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Abstract
Patients with extensive subcortical cerebrovascular disease may have impaired memory, often
despite the absence of medial temporal or diencephalic strokes. In this group, episodic memory failure
may arise from frontal lobe dysfunction based on disruption of frontosubcortical loops caused by
lacunae. We tested this idea by studying cognitively impaired subcortical stroke (CIS) patients and
Alzheimer’s disease (AD) patients with [18F]-fluorodeoxyglucose positron emission tomography
using a continuous verbal memory task during the period of tracer uptake. Patients were matched on
severity of cognitive impairment and overall memory task performance. As hypothesized, we found
a double dissociation in the relations between metabolism and memory in these groups, such that
memory in CIS (but not in AD) correlates with prefrontal lobe metabolism, whereas in AD (but not
in CIS), memory correlates with left hippocampal and temporal lobe metabolism. Analysis of
memory subscores showed that CIS patients made more errors on short-delay trials, which is
consistent with working memory failure. It seems that different pathogenic mechanisms underlie
episodic memory failure in subcortical cerebrovascular disease and AD.

It is well recognized that patients with Alzheimer’s disease (AD) suffer from early and profound
memory failure and that this is probably related to severe pathological involvement of the
medial temporal lobe structures involved in episodic memory function. This mechanism of
memory failure is supported in part by data from neuroimaging showing atrophy of medial
temporal structures in AD,1,2 which is related to memory function.3-6 In addition to AD,
however, patients with memory loss may suffer from cerebrovascular disease. These patients
are sometimes diagnosed as having ischemic vascular dementia (IVD). Although the precise
nature and frequency of cerebrovascular disease as a cause of dementia are contentious,7-9
there is little doubt that it frequently coexists with AD at the time of postmortem
examination10,11 and may occur as the sole cause of dementia.12,13 The contributions of
cere-brovascular pathological characteristics to cognitive loss are particularly uncertain when
the pathological characteristics are manifested only in subcortical structures.

Severe persistent failure of long-term memory, as is common in IVD and AD, is classically
related to lim-bic or diencephalic lesions. IVD patients frequently have no apparent strokes in
these regions but are nonetheless amnestic.10,14-16 Studies suggest that the application of
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current diagnostic criteria for IVD17,18 generally excludes patients with AD alone and results
in groups of patients with disease consisting of pure IVD and mixed AD/IVD. Thus, AD clearly
contributes to the memory loss in many cases but may not be the only cause of memory loss
in this population.

There are currently several competing models of how subcortical vascular pathological changes
might lead to dementia, all of which emphasize diffuse cortical dysfunction as a general basis
for cognitive loss.7,19-21 The strategic lesion model proposes that even a single stroke may
cause dementia by destroying critical subcortical nuclei, with consequent widespread cortical
dysfunction,22 although cumulative effect models propose that an aggregation of strokes may
subtract a critical volume of brain parenchyma or may synergistically disrupt functional
circuits.23 The exact mechanism of memory loss in subcortical IVD is unclear, however.

One explanation for memory loss in IVD patients with primarily subcortical cerebrovascular
disease (“subcortical IVD”) invokes impairment of functional systems involving the frontal
lobes. Recent studies, especially those that have comprised reasonably homoge-Association
neous groups of vascular dementia patients, have generally found a consistent pattern of
cognitive impairment in IVD that has been labeled “subcortical-frontal” and differs from the
characteristic pattern of cognitive impairments in AD. Several studies have compared clinically
diagnosed groups of patients with these two dementias and have found evidence of greater
impairment of executive function24 and verbal fluency25,26 in IVD patients. Studies
examining memory function in IVD patients have found overall better function than in
comparably demented AD patients but have also found that retrieval, an aspect of memory
performance with a large executive function component, is more impaired in IVD patients.26

