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ABSTRACT

Objective: Memory decline commonly occurs among elderly individuals. This observation is often
attributed to early neurodegenerative changes in the hippocampus and related brain regions.
However, the contribution of vascular lesions, such as brain infarcts, to hippocampal integrity and
age-associated memory decline remains unclear.

Methods: We studied 658 elderly participants without dementia from a prospective, community-
based study on aging and dementia who received high-resolution structural MRI. Cortical and
subcortical infarcts were identified, and hippocampal and relative brain volumes were calculated
following standard protocols. Summary scores reflecting performance on tasks of memory, lan-
guage, processing speed, and visuospatial function were derived from a comprehensive neuro-
psychological battery. We used multiple regression analyses to relate cortical and subcortical
infarcts, hippocampal and relative brain volume, to measures of cognitive performance in domains
of memory, language, processing speed, and visuospatial ability.

Results: Presence of brain infarcts was associated with a smaller hippocampus. Smaller hip-
pocampus volume was associated with poorer memory specifically. Brain infarcts were associ-
ated with poorer memory and cognitive performance in all other domains, which was independent
of hippocampus volume.

Conclusions: Both hippocampal volume and brain infarcts independently contribute to memory
performance in elderly individuals without dementia. Given that age-associated neurodegenera-
tive conditions, such as Alzheimer disease, are defined primarily by impairment in memory, these
findings have clinical implications for prevention and for identification of pathogenic factors asso-
ciated with disease symptomatology. Neurology® 2012;78:38–46

GLOSSARY
AD � Alzheimer disease; FLAIR � fluid-attenuated inversion recovery; FOV � field of view; MCI � mild cognitive impairment;
PCA � posterior cerebral artery; SRT � Selective Reminding Test; TE � echo time; TI � inversion time; TR � repetition time.

Memory decline is frequent among the elderly and it is most often attributed to dysfunction
and atrophy of the hippocampus and related mesial temporal lobe structures.1–3 Subclinical
brain infarcts are present in about one-third of older adults, and are associated with a 2-fold risk
of dementia and a steeper decline in age-associated cognitive function.4–6 However, the effects
of subclinical brain infarcts on hippocampal integrity and age-related memory decline are not
well understood.

Memory deficits have been described following brain infarcts. Cortical infarcts can result in
diverse deficits depending on size and location of lesion and can produce cognitive decline in
multiple domains, including perceptual speed and memory.7,8 Subcortical infarcts can result
in executive dysfunction,9 although strategic thalamic or limbic system infarcts can result in
memory loss.10,11 Clinically, it can be difficult to differentiate between cognitive decline due to
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ischemic brain injury vs incipient Alzheimer
disease (AD). By the time significant memory
decline and dementia are present, pathologic
evaluations reveal mixed pathology in over
50% of cases.11 Despite the heterogeneous
profile of deficits seen after clinical strokes,
silent infarcts are thought to affect primarily
the cognitive domains of processing speed and
executive function.5 Although memory defi-
cits may be a downstream consequence of
poor learning efficiency secondary to the
speed/executive dysfunction, the memory def-
icits seen in elderly people with silent brain
infarcts are typically not attributed to infarcts
alone but rather to hippocampal atrophy,12

which is considered a marker of AD.13 Mem-
ory function is dependent on the hippocam-
pus, but also on the complex network of its
input and output pathways required for ap-
propriate information processing.14 The pres-
ence of infarcts likely has a negative effect on
information flow due to structural distur-
bance in cortex and white matter, and may
also negatively impact hippocampal func-
tion or structure due to the fact that the
hippocampus is very sensitive to ischemia.15,16

There are few studies examining the impact
of brain infarcts and hippocampal volume
simultaneously in relation to memory per-
formance. Thus, it remains unclear whether
infarcts and hippocampus atrophy are re-
lated, and contribute to memory decline
independently.

We hypothesized that brain infarcts and
diminished hippocampus volume are each
independently associated with poorer mem-
ory, reflecting the important contribution
of both the integrity of the hippocampus
proper as well as the more diffuse brain net-
works that are a part of hippocampal projec-
tion system. In addition, we hypothesized
that brain infarcts and hippocampus vol-
ume are associated with a unique profile of
cognitive deficits.

