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Effect of white matter disease on functional
connections in the aging brain

A F Leuchter, J J Dunkin, R B Lufkin, Y Anzai, I A Cook, T F Newton

Abstract
Periventricular white matter hyperinten-
sities (PVHs) seen on T2 weighted MRI
studies are common in elderly people and
often represent demyelination of fibres.
Damage to these fibres could lead to
functional disconnection between brain
regions. Electroencephalographic coher-
ence, a measure of shared electrical
activity between regions, was examined
to determine if there was evidence for
such disconnection. Twenty two subjects
with clinically diagnosed dementia of the
Alzheimer's type, 16 with multi-infarct
dementia, and 18 normal controls were
studied. It was hypothesised that coher-
ence between areas presumably linked by
fibres that traverse the periventricular
region would be decreased in subjects
with PVHs, and that PVHs would have a
stronger association with decreased
coherence than clinical diagnosis. It was
also hypothesised that coherence between
areas presumably connected by long cor-
ticocortical tracts that are neuroanatomi-
cally separated from the ventricles would
be low in patients with Alzheimer's dis-
ease because of pyramidal cell death in
this group, but would not be affected by
the presence of PVHs. Patients with
PVHs in fact had lower coherence than
those without PVHs in the pre-Rolandic
and post-Rolandic areas, where connect-
ing fibres traverse the periventricular
region. There was no effect of PVHs,
however, on coherence between areas
separated by the Rolandic fissure that
were connected by long corticocortical
tracts; this coherence was lowest among
the patients with Alzheimer's disease.
These patterns of association suggest that
coherence may detect different types of
neurophysiological "disconnection," and
may be sensitive to selective damage to
different fibre pathways.

(7 Neurol Neurosurg Psychiatry 1994;57:1347-1354)

Magnetic resonance imaging shows that deep
white matter disease is prevalent in elderly
people. These high signal lesions on T2
weighted MRI (so called hyperintensities) are
most commonly located in the periventricular
region (periventricular hyperintensities
(PVHs)). 12 They also are found in the subcor-
tical white matter (deep white matter hyperin-
tensities or DWMHs), with a combined

prevalence of PVHs and DWMHs on MRI
scanning of "normal" elderly people of
60-100%.3 Similar lesions are seen on CT of
elderly people, but with a much lower preva-
lence4; this difference probably reflects the
higher sensitivity of MRI.5 Hypertension, dia-
betes, and other cerebrovascular risk factors
are associated with the presence of these
lesions,67 although they are not usually lacu-
nar infarcts.
The PVHs represent increased water con-

tent of white matter. The most common neu-
ropathological correlates are demyelination,
gliosis, and loss of axons,6 8-11 reflecting dam-
age to periventricular fibre tracts.'012 13 It is
thought that PVHs are linked to risk factors
for cerebrovascular disease (hypertension)
through damage to small blood vessels, which
leads to demyelination.2 101416 The periven-
tricular region is a watershed area that is par-
ticularly susceptible to ischaemic damage and
demyelination.'4

Despite general agreement that the preva-
lence and severity of PVHs and DWMHs are
affected by age and cerebrovascular risk fac-
tors,'7-'9 they are common in elderly people
and are often viewed as clinically normal find-
ings. This view is supported by reports that
white matter hyperintensities are compatible
with normal intellectual function202' and by
studies showing no association between the
presence of these lesions and cognitive deficits
in neurologically normal people.'9 2-23 There
is evidence, however, that severe white matter
disease disrupts cognitive functions in some
people,4 24 25 and that the volume of damaged
tissue may be a critical factor.25-27 One could
hypothesise that there are degrees of damage
to fibre tracts caused by periventricular
lesions, and that when lesions are sufficiently
severe, they could cause a "disconnection syn-
drome" analogous to that described by
Geschwind28 in subjects with lesions affecting
association pathways.

