% of the maximal counts in the
visual cortex of the subjects were created to determine which
level results in a proportion of masked pixels closest to that
of major white matter and CSF space, as has previously been
calculated using manual thresholding of anatomic MR imaging
(17). The ACV was thus defined as the regional ratio of the
number of pixels above the 80% map to the number above the
lower masking map as follows:
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FIG 1. A representative level of calculated ADC maps. ROIs, placed on the anterior and posterior corpus callosum and optic radiation,
are 100 to 200 pixels each and the same in contour between the two maps.

A, ADC
B, ADC
C, A scheme for regional data extraction from these maps.

ACV(%) 5 (regional number of pixels in 80% masking
map)/(regional number of pixels in the lower masking map)

3 100

The validity of this parameter was determined by testing
whether these values eliminated partial volume effects using
brain phantom (IB-10, Kyotokagaku-Hyohon, Kyoto, Japan)
SPECT scans. SPECT scans were obtained using exactly the
same protocol as in the human experiment described above,
with 123I-IMP concentration of gray matter and white matter
of 7.8 MBq/530 mL and 2.2 MBq/300 mL (concentration rate
5 2:1), respectively.

Using the original human SPECT scans, ROIs were speci-
fied in the superior and inferior frontal associative areas, the
parietal associative area, and the temporal associative area, to
exclude the primary sensorimotor area, mesial temporal lobe,
or insula. These were then superimposed on the ACV maps
(Fig 2). To determine whether these ACVs correlated with cog-
nitive function, they were compared with the cognitive scores
in the patient group. The ARs were then compared with these
ACVs for all subjects to elucidate the relationship between the
interhemispheric neuronal connectivity and cortical perfusion.

Statistical Analysis

Parametric variables were expressed as mean values 6 SD.
Regional differences between the ACVs within a group were
compared using one-way analysis of variance corrected for
multiple comparisons, and the intergroup differences between
the ACVs as well as between the ARs were compared using
unpaired two-tailed t-tests, with P , .05 representing statistical
significance. Correlations between the ACV and MMSE scores
within the patient group, and between the ACV and MR values
of all subjects, were determined using linear regression anal-
ysis, also with P , .05 representing statistical significance.

Results

Determination of the Lower Masking Level for
ACV Based on Human SPECT Scans

Figure 3 and Table 1 show the process of how
the best lower masking level was determined. As
shown in Table 1, the masked volume ratio at the

70% level was close to the ratio previously reported
(49.5%) (17), and we selected that as the lower
masking level.

Validation of ACV by Phantom SPECT Scans
Figure 4 shows phantom SPECT scans depicting

eight different ROIs in various cortical regions. As
shown in Table 2, the coefficient of variance of the
ratio of the number of pixels above the 80% level
to the number above the 70% level in these ROIs
was much smaller than that of the number of pixels
themselves, indicating that it reflects actual tracer
accumulation regardless of the cortical regions.

Comparisons of Regional ACV between Groups
In terms of regional ACV differences, the lowest

ACVs were observed in the frontal associative ar-
eas of the patient group; however, regional ACV
differences were not significant in either the patient
or volunteer groups. When regional ACVs were
compared between the groups, there were signifi-
cant decreases in the patients’ ACVs in the superior
frontal region, inferior frontal region, and temporal
lobe (P , .05). These results are presented in Table
3. In the patient group, furthermore, individual
ACVs in the superior and inferior frontal regions
correlated well with the cognitive score (superior
frontal: r 5 .87, P , .05; inferior frontal: r 5 .73,
P , .01). These results are shown in Figure 5.

Comparisons of Regional Diffusional Anisotropy
between Groups

In both groups, the AR was markedly larger in
the corpus callosum than in the optic radiation, at-
tributable to regional differences in diffusional an-
isotropy. Compared with the healthy group, how-
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FIG 2. A–D, A representative series of bi-
nary SPECT scans showing masking lev-
els of 60% (A), 65% (B), and 70% (C) of
the maximal counts and the original
SPECT scan (D). As the masking level in-
creased, the number of masked pixels of
relatively low counts also increased.

ever, there were significant decreases in the
patients’ ARs in the anterior and posterior parts of
the corpus callosum (P , .05). Table 4 summarizes
the regional ARs in both groups.

Relationship between Associative Cortical Activity
and Neuronal Connectivity

Including the data of all participants, the AR in
the anterior corpus callosum was strongly correlat-
ed with the frontal ACV (Fig 6) (superior frontal:
r 5 .86, P , .0001; inferior frontal: r 5 .79, P ,
.0005). However, these correlations were insignifi-
cant within the group of patients with multiple la-
cunae, probably because of the limited number of
patients in this study. No significant correlation was
shown in the other combinations of the AR and the
ACV.