METHODS Participants. Participants came from a
community-based prospective cohort study of aging and demen-
tia in adults age 65 and older residing in northern Manhattan
(Washington Heights-Inwood Columbia Aging Project).17 Be-
ginning in 2004, participants who did not have dementia at their
previous follow-up visit were invited to participate in a neuroim-
aging study.18 Of these 1,841 participants, 769 (41.8%) under-

went MRI. Frequencies and reasons why participants did not
undergo imaging were reported elsewhere.18

Standard protocol approvals and patient consents. All
procedures were approved by a local Institutional Review Board.
Written informed consent was obtained from all participants.

Neuropsychological assessment. Participants were admin-
istered a neuropsychological battery comprising 15 standardized
tests.19 Composite scores were developed using factor analysis,
which identified factors of memory, language, processing speed,
and visuospatial ability.20,21 Based on factor loadings, summary
variables reflecting performances in specific domains were de-
rived as composite z scores: 1) memory: Selective Reminding
Test (SRT)22: total recall, delayed recall, and delayed recogni-
tion; 2) language: Boston Naming Test25, Letter Fluency Test;
Category Fluency test; Wechsler Adult Intelligence Scale–R
Similarities subtest26; and Boston Diagnostic Aphasia Examina-
tion Repetition and Comprehension subtests25; 3) executive
functioning/processing speed: Color Trails 1 and Color Trails
227; 4) visuospatial ability: Benton Visual Retention Test recog-
nition and matching variables,28 Rosen Drawing Test29, and
Identities and Oddities subtest.26 In secondary analyses, we con-
sidered specific aspects of the SRT, including learning, long-
term recall (i.e., number of words recalled on consecutive trials
without selective reminding), delayed free recall, and delayed
recognition.

MRI. Image acquisition was performed on a 1.5 Tesla scanner
(Philips Intera) at Columbia University. The following images
were acquired axially: T2-weighted fluid-attenuated inversion re-
covery (FLAIR) images (repetition time [TR]: 11,000 msec;
echo time [TE]: 144.0 msec; inversion time [TI]: 2,800 msec;
field of view [FOV]: 25 cm; 256 � 192 pixel matrix, 3 mm
section thickness); proton density/T2-weighted double-echo
(TR: 2,675 msec; TE: 12/92 msec; FOV: 220 cm; 256 � 192
pixel matrix, 4 mm section thickness); T1-weighted (TR: 20
msec; TE: 2.1 msec; FOV: 240 cm; 256 � 160 pixel matrix, 1.3
mm section thickness).

Relative brain volume. Images were transferred to the Imag-
ing of Dementia and Aging Laboratory at the University of Cal-
ifornia, Davis, for morphometric analysis. Total brain and
cranial volumes were derived manually on FLAIR images as pre-
viously described.18,23 Relative brain volume was the ratio of total
brain volume to intracranial volume.

Hippocampal volume. The T1-weighted images were reori-
ented in the coronal plane perpendicular to the long axis of the
left hippocampus.18 Borders of the hippocampus were traced
manually with simultaneous monitoring in the sagittal and axial
views.18 Intrarater reliability in the right and left hippocampi was
good (intraclass correlation coefficient 0.98 and 0.96). We ex-
amined total relative hippocampal volume (i.e., total hippocam-
pal/intracranial volume).

Brain infarct assessment on MRI. Lesions 3 mm or larger
qualified for consideration as brain infarcts. Signal void seen
on the T2-weighted images was interpreted to indicate a ves-
sel. Other necessary characteristics included CSF density on
the T1-weighted image and separation from the circle of Wil-
lis vessels and perivascular spaces. Previously published reli-
ability estimates among raters have been good.24 Cortical
infarcts were defined as those in the frontal, parietal, tempo-
ral, and occipital cortices, and those in the extreme capsule (as
defined in our sample, this region falls adjacent to or overlap-
ping with insular cortex). Subcortical infarcts were defined as
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those in putamen, globus pallidus, caudate, thalamus, inter-
nal and external capsule, brainstem, and frontal, parietal, oc-
cipital, and temporal white matter.