Quantitative electroencephalographic
(QEEG), coherence may be a useful way to
examine the functional significance of PVH
lesions. Coherence is a measure of the func-
tional connectivity between brain areas, and
normally is high between areas that are func-
tionally related.29 It is thought to be mediated
by corticocortical and corticosubcortical fibres
of different lengths and types29 30 and has been
shown to be affected by vascular or degenera-
tive diseases in elderly people." 32 With a
model in which we compared coherence
between areas separated by the Rolandic
fissure with areas in the pre-Rolandic or
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post-Rolandic region, we found significant
differences in coherence among control sub-
jects, those with Alzheimer's disease, and
those with multi-infarct dementia." In fre-
quency bands above 6 Hz, we found that the
two groups of demented patients had different
and relatively selective decreases in coher-
ence. We hypothesised that these were due to
damage to different fibre systems. We consid-
ered that patients with Alzheimer's disease
had prominent decreases in trans-Rolandic
coherence because of selective damage to long
corticocortical tracts, whereas patients with
multi-infarct dementia had prominent
decreases in pre-Rolandic or post-Rolandic
coherence because of damage to complex
fibre networks in prefrontal and visual cortex
association pathways respectively. There is
neuropathological evidence to support these
hypotheses. Patients with Alzheimer's disease
have selective disconnection of long cortico-
cortical fibres because of pyramidal cell
death,34-38 and patients with multi-infarct
dementia have prominent damage to pre-
Rolandic and post-Rolandic association fibre
pathways because of periventricular tissue
destruction.39 41

In the frequency band below 6 Hz, patients
with multi-infarct dementia showed decreased
coherence, consistent with fibre damage.
Interestingly, however, patients with
Alzheimer's disease showed increased coher-
ence in this frequency band. This increased
coherence was statistically significant in the
pre-Rolandic region, and there was a trend
towards significance in the post-Rolandic
region.3 We previously speculated that the
increased low frequency coherence in patients
with Alzheimer's disease reflected basal gan-
glia dysfunction. This is consistent with
knowledge regarding the EEG effects of deep
grey matter dysfunction, which is known to
cause projected slow wave activity synchro-
nised over a wide area,42 and may be responsi-
ble for the diffuse slow wave activity seen in
the EEGs of patients with Alzheimer's dis-
ease. Furthermore, the slow waves in
Alzheimer's disease are believed to arise from
degeneration in deep grey structures that pro-
vide cholinergic afferents to the cortex.43 We
have found empirical evidence for the role of
the basal ganglia in causing increased coher-
ence from the study of patients with AIDS, in
whom we detected increased coherence that
had strong linear correlations with increased
metabolism of basal ganglia.44
We postulated that if decreased coherence

is an indicator of disruption in white matter
tracts, it should be strongly and specifically
related to the type of fibre damage. In patients
with Alzheimer's disease, the most prevalent
pathology is senile plaques in layers II, III,
and V of the association cortex, damaging the
origins and terminations of long corticocorti-
cal fibre tracts.34 In multi-infarct dementia,
the most prevalent pathology is deep white
matter demyelination in the periventricular
region.40 45 Damage to long corticocortical
tracts is relatively specific for Alzheimer's dis-
ease; whereas some senile plaques are found

in normal elderly people, they are found in
high concentrations in the association cortex
only in patients with Alzheimer's disease.46
Conversely, damage to pre- or post-Rolandic
networks should be seen in elderly subjects in
general; prominent PVHs are a non-specific
finding seen commonly in patients with
Alzheimer's disease47 and multi-infarct
dementia,40 as well as normal controls.3

Based on this postulate, we performed this
study to test three hypotheses. Firstly, we pos-
tulated that decreased coherence in the post-
Rolandic region would be more strongly
associated with the presence of posterior
PVHs than with clinical diagnosis in all sub-
jects. The complex networks subserving pro-
jections of the visual pathways are dependent
on periventricular white matter fibres,4' and
should be vulnerable to disconnection by
periventricular demyelination in normal peo-
ple as well as those with Alzheimer's disease
and multi-infarct dementia.

Secondly, we hypothesised that pre-
Rolandic coherence would be more strongly
associated with the presence of anterior PVHs
than with clinical diagnosis. Specifically, we
predicted that anterior PVHs would be associ-
ated with decreased pre-Rolandic coherence
in patients with multi-infarct dementia and in
control subjects, and that it would militate
against the increased pre-Rolandic coherence
in low frequency bands in those with
Alzheimer's disease. If subcortical grey and
white matter are viewed as two components of
a subcortical "circuit," and if increased coher-
ence in patients with Alzheimer's disease is
due to subcortical grey dysfunction, it should
be opposed by the presence of PVHs, which
would indicate damage to the subcortical
white matter tracts.