Although the functional imaging literature shows that component processes of the episodic
memory system are frequently widely distributed,27,28 it is also clear that lesions of prefrontal
cortex and medial temporal structures result in significantly different types of memory deficits.
Although the classic amnestic disorder associated with medial temporal lesions is not seen in
patients with focal frontal lesions, these patients have impairments in organizing to-be-
remembered material, in temporal ordering of memories, and in contextual memory.29-34
Frontal structures play a critical role in the regulation of working memory as well,35 the failure
of which can contribute to episodic memory impairment. Because IVD and AD patients differ
in the degree of dysfunction in frontal and temporal structures, one might predict that they
would also differ in the degree to which memory impairment is related to the functioning of
these different structures. If frontal dysfunction predominates in IVD, one might predict that
memory failure would primarily correlate with the extent of physiological dysfunction in
prefrontal cortex. Conversely, one might predict that in AD patients, in whom temporal lobe
dysfunction predominates, memory failure would correlate primarily with temporal lobe
dysfunction. A secondary prediction is that the pattern of memory failure would differ between
patients in these 2 groups. This hypothesis does not necessitate entirely distinct
neuropathological substrates for AD and IVD, because it is clear that AD pathological changes
may occur in patients labeled as having “IVD.” Rather, the presence of substantial subcortical
cerebrovascular disease may modify the expression of AD pathological changes so that the
behavioral features more closely resemble those seen in subcortical frontal syndromes.

The purpose of this study was to test this model of memory failure in IVD by attempting to
show a specific link between subcortical stroke, cortical glucose metabolism, and memory
function. We performed high-resolution [18F]-fluorodeoxyglucose (FDG) positron emission
tomography (PET) studies using a verbal memory task during the period of tracer uptake and
then looked for relations between metabolic activity and memory task performance. Our
hypothesis was that different brain regions would be related to memory ability in the two
conditions—prefrontal cortex in subcortical vascular disease and temporal lobes in AD.
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Patients and Methods
Subjects were 15 patients with subcortical (but not cortical) stroke and cognitive impairment
(cognitively impaired stroke [CIS] patients) and 15 patients with AD recruited through the
University of California at Davis Alzheimer’s Disease Center and neurology clinics. The
inclusion criteria for CIS subjects were cognitive impairment, one or more infarcts outside the
cerebellum, and no cortical infarcts. As actually enrolled, all CIS subjects had multiple lacunae
which were distributed bilaterally throughout the white matter and basal ganglia. CIS cases
were otherwise unselected with regard to lesion location (eg, no special attempt was made to
obtain cases with caudate or thalamic strokes). The AD subjects were selected so as to match
the CIS subjects on global severity of cognitive impairment as assessed by the Mini-Mental
State Examination (MMSE).36

Evaluations of both groups followed the same protocol and were all conducted at the
Alzheimer’s Disease Center. For both groups, the evaluation consisted of a general medical
history and physical examination, neurological examination, laboratory evaluation of serum
chemistry, blood count, and evaluation of vitamin B12 level and thyroid functions.
Comprehensive neuropsychological testing was performed on all subjects to assess general
level of cognitive function, language, visuospatial ability, executive function, memory, and
attention. In addition, all subjects had a magnetic resonance imaging (MRI) scan (on either a
1.5- or 0.5-T system) performed as part of the study protocol. Data from most of these stroke
patients have been reported previously in a comparison of metabolic activity between stroke
and control patients.37

Subjects were excluded if they were younger than the age of 55 years, were non-English
language speaking, had severe dementia (Clinical Dementia Rating Scale38 score of >2), had
a history of alcohol or substance abuse within 5 years of the onset of cognitive change, had
any history of head trauma with loss of consciousness, had other significant neurological or
psychiatric disorders, were on medications that affected cognitive function, or had serious
unstable medical illness. In addition, subjects were excluded if the study MRI scan showed
evidence of cortical infarction or structural brain disease other than cerebral atrophy, lacunar
infarction, or white matter changes.

After the clinical evaluation, all subjects were diagnosed at case conference. AD patients met
NINCDS-ADRDA39 criteria for probable AD. Potential AD subjects were excluded from the
AD group if there was evidence of stroke by history or neurological examination, or if the MRI
scan showed stroke. White matter signal hyperintensity was present to a variable degree in the
AD group. The CIS group was defined only by radiologically ascertained subcortical lacunae
and the presence of dementia (8 cases) or cognitive impairment (7 cases).