Statistical method. The characteristics of the cortical, subcor-
tical, and no infarct groups were compared with respect to de-
mographic data (age, sex, ethnicity), relative hippocampal
volume, relative brain volume, and vascular disease history/risk
factor variables (i.e., APOE �4, hypertension, diabetes mellitus,
heart disease, clinical stroke, smoking, and alcohol abuse) using
�2 analysis and general linear models.

A series of multiple regression analyses examined associations
between infarct and hippocampal volume. A single infarct vari-
able was created reflecting presence of at least 1 cortical or 1
subcortical infarct (0 � no infarct, 1 � infarct) and relative
hippocampal volumes were compared between the 2 groups,
with demographic factors held as covariates. The analyses were
rerun comparing the 3 infarct groups (i.e., no infarcts, subcorti-
cal infarcts only, and cortical infarcts only).

A series of multiple regression analyses examined the associa-
tion of subcortical infarcts, cortical infarcts, and hippocampal
volume with cognitive composite scores. The MRI measures,
including infarcts and hippocampal volume, were entered simul-
taneously as the primary independent variables. Subcortical and
cortical infarct variables were created (where 1 � present and
0 � absent) and entered simultaneously into the model. The
variables were dummy coded with individuals with neither sub-
cortical nor cortical infarcts as the reference. Separate models
evaluated each cognitive domain score as dependent variables.
The models included demographic factors and total relative
brain volume as covariates and were repeated with the additional
vascular risk factor covariates. The vascular risk factors were
coded as absent (0) or present (1). For ethnicity, Hispanic and
African Americans were dummy coded, with non-Hispanic/
non–African American coded as a reference group.

Finally, we used multiple regression to examine whether in-
farcts and hippocampus volume relate to specific aspects of
memory performance. Hippocampal volumes, subcortical and
cortical infarcts, and demographic variables were entered simul-
taneously as predictor variables. Separate simple and fully ad-
justed models were run for the learning, long-term recall,
delayed recall, and delayed recognition parts of the SRT.

RESULTS Sample. Of 769 participants with avail-
able structural MRI data, 52 met criteria for de-
mentia at the clinical evaluation closest to the
neuroimaging study and were excluded from the
analyses, leaving 717 subjects. Seventeen participants
with evidence of both cortical and subcortical strokes
and 5 with infarct ratings that could not be com-
pleted reliably were excluded. Of the remaining 695
participants, hippocampus volume was calculated in
658. Participants who did not have hippocampal vol-
umes calculated were similar in age (F1,694 � 0.398,
p � 0.598), education (F1,694 � 2.079, p � 0.150),
sex (�2[1] � 1.196, p � 0.274), and race/ethnicity
(�2[3] � 1.862, p � 0.602) as those with hippocam-
pal volumes calculated. There were 484 individuals
in the “no infarct” group, 132 in the subcortical in-
farct group, and 42 individuals in the cortical infarct
group (table 1). There were no differences in the de-

mographic and vascular risk profiles or relative brain
volumes among the 3 infarct groups. Individuals
with subcortical and cortical infarcts were more likely
to have a clinical history of stroke and those without
infarct had larger relative hippocampal volumes than
those with subcortical infarcts. Determination of
mild cognitive impairment (MCI)25 was made in 643
participants; there was a greater proportion of indi-
viduals meeting MCI criteria among those with cor-
tical infarcts than among those without infarct. Some
participants (n � 26) had infarcts in regions that
were not considered in our cortical/subcortical classi-
fication (most were cerebellar infarcts, n � 21). We
ran separate analyses on this subgroup, and decided
to retain these individuals in the “no infarct” group
for 3 reasons. First, individuals with cerebellar in-
farcts did not have reduced hippocampal volumes
relative to individuals without any infarcts. Similarly,
there was no association of cerebellar infarcts with
cognitive functioning in any of the 4 cognitive do-
mains. Finally, we ran sensitivity analyses by exclud-
ing them from the primary analyses and the findings
remained unchanged.