Thirdly, we postulated that decreased
trans-Rolandic coherence would be strongly
associated with clinical diagnosis (lowest in
the Alzheimer's disease group), but that there
would be no association between decreased
trans-Rolandic coherence and the presence of
PVHs. Trans-Rolandic coherence presumably
is mediated by long corticocortical tracts such
as the superior longitudinal fasciculus, which
are damaged by senile plaques in layers II, III,
and V of the association cortex. By contrast
with PVHs, this neuropathology is most com-
mon in those with a clinical diagnosis of
Alzheimer's disease. Furthermore, the supe-
rior longitudinal fasciculus tract courses only
through subcortical white matter and is well-
separated from the ventricles,4' and so, by
contrast with the projections of prefrontal and
visual pathways, should not be vulnerable to
PVHs.

Methods
SUBJECT SELECTION
Fifty six persons (22 with Alzheimer's disease,
16 with multi-infarct dementia, and 18 nor-
mal controls) were examined in this study.
The three groups were of comparable mean
ages (72-6 (SD 7-2), 78 (6 2), and 73-6 (7 6)
respectively), with a trend towards the patients
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with Alzheimer's disease being slightly older
than the patients with Alzheimer's disease (p
= 0-07). There were slightly more men than
women in the Alzheimer's disease and multi-
infarct dementia groups (M:F sex ratios of
0-57 and 06, respectively), and slightly more
women than men in the control group (ratio
of 1-57). These persons were diagnosed and
selected according to criteria previously
described,323' and the criteria are presented
only briefly here. All patients with Alzheimer's
disease met DSM-III-R criteria for primary
degenerative dementia of the Alzheimer's
type; they had dysfunction in at least two
spheres of cognition, and Hachinski ischaemia
scale (HIS) scores of < 4. Patients with multi-
infarct dementia met DMS-III-R criteria for
multi-infarct dementia, and had HIS scores of
7 or greater or clear evidence of stroke. The
subjects with dementia had undergone MRI
of the brain as part of their routine clinical
evaluation. Control subjects were free of any
medical illness or medication known to appre-
ciably affect CNS function, and MRI was per-
formed for research purposes only. Patients
with Alzheimer's disease or multi-infarct
dementia had mini mental state examination
(MMSE) scores lower than the control sub-
jects (18&7, 15-7, and 28&7 respectively), but
the two groups of demented patients did not
differ significantly from each other on this
measure.

QUANTITATIVE EEG RECORDINGS
Recordings were performed by qualified tech-
nicians using recording techniques and filter
settings previously described.'23' Data were
recorded at a sampling rate of 128 samples/
channel/s in four-second epochs, and subjects
were alerted frequently to eliminate drowsi-
ness. Data were reviewed by a technician who
eliminated segments contaminated by eye
movement, muscle, or other artifact. The first
nine epochs (36 seconds) of data were
selected for further analysis.

Spectral analysis was performed with the
FACT system, which is based on the fast
Fourier transform, and coherence was calcu-
lated as described previously.3233 Log trans-
formed coherence values from specific
pairings of bipolar EEG channels were aver-
aged together (as shown in the figure and
listed in detail previously)." These combina-
tions approximate to the surface distribution
of major neuroanatomical tracts, and the
coherence from these combinations is pre-
sumably mediated through the different fibre
pathways. Pre-Rolandic coherence was
assessed with a measure called frontal, which
was designed to cover the cortical areas
receiving projections from the prefrontal cor-
tex. Post-Rolandic coherence was assessed
using the visual measure, designed to cover
the projections of the visual pathways. Trans-
Rolandic coherence was assessed using the
fascicle measure, which covered the cortical
areas within the rostral projections of the
superior longitudinal fasciculus. These aver-
aged measures have been described previ-
ously,33 and the figure shows them graphically.

MAGNETIC RESONANCE IMAGING
T2 weighted spin echo transaxial images were
obtained with TR of 1800-3000, and TE of
80-100, using either a Fonar 0.35 tesla
(Fonar B-3000, Melville, NY, USA) or GE
1-5 tesla (General Electric Signa, Milwaukee,
WI, USA) whole body scanner. Transaxial
views showing the body or horns of the lateral
ventricles were examined. Scans were rated
jointly by two neuroradiologists (RBL and
YA) who discussed each case and achieved a
consensus rating of PVHs. The lateral ventri-
cles were divided into two segments that were
rated separately. These segments (anterior
and posterior body) were defined on a
transaxial image showing the body of the ven-
tricles, with a transverse line placed through
the body of the ventricles midway between the
anterior and posterior ventricular margins.
The posterior segment included the posterior
horn, rated on a transaxial slice showing the
most caudal extension of the posterior horn.
We rated PVHs on a sector basis (right and
left, anterior and posterior) as follows: 0 =
absent PVHs; 1 = "pencil-thin" lining (< 3
mm) along the body of the ventricles that is
sometimes discontinuous, or slight "capping"
at the horns; 2 = "thick" lining (3-5 mm)
along the ventricular margin that is usually
continuous, and sometimes marked by slight
extension into surrounding white matter; and,
3 = "prominent" lining (> 5 mm) along the
ventricular margin, with significant extension
into surrounding white matter.