Lacunae, defined as small completed infarcts in basal ganglia, capsular, and thalamic regions
3 to 15 mm in diameter, were identified by a single neuroradiologist (masked to clinical
diagnosis) according to the following criteria. All lacunae were hyperintense to surrounding
tissue on proton density–weighted images. Because approximately 3% of lacunae are cavitated
with signal characteristics identical to those of perivascular spaces (ie, low signal on T1-
weighted images, signal isointense to surrounding tissue on proton density–weighted images,
and signal equal to that of cerebrospinal fluid on T2-weighted images),40,41 additional location
and size criteria were employed. Such lesions at the level of the anterior commissure were
termed perivascular spaces. Such lesions outside that region were defined as cavitated lacunae
if they were 3 mm in diameter or greater and as perivascular spaces if they were less than 3
mm in diameter. Areas of white matter hyperintensity not meeting these criteria were defined
and rated as abnormal white matter. None of the AD patients had MRI findings meeting the
criteria for lacunae.
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Cognitive impairment was defined on the basis of detailed neuropsychological testing and
careful functional histories, including informant report. These patients had mild neuro-
psychological test abnormalities, always including memory, but did not meet the criteria for
dementia, because the deficits were circumscribed or there was no significant functional
impairment. No effort was made to exclude patients with a clinical diagnoses of “possible AD”
from the CIS group (3 such cases were included).

CIS patients all had multiple supratentorial lacunae (mean number = 5.6); 1 patient had two
lacunae (a large thalamic lacuna and a small white matter lacuna), 6 had three, 3 had four to
six, and 5 had seven or more. The lacunae were widely distributed throughout the white matter,
basal ganglia, and thalamus, without any hemispherical predominance to the distribution for
the group as a whole. In all but 1 case, either the caudate, the thalamus, or both had lacunae,
and there were six lacunae identified in the remaining case.

White matter abnormalities were present to varying degrees in both groups but were much
more severe in CIS patients. Periventricular and deep white matter abnormalities were
separately rated on four-point scales that have previously been demonstrated to be reliable.
26 For periventricular changes, 0 = none, 1 = caps or pencil-thin rims, 2 = smooth halo, and 3
= irregular and extending within white matter. For deep white matter, 0 = none, 1 = punctate
foci, 2 = early confluent areas, and 3 = large confluent areas. AD patients scored significantly
lower than CIS patients on both scales (periventricular scale means: 0.75 vs 2.40; deep white
matter scale means: 0.58 vs 2.20; p < 0.0001 in each case). None of the AD cases had ratings
of 3 on either scale, and only 2 had ratings of 2, indicating that in nearly every case, the white
matter abnormalities of the AD cases were either mild or absent.

In addition, memory task data from 15 healthy elderly control subjects are reported as a point
of reference for the patients’ performance. These subjects were recruited through advertising
and word of mouth, underwent all evaluations performed on patients, and passed all exclusion
criteria. All control subjects were free of complaints of memory loss and performed normally
on neuropsychological testing.

Demographic characteristics of all 3 groups are displayed in Table 1. One-way ANOVAs
showed that the 3 groups differ significantly on level of education (F[2,42] = 12.39, p < 0.0001)
and MMSE score (F[2,42] = 12.43, p < 0.0001). Post hoc analyses using Tukey’s HSD test
showed that the educational level of the CIS group was lower than that of the AD and control
groups, which did not differ from one another, and that both patient groups scored lower on
the MMSE than controls. A two-group ANOVA comparing CIS and AD patients on MMSE
scores was not significant (F[1,28] = 0.44).

Memory Task
All subjects performed a continuous verbal recognition memory task (CVRMT) during the
tracer uptake phase of the PET scan. In the several minutes before injection, subjects were
provided with instructions on the CVRMT and given a period of brief practice to ensure that
performance requirements were understood. The task began 10 to 20 seconds before the
injection and lasted for 20 minutes at least. During the task, subjects sat at a video display
terminal and read words presented one at a time on the screen. Subjects were instructed to
identify each word as “old” or “new” depending on whether or not it had been presented
previously. Responses were recorded by a research assistant, who also prompted subjects as
needed to maintain involvement in the task. Target words reappeared after their initial
presentation after either 0, 1, 3, 7, or 15 intervening words. Words appeared roughly 4 seconds
apart; thus, a 15-word lag corresponds to a delay of approximately 1 minute. Fifteen targets
appeared at each delay, with the exception of 30 targets that appeared with 0 intervening words
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so as to make the instructions easier to remember. The same pseudorandom sequence of target
words and lag intervals was used for all subjects.