Hippocampus is smaller in elderly people without de-
mentia with brain infarcts. Individuals with any brain
infarct had smaller hippocampi than those without
infarct (mean [SD] � 0.2838 [0.059] vs 0.296
[0.057], F1,642 � 5.256, p � 0.022); none of the
demographic or vascular risk factors were associated
with hippocampal volume. When comparing the 3
infarct groups, a significant main effect (F2,642 �
4.149, p � 0.016) indicated that those with cortical
infarcts (mean [SD] � 0.2798 [0.0655]) had similar
relative hippocampal volumes as those with subcortical
infarcts (mean [SD] � 0.2811 [0.0581]; p �
0.893), who, in turn, had smaller relative hippocam-
pal volumes than individuals without infarct (mean
[SD] � 0.2962 [0.05704]; p � 0.012). We repeated
this analysis with total relative brain volume as an
additional covariate to ensure that the observation is
not a reflection of total brain atrophy and the pattern
remained the same: individuals with cortical infarcts
had similar hippocampal volume as those with sub-
cortical infarcts (p � 0.244), who, in turn, had
smaller hippocampal volumes than those without
any infarct (p � 0.031). In a separate analysis, we
examined the relationship between infarcts in the
vascular territory supplying the hippocampus (poste-
rior cerebral artery [PCA]) and hippocampus vol-
ume. Although none of the subjects had infarcts in
the hippocampal formation, infarcts elsewhere in the
same vascular territory have been reported to be asso-
ciated with dysfunction of the hippocampus.16 How-
ever, we found no association between infarcts
within PCA territory and hippocampal volume
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(overall model: F � 0.800, p � 0.165, presence of
PCA infarct: � � 0.011, p � 0.165).

Hippocampus volume and brain infarcts are indepen-
dently associated with memory. Smaller hippocam-
pus, cortical, and subcortical infarcts were all
associated with poorer memory (table 2). As these
variables were entered simultaneously into the
model, their associations with memory were inde-
pendent of each other. In the model adjusted for de-
mographic factors, lower hippocampus volume was
associated with poorer performance only in the
memory domain, whereas infarcts were associated
with worse performance in multiple cognitive do-
mains. Sex, race/ethnicity, and education were re-
lated to cognitive performance, as previously
reported26–28 (table 2). In the fully adjusted model,
the association of cortical infarcts with memory re-
duced to trend level (p � 0.060), but the effect size

did not change notably (�0.211 vs �0.218). Other-
wise the findings remained as described above. His-
tory of diabetes was associated with poorer
performance in language, executive/speed, and visu-
ospatial domains. History of smoking was associated
with better performance on memory testing.

Infarcts and hippocampal volume are associated with
different aspects of memory performance. Cortical
and subcortical infarcts and smaller hippocampal
volume were associated with specific aspects of mem-
ory performance (table 3). Hippocampal volume was
associated with the long-term recall and delayed rec-
ognition aspects of the SRT and with delayed free
recall at trend level. Subcortical infarcts correlated
with performance on learning, long-term recall, and
delayed free recall. Cortical infarcts were associated
with performance on SRT delayed recognition. In
the fully adjusted model, although the association be-

Table 1 Clinical and demographic characteristics of study subjects

No infarct
Subcortical
infarct only

Cortical
infarct only Total sample Statistics

No. (% of total sample) 484 (73.6) 132 (20.0) 42 (6.4) 658 NA

Median no. of infarcts 0 1 1 0 NA

Frequencies of number of
infarcts (range � 1–12), n (%)

1 NA 81 (61.4) 35 (83.3) NA NA

2 32 (24.2) 6 (14.3)

3� 19 (14.4) 1 (2.4)

Relative hippocampus volume,
mean (SD)

0.296 (0.057) 0.281 (0.058) 0.279 (0.066) 0.292 (0.058) F2,657 � 5.06, p � 0.007a

Relative brain volume, mean (SD) 0.731 (0.041) 0.723 (0.045) 0.719 (0.040) 0.728 (0.041) F2,657 � 2.847, p � 0.059