COHERENCE AND MM ASSOCIATIONS
We calculated the mean coherence values for
each coherence measure (frontal, visual, and
fascicle) in each of the three diagnostic
groups, and then separately for subgroups
divided according to the presence or absence
of white matter disease. For example, right
and left frontal coherence was calculated for
all patients with Alzheimer's disease and
multi-infarct dementia, and control subjects,
and then for groups with and without PVHs
in the right and left frontal quadrants. The
same analysis was performed for visual coher-
ence and the posterior quadrants, and for
fascicle coherence with both the anterior
and posterior quadrants. We then used analy-
sis of variance (ANOVA) to examine the sig-
nificance of differences in mean coherence.
We performed a series of six 2 (PVHs-
present/absent) x 3 (clinical diagnosis)
ANOVAs with right and left frontal, visual,
and fascicle coherence as dependent
variables. We examined the effects of the two
types of white matter lesions on coherence for
all subjects, and for the three diagnostic
groups separately. Analyses were performed
with frontal coherence in the 4 Hz band,
visual coherence in the 12 Hz band, and
fascicle coherence in the 16 Hz band.
Although other bands might also have shown
the effects of white matter lesions, these fre-
quency bands were the only ones examined in
this study. In our previous report, these bands
showed the most robust intergroup differ-
ences, and were most useful in the differential

C

Electrode sites for mean
coherence calculations.
Shaded ellipses indicate
bipolar electrode recording
channels and arrows
signify combinations of
channels from which
coherence was calculated
and averaged. Electrode
combinations are shown
from the left hemisphere for
(A) fascicle, (B) frontal,
and (C) visual electrode
combinations; homologous
electrodes were usedfor the
right hemisphere. This is a
modified reprint offig 1
from Leuchter et a133 with
permission of Oxford
University Press.
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Table 1 Prevalence ofperiventricular white matter lesions by location and diagnostic
group

Alzheimer's Multi-infarct
Location Controls disease dementia OveraUl

Right anterior 14/18 (78) 18/22 (82) 12/16 (75) 44/56 (79)
Left anterior 14/18 (78) 14/22 (64) 11/16 (69) 43/56 (77)
Right posterior 5/18 (28) 15/22 (68) 12/16 (75) 32/56 (57)
Left posterior 7/18 (39) 17/22 (77) 12/16 (75) 36/56 (64)

Values in parentheses are %.

Table 2 Median lesion severity ratings by quadrant and diagnostic group periventricular
hyperintensities

Alzheimer's Multi-infarct
Quadrant Controls disease dementia Overall

Right anterior 1 (1-2) 1 (1-2) 1 (0-5-1-5) 1 (1-1)
Left anterior 1 (1-1) 1 (1-1) 1 (0-1 5) 1 (1-1)
Right posterior 0 (0-1) 1 (0-1) 1 (0-5-1-5) 1 (0-1)
Left posterior 0 (0-1) 1 (1-1) 1 (0 5-2) 1 (0-1)
Overall 0 5 (0 5-1) 1 (0 5-1 75) 1 (0-8-1 4) 1 (0 5-1 1)

Table 3 Mean (SD) offrontal coherence by clinical diagnosis and PVHs

PVHs

Total Absent Present
Clinical diagnosis (n = 56) (n = 13) (n = 43)

Left frontal coherence:
Control 0-15 (0 167) 0-25 (0 16) 0-13 (0-16)
Alzheimer's disease 0-31 (0 26) 0 57 (0 12) 0-25 (0-25)
Multi-infarct dementia 0-22 (0 12) 0-25 (0 07) 0 21 (0 14)
Total 0-23 (0 21) 0 34 (0-19) 0 20 (0 20)

Right frontal coherence:
Control 0-23 (0-17) 0-32 (0-16) 0-20 (0-18)
Alzheimer's disease 0-36 (0 25) 0-63 (0-19) 0-29 (0 22)
Multi-infarct dementia 0-32 (0 12) 0-32 (0 19) 0 31 (0 09)
Total 0 30 (0 20) 0-42 (0 22) 0-27 (0 18)