Performance was analyzed using the variable Pr, a measure of response accuracy that estimates
true recognition by adjusting the hit rate for false alarms. Pr is defined as hit rate minus false
alarm rate when both rates are calculated so as to avoid infinite or zero values.42 Pr asymptotes
at 1 and −1, and higher scores indicate better performance. To make Pr normally distributed,
an arctation transformation was performed. All significance tests were run using the
transformed scores, but raw values are reported here.

PET Imaging
PET studies were performed on a CTI/Siemens ECAT EXACT HR PET scanner (Knoxville,
TN) using the glucose metabolic tracer FDG within 3 months of clinical evaluation and MRI.
Characteristics of the scanner (resolution of 3.6 mm full width at half maximum (FWHM) at
center to 4.5 mm tangentially and 7.4 mm radially, with an axial resolution of 4–6.7 mm) have
been published.43

Each subject was injected with approximately 10 mCi of FDG. PET scanning commenced
approximately 40 minutes after tracer injection. The patient was positioned so that the field of
view (15 cm) encompassed the entire brain. Emission data were acquired in a two-dimensional
mode for 40 minutes, with a count rate of approximately 60,000 events per second and dead
time of 1%. After this, a transmission image was obtained in 20 minutes of imaging using a
rotating 68Ge source consisting of three rods of approximately 2 mCi per rod. At the end of
the experiment, a known standard of FDG was counted in the PET scanner. After the PET
study, the data were reconstructed using standard two-dimensional filtered backprojection
techniques (voxel size: 2.4 × 2.4 × 3.1 mm; volume size: 128 × 128 × 47 voxels).

PET Data Analysis
Metabolic activity was quantitated by defining regions of interest (ROIs) and normalizing
atrophy-corrected regional activity to atrophy-corrected whole-brain counts. The regions were
outlined using procedures developed locally for the analysis of whole-brain PET data sets,
which are described in detail elsewhere.44 The approach uses a T1-weighted three-dimensional
MRI data set for anatomical region specification and analysis of the PET data. Volumetric MRI
and PET data are precisely coregistered with automatic techniques developed by Woods and
colleagues.45 All subsequent region drawing is accomplished using only the MRI data, which
are resliced to any orientation chosen to define the anatomy best for the structure(s) being
outlined. On this resliced data set, a series, or stack, of two-dimensional ROIs are outlined on
a set of parallel planes so as to define a structure. This process is facilitated by the use of a
three-dimensional cursor that permits the simultaneous visualization of two surface-rendered
images (left and right hemispheres) and all three orthogonal planes of section. The cursor
actively drawing the ROI is seen reflected in the orthogonal planes and is projected onto the
cortical surface. This procedure, combined with the ability to “mark” sulci and gyri on the
surface-rendered images and view the cross sections of these markings on the drawing plane,
permits precise and accurate visualization of cortical anatomy for region drawing. Once the
two-dimensional ROIs are constructed, their surfaces are tiled together within a closed
triangular mesh polyhedral surface model defining a three-dimensional region, or volume of
interest (VOI). The surface model defining the VOI is then projected within the coordinate
system of the original PET data and used to calculate the activity within a three-dimensional
volume of the PET data.

The VOI count values are adjusted for the effects of partial volume caused by cerebral atrophy
using the segmented MRI data set as prior information in the manner developed by Meltzer
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and co-workers.46 The proportion of each VOI containing brain and cerebrospinal fluid is
determined using an MRI data set that has been convolved with the point spread function of
the PET tomograph in the x-y plane and the slice profile in the z axis. This proportion is applied
to the calculated metabolic rate to correct the VOI for atrophy using a bilevel correction (brain
vs nonbrain).