Age, y, mean (SD) y 80.09 (5.48) 79.90 (5.77) 79.26 (5.78) 80.00 (5.55) F2,657 � 0.456, p � 0.634

Education, y, mean (SD) 10.65 (4.80) 11.15 (4.76) 10.40 (4.83) 10.74 (4.77) F2,655 � 0.675, p � 0.510

Female sex, n (%) 335 (69.2) 80 (60.6) 26 (61.9) 439 (67.9) �2(2) � 4.01, p � 0.135

Race/ethnicity, n (%)

White 136 (28.1) 43 (32.6) 11 (26.2) 190 (28.9) �2(6) � 2.92, p � 0.819

Black 162 (33.5) 43 (32.6) 13 (31.0) 218 (33.1)

Hispanic 175 (36.2) 44 (33.3) 18 (42.9) 237 (36.0)

Other 11 (2.3) 2 (1.5) 0 (0) 13 (2.0)

MCI, n (%) 102 (21) 37 (28) 16 (38) 155 (24) �2(2) � 7.58, p � 0.023b

APOE �4 allele, n (%) (APOE
genotyping available on 619
subjects)

112 (24.7) 36 (29.0) 7 (17.1) 155 (25.0) �2(2) � 2.47, p � 0.290

Diabetes, n (%) 102 (21.1) 32 (24.2) 9 (21.4) 143 (21.7) �2(2) � 0.614, p � 0.736

Heart disease, n (%) 98 (20.2) 33 (25.0) 11 (26.2) 142 (21.6) �2(2) � 1.947, p � 0.378

Hypertension, n (%) 311 (64.3) 94 (71.2) 33 (78.6) 438 (66.6) �2(2) � 5.160, p � 0.076

Clinical stroke, n (%) 33 (5.0) 24 (18.2) 9 (21.4) 66 (10.0) �2(2) � 21.30, p � 0.001c

Alcohol, n (%) 29 (6.0) 14 (10.6) 2 (4.8) 45 (6.8) �2(2) � 3.770, p � 0.399

Smoking past or current, n (%) 229 (50.3) 60 (46.9) 19 (48.7) 308 (49.5) �2(2) � 0.488, p � 0.784

Abbreviation: NA � not applicable.
a No infarct � subcortical infarct, p � 0.05.
b No infarct � cortical infarct, p � 0.05.
c No infarct � subcortical only � cortical only, p � 0.001.
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tween subcortical infarcts and delayed free recall was
reduced to nonsignificance, the pattern of results and
effect sizes remained similar.

DISCUSSION We found that brain infarcts are as-
sociated with a smaller hippocampus, and that both
infarcts and hippocampal volume are independently
associated with global memory functioning. Further-
more, infarcts and hippocampal volume are associ-
ated with specific aspects of memory functioning,
which are overlapping but unique.

The traditional view is that vascular disease and
AD are frequent causes of dementia.29 The clinical

profile of vascular dementia is thought of as primarily
a decline in nonmemory domains of cognition, in
particular executive function and perceptual speed,
and any significant memory decline is attributed to
coexisting AD and AD-associated hippocampal atro-
phy. Although the current study did not examine
individuals with dementia per se, the implication of
our data is significant in that they suggest that history
of brain infarcts can lead to a phenotype that is typi-
cally thought of as prodromal AD—that is, infarcts
are associated with poorer memory, and smaller hip-
pocampus, not just poorer performance in nonmemory

Table 2 The association of subcortical infarct, cortical infarct, and relative hippocampal volume with cognitive functioning in 4 domains,
controlling for total brain atrophy (i.e., relative brain volume) and demographic variables (separate models were run for each
cognitive outcome; variables in the left column are the model predictors; values reported are unstandardized � weights [SE])
(top) and the same models rerun to include additional vascular disease covariates (bottom)

Memory Language Executive/speed Visuospatial

Simple model

Model statistic F � 19.98, p � 0.001;
R2 � 0.226

F � 58.95, p � 0.001;
R2 � 0.461

F � 23.184, p � 0.001;
R2 � 0.274

F � 30.79, p � 0.001;
R2 � 0.309

Cortical infarct �0.218 (0.106)a �0.238 (0.079)b �0.129 (0.152) �0.382 (0.110)b

Subcortical infarct �0.185 (0.066)a �0.170 (0.049)b �0.322 (0.094)b �0.184 (0.068)a