Table 4 Relation between frontal coherence, periventricular hyperintensities, and clinical
diagnosis

Effect SS df F p Value

Left frontal coherence:
Clinical diagnosis 0-22 2 3-31 0-04
PVHs 0-26 1 7-82 0007
PVHs x clinical diagnosis 0-15 2 2-26 0 11
Residual 1 66 50

Right frontal coherence:
Clinical diagnosis 0 17 2 2-56 0 09
PVHs 0-23 1 6 90 0-01
PVHs x clinical diagnosis 0.19 2 2 89 0-06
Residual 1-66 50

Table 5 Mean (SD) of visual coherence

PVHs

Total Absent Present
Clinical diagnosis (n = 56) (n = 20) (n = 36)

Left visual coherence:
Control 0 54 (0-19) 0 57 (0-19) 0-48 (0-18)
Alzheimer's disease 0 51 (0 25) 0-68 (0-12) 0-46 (0-26)
Multi-infarct dementia 0-23 (0 25) 0-33 (0 34) 0-28 (0-23)
Total 0-46 (0 25) 0 55 (0 23) 0-41 (0 24)

Right visual coherence:
Control 0-47 (0 27)
Alzheimer's disease 0 50 (0-26)
Multi-infarct dementia 0 35 (0 26)
Total 0 45 (0 27)

Where there was no effect of PVHs, data are reported only for the diagnostic groups.

diagnoses of Alzheimer's disease and multi-
infarct dementia.3
We compared the strength of the associa-

tion between PVHs and clinical diagnosis
with coherence by calculating effect sizes as

described by Cohen.48 We used the recom-

mended definitions of 0- 1-025 for a "small"
effect, 0-25-0-4 for a "medium" effect, and
> 0 40 for a "large" effect.

Results
PREVALENCE AND SEVERITY OF PVHS
The presence of PVHs in the anterior quad-
rants was common in all diagnostic groups,
seen in nearly 80% of patients overall (table
1). In the posterior quadrant PVHs were most
common in the demented patients, and had
the highest prevalence in the multi-infarct
dementia group. They were still seen in more
than half the patients with Alzheimer's dis-
ease, however, and about one third of the con-
trols. On the four point rating scale used to
rate severity of lesions, the frontal quadrants
had more severe disease than the posterior
quadrants, and the control subjects tended to
have less severe disease than those with
Alzheimer's disease or multi-infarct dementia
(table 2).

ASSOCIATIONS BETWEEN FRONTAL OR VISUAL
COHERENCE, PVHS, AND CLINICAL DIAGNOSIS
Frontal coherence was highest in the
Alzheimer's disease group, with the multi-
infarct dementia group having a slightly lower
level and the control group the lowest level
(table 3). These group differences were signif-
icant in the left frontal region; there was a
trend towards significance in the right frontal
region (table 4).
The presence of PVHs had a large effect on

the magnitude of frontal coherence (effect
sizes for PVHs on left and right frontal coher-
ence of 0-41 and 0-42 respectively); there was
a medium effect of clinical diagnosis on
frontal coherence (effect sizes for diagnosis of
0 30 and 0-27 in the left and right respec-
tively). The groups in which PVHs were pre-
sent consistently had lower coherence than
those without PVHs (table 3). There was a
greater than 50% reduction in coherence in
the Alzheimer's disease group, a greater than
30% reduction in the control group, and
greater than 15% reduction in the multi-
infarct dementia group (in left frontal coher-
ence only) associated with the presence of
PVHs. Subcategorisation of subjects within a
diagnostic group according to the presence or
absence of PVHs significantly altered the pat-
tern of coherence differences between diag-
nostic groups. For example, the patients with
Alzheimer's disease without PVHs had coher-
ence values about twice those of patients with
multi-infarct dementia without PVHs;
patients with Alzheimer's disease with PVHs,
however, had lower coherence values that
were comparable with those of the multi-
infarct dementia group with PVHs. When
present, PVHs affected all diagnostic groups
similarly, although the interaction term
approached significance at the 10% level
(table 4).