All VOIs were drawn on the three-dimensional T1-weighted data acquired as described
previously by either of two operators masked to patient classification. VOIs were drawn using
detailed rules to guide the region boundaries. Interoperator reliability of region drawing in our
laboratory is high, with differences in regional cerebral metabolism rate for glucose (rCMRglc)
in regions drawn by different operators averaging under 5%.44 The regions included the dorso-
lateral frontal cortex (DLFC), orbitofrontal cortex (OFC), middle temporal gyrus (MTG),
inferior parietal lobe, occipital cortex, and hippocampus. The hippocampus included the
subiculum, Ammon’s horn, and associated white matter tracts. Whole-brain counts were
determined by drawing a VOI that encompassed the whole brain, including both cerebral
hemispheres, the posterior fossa, and subcortical structures, and then applying the calculations
outlined above, including atrophy correction. Thus, the PET data were analyzed in the form of
count ratios, with atrophy-corrected VOI counts normalized to atrophy-corrected whole-brain
counts.

Results
CVRMT data from the patient groups are presented relative to those of control subjects in Table
2 to show the level of memory impairment in CIS and AD. One-way ANOVA produced a
significant effect for group on Pr (F[2,43] = 11.45; p < 0.0001), and post hoc testing using
Tukey’s HSD test showed that the 2 patient groups differed from control subjects but did not
differ from each other. There was also a significant group effect for hit rate (F[2,43] = 7.22;
p < 0.01). In order to distinguish performance on trials that primarily assessed attention or
working memory from performance on trials demanding secondary memory processes,
separate hit rates were calculated for trials offset from the target by 0 or 1 intervening item (hit
rate–immediate) and trials offset from the target by 7 or 15 words (hit rate–delayed). Groups
differed on both of these variables (hit rate–immediate: F[2,43] = 4.66; p = 0.015; hit rate–
delayed: F[2,43] = 5.28; p < 0.01). Post hoc analyses showed that the CIS group was lower
than the other 2 groups on hit rate–immediate and that both patient groups were lower than
control subjects on hit rate–delayed. The group effect for the false alarm rate was significant
(F[2,43] = 5.89; p < 0.01), and post hoc tests showed that rates for the AD group were higher
than for control subjects.

To test the hypotheses regarding patterns of association between metabolic activity and
CVRMT performance, we performed a series of multiple regressions in which a CVRMT
variable was regressed on education and the activity count ratio for each ROI. Education was
included as a term, because the groups differed on educational level and univariate analyses
suggested that education was related to Pr. Separate regressions were run within each group
on each dependent variable for each ROI. Alpha levels were not corrected for multiple
comparisons, because the core analyses (eg, regression of Pr on DLFC in the CIS group, Pr on
hippocampus in the AD group) were small in number and guided by a priori hypotheses; hence,
correction was not appropriate. The remaining analyses (regressions with other regions) were
done to test the specificity of our findings, and alpha correction was not an issue as
demonstrated below.

As can be seen in Table 3, different patterns of significance emerged for the AD and stroke
groups. Pr was significantly associated with left MTG and left hippocampus activity for AD
but not for CIS. Conversely, Pr was associated with left DLFC and right OFC activity for CIS
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but not for AD. Effect plots for the four significant effects (Figs 1 and 2) show that the effects
are not simply carried by a small number of outlying cases. There were trends toward
significance (p < 0.10) for AD in the regressions of Pr on right hippocampus and left OFC. For
CIS, there were trends toward significance in the regressions of Pr on right DLFC and left
OFC. Between-group comparisons of the activity ratios in the regions that were significantly
associated with memory function did not reveal any significant effects, except in right OFC,
where activity for the CIS group was significantly lower than that for the AD group (p < 0.05).

Pr is affected by both short-delay trials, which are dependent on immediate memory processes,
and long-delay trials, which are dependent on delayed memory processes. Also, the groups
differed in their hit rate (a component of Pr) for short-delay trials. We therefore did follow-up
analyses to see whether short- and longer delayed responses were differentially related to
metabolism. Separate Prs were calculated for immediate memory trials by using the hit rate
for trials with 0 and 1 intervening words (Pr–immediate) and for delayed memory trials by
using items with 7 and 15 intervening words (Pr–delayed). Results for both measures in the
CIS group were similar to those obtained for the overall Pr. Pr–immediate was significantly
related to both left and right DLFC (p < 0.05 in both cases) and showed a trend toward
significance with right OFC (p < 0.10). Pr–delayed was significantly related to left DLFC and
right OFC (p < 0.05 in both cases). For the AD group, the results for Pr–delayed were highly
similar to those for the overall Pr, because the only significant PET terms were for the left
hippocampus and left MTG. The results for the AD group on Pr–immediate were somewhat
different; left OFC (p < 0.04) and left MTG (p < 0.01) were the only significant terms. Prs in
hippocampal regions did not approach significance.