Relative hippocampal
volume

1.019 (0.463)a �0.102 (0.343) 0.859 (0.663) 0.397 (0.478)

Relative brain volume �0.493 (0.732) �0.267 (0.547) 0.656 (1.057) 0.462 (0.762)

Age �0.035 (0.005)b �0.023 (0.004)b �0.041 (0.008)b �0.026 (0.005)b

Sex (0 � male, 1 �
female)

0.289 (0.058)b 0.065 (0.043) �0.057 (0.081) 0.013 (0.060)

Education 0.047 (0.007)b 0.082 (0.005)b 0.075 (0.010)b 0.073 (0.007)b

Hispanic �0.001 (0.083) �0.095 (0.061) �0.382 (0.115)b �0.187 (0.085)a

Black �0.279 (0.067)b �0.218 (0.050)b �0.123 (0.093) �0.190 (0.070)a

Fully adjusted model

Model statistic F � 12.425, p � 0.001;
R2 � 0.256

F � 30.299, p � 0.001;
R2 � 0.454

F � 12.062, p � 0.001;
R2 � 0.270

F � 18.117, p � 0.001;
R2 � 0.332

Cortical infarct �0.211 (0.112) �0.252 (0.085)a �0.169 (0.162) �0.426 (0.117)b

Subcortical infarct �0.168 (0.069)a �0.170 (0.053)b �0.292 (0.099)b �0.202 (0.072)b

Relative hippocampal
volume

1.25 (0.496)a �0.162 (0.374) 0.765 (0.702) 0.321 (0.514)

Relative brain volume �0.026 (0.790) �0.117 (0.600) 0.216 (1.124) 0.275 (0.824)

Age �0.037 (0.006)b �0.021 (0.004)b �0.047 (0.008)b �0.028 (0.006)b

Sex (0 � male, 1 �
female)

0.334 (0.063)b 0.090 (0.048) 0.088 (0.089) �0.005 (0.066)

Education 0.044 (0.008)b 0.079 (0.006)b 0.062 (0.011)b 0.074 (0.008)b

Hispanic �0.050 (0.089) �0.109 (0.068) �0.378 (0.124)b �0.198 (0.093)a

Black �0.348 (0.073)b �0.233 (0.055)b �0.104 (0.100) �0.185 (0.075)a

APOE �4 0.025 (0.065) �0.006 (0.049) �0.124 (0.091) 0.034 (0.067)

Diabetes �0.007 (0.070) �0.109 (0.053)a �0.210 (0.099)a �0.158 (0.073)a

Heart disease 0.090 (0.069) 0.072 (0.053) 0.137 (0.097) 0.058 (0.072)

Hypertension 0.082 (0.059) 0.037 (0.045) 0.015 (0.083) 0.062 (0.062)

Alcohol use �0.110 (0.113) 0.006 (0.086) �0.206 (0.153) �0.001 (0.118)

Smoking history 0.091 (0.043)a 0.034 (0.032) �0.013 (0.061) �0.047 (0.044)

a p � 0.05.
b p � 0.005.
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domains. Brain infarcts, particularly subcortical ones,
are associated primarily with executive dysfunction,
whereas hippocampal volume is correlated with
memory performance.9,30,31 Cortical infarcts, in addi-
tion to being associated with deficits in processing
speed, are also associated with worse episodic mem-
ory, but these findings have been interpreted with
caution.7,8 A significant gap has remained in the liter-
ature: to our knowledge, ours is the first study to
examine whether memory is associated with the pres-
ence of prior infarcts independently of hippocampal
atrophy.