Different findings were seen for the left
visual coherence measure, although similar
trends emerged. Overall, the multi-infarct
dementia group had coherence that was lower
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Table 6 Relation between visual coherence, PVHs, and clinical diagnosis

Effect SS df F p Value

Left visual coherence:
Clinical diagnosis 0-62 2 6-03 0 005
PVHs 0-17 1 3-31 0-08
PVHs x clinical diagnosis 0-06 2 0-54 0 59
Residual 2-55 50

Right visual coherence:
Clinical diagnosis 0-21 2 1-39 0-26
PVHs 0 00 1 0 00 0-98
PVHs x clinical diagnosis 0-001 2 0 00 0.99
Residual 3 70 50

Table 7 Means (SD) offascicle coherence

Clinical diagnosis Total (n = 56)

Left fascicle coherence:
Control 0-21 (0-18)
Alzheimer's disease 0-02 (0-26)
Multi-infarct dementia 0-11 (0-14)
Total 0-09 (0 22)

Right fascicle coherence:
Control 0-18 (0-16)
Alzheimer's disease 0-04 (0-15)
Multi-infarct dmentia 0-10 (0-17)
Total 0-10 (0-16)

As there was no effect of PVHs, data are reported only for the
diagnostic groups.

than the Alzheimer's disease and control
groups; the subgroups of those with PVHs
had mean coherence that was 16-30% lower
than subgroups without PVHs (table 5). The
effect of PVHs approached significance at the
5% level, and the effect of clinical diagnosis
was statistically significant (table 6). The
PVHs had a medium effect size for left visual
coherence (0 30), whereas clinical diagnosis
had a large effect size (0 47). Neither clinical
diagnosis nor PVHs had a significant effect on
coherence in the right hemisphere (table 6).

There was no effect of the severity ofPVHs
on frontal or visual coherence measures in any
brain region (data not presented).

ASSOCIATIONS BETWEEN FASCICLE COHER-
ENCE, PVHS, AND CLINICAL DIAGNOSIS
Patients with Alzheimer's disease had the low-
est coherence of all diagnostic groups in the
fascicle measure (table 7). There was a strong
effect of clinical diagnosis on fascicle coher-
ence from both the left and right hemispheres,

Table 8 Relation between fascicle coherence, anterior PVHs, posterior PVHs, and
clinical diagnosis

Effect SS df F p Value

Left fascicle coherence:
Clinical diagnosis 0-46 2 6-04 0-005
Anterior PVHs 0-08 1 1-87 0-18
Anterior PVHs x clinical diagnosis 0-01 2 0-14 0-87
Residual 2-05 50
Posterior PVHs 0-02 1 0-44 0-51
Posterior PVHs x clinical diagnosis 0-02 2 0-24 0-79
Residual 2-10 50

Right fascicle coherence:
Clinical diagnosis 0-21 2 4-16 0-02
Anterior PVHs 0-06 1 2-27 0-14
Anterior PVHs x clinical diagnosis 0-06 2 1-10 0-34
Residual 1-24 50
Posterior PVHs 0-07 1 2-95 0-19
Posterior PVHs x clinical diagnosis 0-07 2 1-39 0-26
Residual 1-21 50

but PVHs had no significant association with
decreased fascicle coherence (table 8). There
was no effect of the severity of PVHs on fasci-
cle coherence measures in the right or left
hemisphere (data not presented).

Discussion
These findings partially support our first two
hypotheses, indicating that decreased coher-
ence measured over prefrontal or visual cortex
association networks is associated statistically
with damage to fibres in the periventricular
white matter. In testing the first hypothesis,
we found that mean coherence in the left
visual measure was lower when PVHs were
present in the left posterior quadrant in the
three groups, and there was a trend towards
this effect being statistically significant. The
effect of PVHs, however, was not as strong as
that of clinical diagnosis. In the right visual
measure, there was no effect of either PVHs
or clinical diagnosis.

Results of coherence analyses from pre-
Rolandic regions were entirely consistent with
our second hypothesis. Those with PVHs in
the anterior quadrants had lower frontal
coherence than those without PVHs, regard-
less of the diagnostic group. Among the
patients with Alzheimer's disease, those with
PVHs had lower low frequency coherence
than those without PVHs. This finding is con-
sistent with the hypothesis that PVHs oppose
increased coherence resulting from basal gan-
glia dysfunction, through damage to white
matter tracts mediating coherence. Even the
control subjects with anterior PVHs had lower
frontal coherence than those without,
although the difference reached statistical sig-
nificance only when all groups were pooled.
The effect of PVHs was greater than that of
clinical diagnosis on left and right frontal
coherence.