Discussion
The major finding is a double dissociation in the relations between memory dysfunction and
regional glucose metabolic activity in AD and CIS. As hypothesized, lower metabolism in the
prefrontal cortex was associated with episodic memory impairment in CIS but not in AD,
although lower metabolism in the left hippocampus and left MTG was associated with memory
impairment in AD but not in CIS. Relations between prefrontal metabolism and memory were
present for CIS on both immediate- and delayed-memory trials, although the relation of left
hippocampus to memory in AD appeared only on long-delay trials and in overall performance.
Both groups were equivalently impaired in terms of overall memory and general cognitive
function. Therefore, the group differences in the relations between metabolism and memory
are unlikely to reflect simple differences in task difficulty or performance levels; it is more
likely that they reflect differences in the mechanisms of memory failure in these two disorders.

The continuous recognition task has both working memory and episodic memory components,
and it is likely that these components were differentially impaired in AD and CIS. In many
respects, the task is essentially the same as a continuous performance test (CPT), which also
demands selection of sequential stimuli that are separated by a few seconds but in which the
target is constant. The CPT is used to measure sustained attention and working memory.47
Pure amnestic patients and even mildly demented AD patients generally do well on the CPT,
48,49 whereas patients with frontal lobe damage are typically deficient.50 The recognition
memory test alters the CPT by making each stimulus a potential target and by establishing a
significant delay before some target presentations, clearly adding requirements for encoding,
storage, and retrieval memory to the task. Nevertheless, the working memory component
certainly remains important, because electroencephalographic studies have demonstrated
prominent frontal activations in subjects performing continuous recognition memory tasks.
51 Thus, although both CIS and AD patients showed equal overall performance deficits, their
deficits need not reflect failures in the same underlying cognitive processes.
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It is likely that failures of working memory or attentional processes were especially important
in CIS patients. Although patients with focal frontal lesions do not typically show major deficits
of episodic memory, various aspects of episodic memory have been linked to the frontal lobes.
Frontal dysfunction in these patients could produce impairments on this particular memory
task via various attentional, working memory, or executive function failures. Failures of
vigilance (such as missing stimulus presentations), failures to maintain stimuli in working
memory, and failures to switch responses appropriately (perseveration) could all lead to errors
on this test. Each of these cognitive failures would be expected to produce errors on short-delay
trials, and, indeed, the CIS patients had distinctly poor performance on short-delay trials.
Impairment on delayed trials would follow, because the initial performance was poor, thus
resulting in deficient encoding. In this way, working memory deficits could impair both short-
and long-delay trials. The strong similarities in the patterns of findings for short- and long-
delay trials in CIS is consistent with this account. Impaired performance on long delay trials
could also be made worse by a loss of contextual or temporal ordering information, which are
characteristics of memory failure associated with frontal lesions.52

The idea that working memory or attentional failures are important in CIS is supported by the
literature on sustained attention in frontal lesion and vascular dementia patients. On CPTs,
focal frontal lesion patients show slowed reaction times and make more errors than do control
subjects.50,53 The error rate in these patients remains constant or even increases throughout
extended testing sessions such as the one used here. Similar findings have been reported in
IVD as well. Importantly, the degree of abnormality observed in IVD patients on the CPT was
significantly greater than that found in comparably demented AD patients.54 Thus, previous
work using a task that is quite similar to the one used here has revealed impairments in attention
and information processing in both focal frontal lesion and IVD patients.