Memory processing is dependent on communica-
tion of the hippocampus with diffuse brain networks,

including association cortices, and subcortical struc-
tures such as the thalamus, the basal forebrain, and
the amygdala. Infarcts causing injury to parts of this
network likely cause dysfunction in some aspect of
memory processing and performance. Memory defi-
cits could also be secondary to destruction of brain
parenchyma, granular cortical atrophy, or other cor-
tical changes due to infarcts themselves or hypoper-
fusion,32 or a consequence of deficits in other
cognitive domains. Another possibility is that the
ischemia that causes infarcts can also affect the hip-
pocampus. The CA1 subfield of the hippocampus is
most susceptible to ischemia, and infarcts are related
to lower blood volume in this region.16 Thus, it is

Table 3 The profile of memory subtest performance in association with infarcts and hippocampus volume (values reported are
unstandardized � weights [SE]) (top) and the same models rerun to include additional vascular disease covariates (bottom)

SRT learning Long-term recall
SRT delayed free
recall SRT recognition

Simple model

Model statistic F � 28.974, p � 0.001;
R2 � 0.273

F � 21.981, p � 0.001;
R2 � 0.222

F � 15.584, p � 0.001;
R2 � 0.168

F � 7.481, p � 0.001;
R2 � 0.088

Cortical infarct �2.227 (1.456) �2.011 (1.862) �0.413 (0.393) �0.676 (0.247)a

Subcortical infarct �3.555 (0.902)b �4.188 (1.155)b �0.509 (0.244)a �0.153 (0.153)

Relative hippocampal
volume

6.857 (6.177) 16.053 (7.903)a 2.980 (1.667) 2.778 (1.047)a

Age �0.545 (0.066)b �0.612 (0.084)b �0.104 (0.018)b �0.040 (0.011)b

Sex (0 � male, 1 �
female)

4.212 (0.771)b 5.422 (0.988)b 0.911 (0.208)b 0.323 (0.131)a

Education 0.738 (0.096)b 0.722 (0.123)b 0.150 (0.026)b 0.057 (0.016)b

Hispanic �0.231 (1.112) �0.871 (1.423) 0.067 (0.300) �0.080 (0.188)

Black �4.564 (0.913)b �5.300 (1.167)b �0.935 (0.246)b �0.311 (0.155)a

Fully adjusted model

Model statistic F � 16.544, p � 0.001;
R2 � 0.298

F � 13.663, p � 0.001;
R2 � 0.260

F � 10.143, p � 0.001;
R2 � 0.207

F � 5.059, p � 0.001;
R2 � 0.115

Cortical infarct �1.837 (1.550) �1.579 (1.958) �0.426 (0.409) �0.733 (0.264)a

Subcortical infarct �3.383 (0.958)b �4.075 (1.211)b �0.408 (0.253) �0.169 (0.163)

Relative hippocampal
volume

11.831 (6.659) 21.412 (8.412)a 4.046 (1.755)a 3.045 (1.133)a

Age �0.592 (0.072)b �0.698 (0.091)b �0.108 (0.019)b �0.044 (0.012)b

Sex (0 � male, 1 �
female)

4.959 (0.850)b 6.418 (1.077)b 1.130 (0.224)b 0.364 (0.145)a

Education 0.697 (0.108)b 0.639 (0.137)b 0.142 (0.029)b 0.052 (0.018)a

Hispanic �0.670 (1.212) �1.471 (1.532) �0.108 (0.320) �0.118 (0.206)

Black �5.104 (0.994)b �6.032 (1.255) �1.196 (0.262)a �0.423 (0.169)a

APOE �4 0.327 (0.896) 0.464 (1.132) �0.146 (0.236) 0.219 (0.153)

Diabetes �0.688 (0.952) �1.661 (1.202) �0.117 (0.251) 0.179 (0.162)

Heart disease 1.075 (0.960) 1.971 (1.213) 0.163 (0.253) 0.262 (0.163)

Hypertension �0.147 (0.824) 0.182 (1.041) 0.408 (0.217) 0.266 (0.140)

Alcohol use 0.037 (1.568) �0.633 (1.981) �0.442 (0.413) �0.407 (0.267)

Smoking history 0.484 (0.591) 0.675 (0.746) 0.474 (0.156)b 0.156 (0.100)

Abbreviation: SRT � Selective Reminding Test.
a p � 0.05.
b p � 0.005.
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also possible that infarcts and neurodegenerative dis-
ease affect the hippocampal formation in distinct and
complementary ways that result in similar clinical
phenotypes.33