It is unclear why the effects of anterior and
left sided PVHs were notably greater than
those of posterior and right sided PVHs on
coherence. There are several possible explana-
tions. Firstly, both the prevalence and severity
of anterior PVHs were greater than those for
posterior PVHs in this sample. This difference
is due in part to the control subjects, in whom
posterior PVHs were much less common and
more mild. Secondly, earlier work by Tucker
and colleagues49 suggests that the fibres medi-
ating coherence in the right hemisphere have
a more diffuse organisation than those from
the left hemisphere. This diffuse fibre struc-
ture could help protect the functional connec-
tions in the right hemisphere from the effects of
periventricular white matter disease. Thirdly,
the post-Rolandic fibres of the visual associa-
tion pathway are not solely periventricular,
but sweep broadly through the subcortical
white matter.4' This broad lateral extension of
the fibres in the post-Rolandic region may
spare many of the fibres helping to mediate
functional connections.

These results show an association between
PVHs and decreased coherence, but they do
not prove a causal relation. Furthermore,
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there were two unexpected results that raise
doubts about the strength of a causal link.
Firstly, we did not detect an effect of severity of
PVHs on coherence in any region. Secondly,
the multi-infarct dementia group, in whom
neuropathological studies suggest that PVHs
should be prominent, did not show the largest
decrease in coherence in the presence of
PVHs. These results indicate that PVHs are
not the only factor that could lead to
decreased coherence in these subjects. Other
factors could include cortical or deep grey
matter damage and demyelination of subcorti-
cal white matter.

These unexpected results could also reflect
the relatively crude methods used to assess the
severity of PVHs. Our visual inspection of
MRIs may not have accurately reflected the
severity of white matter disease, and PVHs
that we defined as "mild" may have been suffi-
ciently severe to cause maximal disruption of
connections. This possibility is consistent
with the high vulnerability of periventricular
white matter to ischaemic damage. It is a
watershed area supplied exclusively by fine
perforating blood vessels branching from arte-
rioles at the cortical surface.4' As a result, the
periventricular white matter is the primary
area damaged whenever there is appreciable
cerebrovascular disease, showing demyelina-
tion and cell loss.4045 Our rating scales there-
fore may not have been sufficiently sensitive
or accurate to detect a severity effect.
Volumetric estimates of white matter damage
on a larger number of subjects may be
required to elucidate the relation between
severity ofPVHs and decreased coherence.
We do find support for a causal link

between PVHs and decreased coherence in
the testing of our third hypothesis. We found
that diagnosis but not PVHs had a strong
association with decreased fascicle coherence.
This finding supports our model in which pre-
Rolandic and post-Rolandic coherence mea-
surements are selectively sensitive to
periventricular neuropathology. Because the
long corticocortical fibres crossing the
Rolandic fissure (tracts such as the superior
longitudinal fasciculus) are well separated
from the periventricular region, damage in
this region should not affect coherence medi-
ated by long fibre tracts. Instead, the long cor-
ticocortical fibres that link the pre-Rolandic
and post-Rolandic regions should be system-
atically damaged at a microscopic level, by
pathology that is most common in the
Alzheimer's disease diagnostic group and not
detectable by MRI.

Overall, these results support a model in
which periventricular white matter disease
leads to functional disconnection between
certain brain regions, and coherence detects
this disconnection. When the pathology
hypothesised to affect a measure was not spe-
cific for a single diagnostic group (as with
PVHs and frontal coherence), the decreased
coherence was best explained by grouping
subjects according to the presence or absence
of pathology. When the pathology that was
hypothesised to affect a measure was specific

for a single diagnosis (as with senile plaques
and fascicle coherence), however, the
decreased coherence was best explained by
grouping subjects according to clinical diag-
nosis.

White matter lesions could cause discon-
nection between brain regions through dam-
age to afferent fibres (deafferentation), as
PVHs are commonly caused by demyelination
of white matter tracts. An association between
the lesions and deafferentation is consistent
with recent results showing that the lesions
are associated with the EEG slowing in the
elderly50; pathological slowing is known to be
caused by partial cortical deafferentation.51
Elderly patients with extensive demyelination
in the white matter show not only slowed pro-
cessing speed, but also prolonged central con-
duction time on evoked potentials,52 53 both of
which have been interpreted as indicating that
deafferentation may be clinically significant.54
There is reason to believe that PVHs may be
more likely than DWMHs to cause significant
cortical deafferentation. The PVHs occur in a
critical neuroanatomical area where fibres that
link key areas within the prefrontal or post-
Rolandic associative pathways are known to
course.4'