The CVRMT performance of the CIS subjects is also consistent with studies of cognitive
deficits in IVD, which have suggested predominant frontal systems failure in IVD.55 When
contrasted to AD groups, IVD groups generally show less episodic memory dysfunction and
more executive dysfunction at an equal overall level of severity.25,26,56 When memory is
examined in more detail, IVD subjects display learning and recall deficiencies, with
comparatively good recognition, which is a pattern consistent with organizational and retrieval
impairments (frontal functions) as opposed to storage (temporal lobe) difficulties.26

The CIS patients had multiple lacunae, often with extensive white matter disease, and these
pathological findings might be predicted to produce predominant frontal dysfunction. A prior
study that included most of these subjects found both generalized and prefrontal abnormalities
of cerebral metabolic rate for glucose (CMRglc) relative to controls.37 As Ishii and
coworkers57 initially noted, strokes associated with small-vessel ischemia tend to occur in the
frontal white matter, basal ganglia, and thalamus. Subcortical lesions in these structures may
affect cognition and behavior by disrupting prefrontal-striatal-thalamocortical circuits. Three
segregated but parallel corticobasal-thalamocortical loops that separately regulate aspects of
cognitive, social, and volitional behavior have been increasingly well delineated.58-60 Thus,
distributed and varied lesions may result in a common predominant pattern of functional
impairment, manifested as attentional and working memory failure in this case.

The selective association between hippocampal glucose metabolism and episodic memory in
AD suggests that hippocampal dysfunction was a particularly important determinant of
memory dysfunction in this group. Medial temporal lobe dysfunction has been associated with
failure to form lasting new memories but not particularly with attentional deficits. Consistent
with this, we found the left hippocampus to be correlated with delayed trial performance but
not immediate trial performance, which further strengthens the argument that failures of storage
mechanisms were especially important for AD. This is not surprising, considering what is
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known about the neuropathological characteristics of AD. Neuronal loss and the accumulation
of neuritic plaques and neurofibrillary tangles in the hippocampus are characteristic early
changes.61 Degeneration of efferent and afferent projections to the hippocampus seem to
disconnect the hippocampus from cortical input,62 further reducing its function. The
hippocampus is smaller in subjects with AD than in age-matched controls,1,2 medial temporal
atrophy correlates with memory performance in AD,3-6 some PET activation studies
demonstrate correlations in normal subjects between various aspects of memory and
hippocampal activity (including recognition memory), and there are reports of direct
correlations between hippocampal metabolism and memory performance in AD.3,4 Although
the prefrontal cortex is clearly involved at a neuro-pathological and functional level, the extent
of involvement is distinctly less than that of the mesial temporal lobe, especially in mild cases
such as those we studied here.

The performance of the AD group on the CVRMT is consistent with greater medial temporal
dysfunction and lesser frontal lobe dysfunction. On short-delay trials, where episodic memory
demands are lowest but working memory is required, AD performance was not significantly
different from normal (and was related to OFC metabolism), whereas on the long-delayed
trials, which can only be accomplished with episodic memory, performance was markedly
impaired.

It is important to note that although these findings support a distinction between greater
prefrontal and working memory dysfunction in CIS and greater medial temporal and
consolidation/storage dysfunction in AD, there is likely to be considerable overlap between
these disorders in both the anatomical pathological changes and impairments of component
memory processes that each causes. The difficulties in distinguishing these disorders clinically
is well recognized. In addition, even if the distinctions in anatomical pathological findings were
complete, overlaps in the functional anatomy of episodic memory processes are such that
lesions in different regions may still affect a similar component memory process. For example,
recent functional MRI and PET activation studies suggest that episodic encoding activates both
the prefrontal cortex and temporal lobe and, often, other regions.27,63-65 Further, isolated
activations of medial temporal lobe structures in relation to memory processes have generally
not been found.66,67 Thus, especially in these two disorders with diffuse and overlapping
pathological findings, it is certain that there are also shared features to their memory failures.
Nonetheless, it seems that the differential patterns of pathological characteristics found in AD
and CIS do produce distinguishable consequences with regard to memory function.