Interestingly, the phenotype may be only grossly
identical—with prominent memory deficit— but
under the surface there appears to be a unique effect
of infarcts and hippocampus volume on memory.
Hippocampal volume was associated specifically with
memory performance, whereas infarcts were associ-
ated with poorer performance in all cognitive do-
mains. When we examined specific aspects of
memory testing, we found that although overlapping
to some degree, the performance profiles associated
with smaller hippocampus, cortical, and subcortical
infarcts are unique. Hippocampal volume is associ-
ated with performance on long-term recall, delayed
recognition, and delayed free recall. This finding is
consistent with classically described hippocampus-
dependent functions.14 Subcortical infarcts, on the
other hand, showed a significant association with
performance on learning, long-term recall, and de-
layed recall. Although we cannot rule out that execu-
tive dysfunction9 is contributing to the learning and
memory deficit observed, participants with subcorti-
cal infarcts show evidence of deficits in learning and
long-term memory. Cortical infarcts were associated
with performance on delayed recognition of the se-
lective reminding test. It should be noted that infarct
data were coded categorically as present or absent;
quantitative volumetric analysis of cerebral infarcts
may yield more precise information about the rela-
tionship between the severity of cerebrovascular dis-
ease and cognition.

In addition to the observed hippocampus inde-
pendent effect on memory performance, we found
that infarcts are associated with a smaller hippocam-
pus above and beyond whole-brain atrophy, and in
turn that a smaller hippocampus is associated with
poorer memory performance. These findings suggest
that memory deficits may occur with brain infarcts
secondary to both extrahippocampal and hippocam-
pal processes—two independent sources of memory
dysfunction. The etiology of hippocampal atrophy in
aging is generally thought to be neurodegeneration
related to AD or sclerosis.34,35 The observed associa-
tions of infarcts and hippocampal volume with cog-
nitive function in our study could be explained by
either or a combination of these processes. Numer-
ous studies have suggested an association or interac-
tion between cerebrovascular disease and AD,36,37

possibly due to accelerated AD pathology, such as
increased deposition of amyloid. Hippocampal scle-

rosis in those with brain infarcts could be secondary

to transient or chronic hypoperfusion related to vas-

cular disease, or wallerian degeneration secondary to

cortical injury in brain regions communicating with

the hippocampus.32,38 Our observation that hip-

pocampal atrophy is not related to infarcts within the

vascular territory supplying the hippocampus may

support the latter hypothesis.

A recent study among 425 elderly subjects with

neuropathologic examination found an association of

cortical microinfarcts with worse semantic and epi-

sodic memory8,9 and there was no interaction of mi-

croinfarcts with AD pathology. Taken together with

our results, these observations further support the

notion that brain infarcts exert a negative effect on

memory function independently of markers of incip-

ient AD, including hippocampal atrophy. The obser-

vation that brain infarcts have an effect on memory

and other cognitive domains independently of

changes in hippocampus has significant implications

with regard to a critical need for stroke prevention.

In a prospectively followed community sample of el-

derly subjects, more than 50% of those with demen-

tia had multiple pathologies on autopsy, whereas

among those without dementia over 80% have single

or no pathology.11 This observation suggests that de-

mentia is a cumulative effect of “multiple hits” that

most often include AD, Parkinson/Lewy body pa-

thology, and brain infarcts; focusing on prevention

of one of the “hits” may decrease the incidence of

dementia. The majority of individuals in our study

who were found to have brain infarcts on MRI had

no clinical history of stroke. In this community co-

hort, the sensitivity of stroke self-report for a diagno-

sis of stroke on MRI is only 32.4%.39 Therefore,

brain infarction is largely a silent injury, and aggres-

sive clinical screening and neuroradiologic examina-

tion would be needed to identify individuals with

and at risk for development of brain infarcts. Brain

infarcts are a largely preventable brain injury, with

clearly identified risk factors, and prevention pro-

grams. A public health push toward emphasizing

stroke prevention may significantly decrease inci-

dence of dementia.
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