These findings are also consistent with an
increasing body of evidence that white matter
disease is not a benign finding in elderly peo-
ple, and may indicate subclinical brain dis-
ease.4 142 In carefully chosen elderly subjects
without risk factors, the prevalence of PVHs
or DWMHs is low,55 and it reaches its highest
severity and prevalence in patients with
dementia.' Recent studies confirm that
regardless of the clinical diagnostic group, the
presence of these lesions is associated with
diminished perfusion. Kawamura and col-
leagues56 used CT densitometry to detect
white matter loss in normal elderly people and
those with Alzheimer's disease. They found
similarly decreased perfusion in areas of white
matter damage in both groups, although the
total volume of damaged tissue was greater in
the patients with dementia. Meguro and
coworkers9 studied 21 normal subjects with
PVHs and found global decreases in blood
flow, but not oxygen utilisation, that were cor-
related with the severity of PVHs. Other
investigators have found an increased preva-
lence of primitive reflexes in normal elderly
people with white matter lesions57 as well as a
slowing of processing speed.54

Although EEG, blood flow, and other clini-
cal studies indicate that white matter lesions
are functionally significant, the significance of
these lesions for cognitive function remains
unclear. As mentioned earlier, most studies
have not detected an effect of hyperintensities
on cognition in neurologically normal sub-
jects.1921-23 Severe white matter disease, how-
ever, is associated with cognitive dysfunction:
the more severe disease detected by CT (but
not MRI) is associated with cognitive losses,4 24
and the more severe lesions seen in patients
with dementia predict the level of impair-
ment.58-60 Two studies26 27 found that some
subjects seemed to have losses related to
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lesions. Boone and colleagues25 found, in a
quantitative MRI study of more than 100
"'normal" subjects, that those with lesion areas
> 10 cm2 had "substantial" disturbances on
selected tests (primarily of frontal function).
These findings raise the possibility of a
"threshold effect" in which only more severe
disease disrupts cognitive functions.
Our results may be interpreted as showing

that coherence detects a spectrum of neuro-
physiological "disconnection" in elderly peo-
ple, that may have a neuroanatomical basis. In
this construct, disconnection is defined as
either degeneration or demyelination of a
known set of fibres linking cortical regions.
The construct of neurophysiological discon-
nection is consistent with Geschwind's clini-
cal descriptions, as well as with Cummings'
and Benson's clinical construct of "cortical"
and "subcortical" dementia, distinguished by
the "major associated neuroanatomical
involvement" and clustering of neuropsycho-
logical symptoms.6' Cortical dementias (such
as Alzheimer's disease) are marked by discon-
nection at the level of the cortex (degenera-
tion of pyramidal cells in laminae II, III, and
V). Dementias that are primarily subcortical,
such as multi-infarct dementia, are marked by
disconnection at the level of the periventricular
white matter (demyelination of white matter
tracts).

Coherence may enhance the specificity of
the clinical evaluation in identifying loci of
cortical and subcortical neuropathology. As it
is based on a physiological measure of the
interaction between brain regions, rather than
solely on clinical observation or performance
tests, it yields quantitative measurements of
the degree of disconnection of white matter
tracts occurring at the cortical or subcortical
level. This detailed information may be par-
ticularly useful for cases where both cortical
and subcortical damage are present, such as in
"mixed" dementias where current clinical
methods may not detect the coexistence of
pathology.6263 Further evaluation of the dis-
connection construct is necessary, however,
before these coherence results can be assigned
a clear physiological and structural interpreta-
tion. We detected decreased coherence in two
specific types of electrode combinations.
Other combinations of electrodes, corres-
ponding to the surface distributions of other
neuroanatomical tracts (such as interhemi-
spheric tracts), should be examined to extend
the validity of this model. Larger numbers of
subjects should be examined, including those
with other diseases in which white matter dis-
ease is prominent (for example, leukodystro-
phies, multiple sclerosis), because other white
matter diseases should yield comparable
results. More complex models of coherence
should also be examined, including factors
such as total grey or white matter volume, as
lesion volume alone explains only a portion of
the variance in coherence.

Ultimately, the potential usefulness of the
disconnection construct may rest on demon-
strating the relevance of changes in coherence
to cognitive function as measured by neuro-

psychological testing. For example, it would
be useful to examine the relation between
tests of visuospatial processing and visual
coherence, or between general tests of right
hemispheric function and right fascicle coher-
ence. If there are associations between perfor-
mance on cognitive tasks and coherence in
brain regions that subserve those cognitive
functions, coherence may be both a specific
and highly useful indicator of brain dysfunc-
tion.
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