Methodological issues and limitations regarding our conclusions should be noted. The sample
is small, and this may limit how generalizable the results are, particularly in vascular dementia,
which is quite heterogeneous. These patients, however, were unselected with regard to lesion
location (except to exclude cortical strokes) or memory pattern, and it is of interest that the
results emerged as clearly as they do in this varied group. More important, perhaps, is how
generalizable the results might be to similar patients at different levels of severity. Both the
AD and CIS groups were mildly impaired. In more severe cases, where greater similarity of
pathological involvement is likely, it is also likely that between-group differences in metabolic
and memory associations would be less apparent. The PET scans were performed as long as 3
months after the MRI scans. Thus, we cannot exclude the possibility that some of the AD
patients suffered silent infarcts during this interval or that some of the CIS patients suffered
additional infarcts before PET. Nevertheless, it should be noted that no patient had clinical
symptoms of stroke during this interval. We cannot exclude the likelihood that some of the
CIS patients have coexisting AD, nor can we be certain that none of the AD patients had small
strokes that were not observed on MRI. Indeed, it is likely that the pathological findings in
these groups would overlap. The likelihood of overlap is less important than the observation
that the groups clearly differed extensively in the degree of subcortical vascular disease. The
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CIS group was defined by the presence of lacunae, but more importantly, our CIS patients
generally had a large number of lacunae that nearly always involved cognitively relevant nuclei
and were accompanied by white matter abnormalities distinctly more severe than those seen
in our AD sample. The extent of subcortical pathological changes in CIS makes it less likely
that this finding was “incidental,” whereas it seems to be minor in most of the AD cases. It is
also true that the behavioral task is multi-faceted and was administered over a fairly long period
of tracer uptake, which means that numerous cognitive operations influenced the tracer
distribution. The strength of the activation is demonstrated by the fact that all the relations
between PET and this verbal memory task were stronger on the left side.

In summary, a double dissociation in the brain regions associated with recognition memory
impairment in stroke patients and AD patients provides a direct demonstration of a distinction
between IVD and AD that has been hypothesized previously. In mildly impaired patients, those
with subcortical stroke have dysfunction of the prefrontal cortex that likely affects episodic
memory via impairments in working memory and executive function. In mild AD, the role of
frontal dysfunction is distinctly less significant, and memory dysfunction is related to failure
of storage mechanisms based on mesial temporal dysfunction. These differing anatomical
substrates give rise to subtle but significant differences in memory performance.
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Fig 1.
Effect plots of significant relations between metabolism and memory function in cognitively
impaired stroke. Left dorsolateral and right orbital prefrontal count ratios are shown in relation
to memory performance. As detailed in Table 3, neither region was significant in Alzheimer’s
disease.
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Fig 2.
Effect plots of significant relations between metabolism and memory function in Alzheimer’s
disease. Left hippocampal and left middle temporal gyrus count ratios are shown in relation to
memory performance. As detailed in Table 3, neither region was significant in cognitively
impaired stroke.
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Table 1
Subject Characteristicsa

Age Years of Education MMSE

Group N Mean SD Mean SD Sex (M/F) Mean SD

CIS 15 72.7 9.0 10.5 3.8 12/3 24.1 4.9
AD 15 72.8 9.8 14.2 2.4 7/8 23.3 3.0
Control 15 72.5 8.2 15.7 2.4 5/10 29.2 1.3

a
See text for between-group differences.

MMSE = Mini-Mental State Examination; CIS = cognitively impaired stroke; AD = Alzheimer’s disease.
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Table 2
Group Means on Recognition Memory Scoresa

Group Hit Rate Hit Rate (immediate) Hit Rate (delayed) False Alarm Rate Pr

CIS 0.70 (0.27) 0.80 (0.26) 0.67 (0.29) 0.13 (0.18) 0.57 (0.34)
AD 0.82 (0.14) 0.93 (0.09) 0.68 (0.23) 0.26 (0.26) 0.56 (0.20)
Control 0.94 (0.05) 0.97 (0.02) 0.90 (0.08) 0.04 (0.05) 0.90 (0.07)

Standard deviations are given in parentheses.

a
See text for between-group differences.

CIS = cognitively impaired stroke; AD = Alzheimer’s disease.
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Table 3
R2 (standardized β for the region of interest term) from Significant Regressions of the Memory Measure Pr on
Positron Emission Tomography Count Ratios and Education

LDLF ROF LMTG LH

AD 0.11 (−0.22) 0.15 (0.31) 0.67 (0.78)a 0.36 (0.61)c
CIS 0.47 (0.68)b 0.41 (0.63)c 0.19 (0.41) 0.10 (0.30)

a
p < 0.001.

b
p < 0.01.

c
p > 0.05.

LDLF = left dorsolateral frontal cortex; ROF = right orbital frontal cortex; LMTG = left middle temporal gyrus; LH = left hippocampus; AD = Alzheimer’s
disease; CIS = cognitively impaired stroke.
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