Discussion
The main finding of this study suggests a pos-

sible relationship between diffusional anisotropy of
the anterior corpus callosum and cortical activity of
the frontal associative areas that are related to glob-
al cognitive function. Although the diffusional an-

isotropy parameter used did not provide adequate
evidence of a loss in neuronal connectivity among
the limited number of patients in our study, it did
suggest that diffusion-weighted MR imaging might
be useful not only for visualizing but also for eval-
uating functional relationships between cortical and
subcortical structures.

The ACV parameter was used to compare
SPECT data between patients and young healthy
volunteers, comparisons that are often difficult to
make because of changes in tracer accumulation as
a function of structural atrophy. The reason for us-
ing the relative number of pixels of the two mask-
ing levels instead of a direct calculation of the
number of pixels is that it is impossible to apply
the same ROI size to the associative areas of in-
dividual brains. As shown in the phantom experi-
ment, the ACV, determined as the ratio of the num-
ber of pixels above the 80% masking level to the
number above the 70% level, reduced the variance
of the cortical activity measurement because of par-
tial volume effects. However, a potential error
source in using this parameter is that it assumes
that the tracer accumulation is relatively homoge-
neous, which is not the case for most diseased
white matter. Another important error source is that
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FIG 3. An explanation of how the ACV,
determined as the ratio of the number of
pixels above the 80% masking level to the
number above the 70% level, is validated.
In this setting, the ACVs derived from the
eight cortical areas should be homoge-
neous, because the actual tracer accu-
mulation in the cortical area is uniform re-
gardless of the regions.

A, Phantom MR image.
B, Phantom 123I-IMP SPECT scan.

Table 1: The percentage of masked pixels to total brain pixels
among all participants using the three different masking levels

Masking level
(%) 60 65 70

No. of pixels* 26.7 6 5.9 22.3 6 6.4 16.6 6 5.8
Percentage of

masked pixels†
14 6 8 29 6 11 48 6 14

* Total 5 31.0 6 5.3.
† The number of masked pixels divided by the number of total pix-

els.

Table 2: Phantom simulation of the active cortical volume using
70% and 80% masking levels

No. of Pixels

70% Level 80% Level

Active
Cortical

Volume (%)

Region 1
Region 2
Region 3
Region 4
Region 5

39
66
65
76
42

28
44
47
54
31

72
67
72
71
74

Region 6
Region 7
Region 8
Mean
SD
Coefficient of variance

44
54
63
56
13
0.2

32
37
44
40
9
0.2

73
69
70
71
2
0.03

FIG 4. A and B, A representation of re-
gional data extraction from one of the orig-
inal SPECT scans. ROIs are specified at
the superior frontal lobe and the parietal
lobe (A), and the inferior frontal lobe and
the temporal lobe (B), so as not to include
the primary sensorimotor area, mesial
temporal lobe, or insula. The ROIs are su-
perimposed on ACV maps.

it ignores the alteration in the gray matter/white
matter ratio associated with aging. This especially
affects the lower masking level, because a lower
masking level that is too low (ie, one that is lower
than the actual gray matter volume) induces un-
derestimation of the ACV. On the other hand, a too-
high lower masking level induces the inverse out-
come. Recently, researchers in positron emission
tomography have proposed an MR-based partial
volume correction method, in which the actual ra-
diotracer distributions are simulated by the convo-
lution of each major structure based on MR im-
aging (18–20). Although this method requires a
somewhat complicated computer simulation, we
recommend further validation of this method using

phantom data and implementation in actual brain
images with a reference for comparison.

According to the previous study of diffusional
anisotropy in patients with multiple lacunar infarc-
tion (11), in which variation of ADCx and ADCy
of the anterior corpus callosum in patients with var-
ious cognitive levels was assessed, a decrease in
the AR was attributable to an insignificant increase
in the ADCy as a function of disease severity (high
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Table 3: Comparisons of the active cortical volume of the four
associative areas between the healthy volunteer and patient groups

Normal Volunteer Patient

Frontal (superior)
Frontal (inferior)
Parietal
Temporal

42.8 6 22.7
45.0 6 14.3
35.1 6 12.2
50.4 6 11.4

22.2 6 12.8*
26.3 6 10.9*
26.5 6 13.9†
31.3 6 15.1*

* P , .05.
† Not significant.

Table 4: Comparisons of the regional anisotropic rate between the
healthy volunteer and patient groups

Normal Volunteer Patient

Anterior corpus callosum
Posterior corpus callosum
Right optic radiation
Left optic radiation

3.20 6 1.26
3.62 6 0.92
0.56 6 0.10
0.53 6 0.11

1.79 6 0.71*
2.09 6 1.46*
0.67 6 0.20†
0.49 6 0.21†

* P , .05.
† Not significant.

FIG 5. Correlations between the regional ACV and the MMSE scores. Individual ACVs in the superior and inferior frontal regions were
well correlated with the MMSE score (superior frontal: r 5 .89, P , .05; inferior frontal, r 5 .71, P , .05).

Left upper, superior frontal.
Right upper, inferior frontal.
Left lower, parietal.
Right lower, temporal.

cognitive level , low cognitive level), whereas the
ADCx change was insignificant. This result sug-
gested to us that water diffusion in the y-axial di-
rection, which is usually restricted by the myelin
sheath, was increased because of a reduction in the
number of nerve fibers, which has been observed
in previous electron microscopy studies (3, 4). The
current study further suggests that diffusional an-
isotropy of the anterior corpus callosum is related
to the frontal associative function and thus possibly
indicates the presence of functional networks be-
tween the frontal cortical and subcortical structures.
However, it is unclear whether these findings are
caused by increased extraaxonal space or increased
CSF space (callosal atrophy) or both. These are rel-
atively indistinguishable, because the diffusion co-

efficient of CSF is a few times larger than that of
brain parenchyma (21), and contaminations of the
pixels from the CSF space cannot be ignored, es-
pecially in the aging brain. Insignificant correla-
tions between the AR and the frontal ACVs in pa-
tients with multiple lacunae might partly result
from these contaminations. One solution for avoid-
ing these contaminations would be to use the se-
quence of diffusion-weighted MR imaging with
CSF-suppressed fluid-attenuated inversion recov-
ery (21–23). Another explanation for these insig-
nificant parameter correlations in the patient group
might be a mathematically insufficient determina-
tion of diffusional anisotropy (24–27). The prob-
lem of characterizing diffusional anisotropy using
the ratio of ADC values in two perpendicular di-
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FIG 6. Correlations between the regional AR of the corpus callosum and the ACV of the frontal areas. The AR in the anterior corpus
callosum is strongly correlated with the frontal ACVs (superior frontal: r 5 .86, P , .0001; inferior frontal: r 5 .79, P , .0005). However,
there are insignificant trends toward correlation between the AR in the anterior corpus callosum and the frontal ACVs within the patient
group.

Left upper, anterior corpus callosum versus superior frontal region.
Right upper, anterior corpus callosum versus inferior frontal region.
Left lower, posterior corpus callosum versus superior frontal region.
Right lower, posterior corpus callosum versus inferior frontal region.

rections has been discussed (24–27). It has already
been reported that the magnitude of diffusional an-
isotropy of the corpus callosum derived from this
index is up to three times lower than that estimated
by the trace of the diffusion tensor (25). Therefore,
calculation of the diffusion tensor of the anterior
corpus callosum and other subcortical structures
and assessment of its relation to the cortical asso-
ciative function will be the next step of our study.

The findings revealed by diffusion-weighted MR
imaging are based on structural alterations of nerve
fibers. Thus, whether the quality of functional
white matter connections can be implied from
structural changes is an issue that has not been re-
solved. The important step would be to investigate
the temporal relationship between the findings de-
tected by diffusion-weighted MR imaging, the
emergence of cortical perfusional changes, and the
development of morphologic changes (atrophy). In
other words, diffusion-weighted MR imaging may
allow researchers to prove that functional neuroim-
aging data (1, 2) and postmortem neuropathologic
data (3, 4) are related, and this knowledge may be
clinically useful in terms of measuring disease pro-
gression. Further studies replicating our efforts in
large groups of patients will offer important infor-

mation leading to greater understanding of how
vascular dementia develops.

Conclusion
This study was conducted to evaluate loss of in-

terhemispheric neuronal connectivity in a back-
ground disease of vascular dementia by measuring
diffusional anisotropy of the corpus callosum and
its relation to regional associative cortical activity.
A positive correlation probably exists between dif-
fusional anisotropy of the anterior corpus callosum
and the frontal associative function; however, esti-
mating the loss of neuronal connectivity in cases
of multiple lacunar infarction in terms of the de-
terioration in diffusional anisotropy requires further
study.
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