
Neuropathological Basis of Magnetic Resonance Images in Aging
and Dementia

William J. Jagust, MD1, Ling Zheng, MDPhD2, Danielle J. Harvey, PhD3, Wendy J. Mack,
PhD4, Harry V. Vinters, MD5, Michael W. Weiner, MD6,7,8,9,10, William G. Ellis, MD11,12,
Chris Zarow, PhD2, Dan Mungas, PhD12, Bruce R. Reed, PhD12, Joel H. Kramer, PhD9,
Norbert Schuff, PhD7,10, Charles DeCarli, MD12, and Helena C. Chui, MD2

1 School of Public Health and Helen Wills Neuroscience Institute, University of California, Berkeley

2 Department of Neurology, Keck School of Medicine, University of Southern California, Los Angeles

3 Division of Biostatistics, Department of Public Health Sciences, School of Medicine, University of
California, Davis

4 Department of Preventive Medicine, Keck School of Medicine, University of Southern California

5 Departments of Pathology and Laboratory Medicine and Neurology, Brain Research Institute and
Neuropsychiatric Institute, David Geffen School of Medicine, University of California, Los Angeles

6 Department of Medicine, University of California, San Francisco

7 Department of Radiology, University of California, San Francisco

8 Department of Psychiatry, University of California, San Francisco

9 Department of Neurology, School of Medicine, University of California, San Francisco

10 Magnetic Resonance Unit, Department of Veterans Affairs Medical Center, San Francisco

11 Department of Pathology, University of California, Davis, CA

12 Department of Neurology, School of Medicine, University of California, Davis, CA

Abstract
Objective—Magnetic resonance (MR) imaging is used widely for assessment of patients with
cognitive impairment, but the pathological correlates are unclear, especially when multiple
pathologies are present.

Methods—This report includes 93 subjects from a longitudinally followed cohort recruited for the
study of Alzheimer’s disease (AD) and subcortical cerebrovascular disease (CVD). MR images were
analyzed to quantify cortical gray matter volume, hippocampal volume, white matter
hyperintensities, and lacunes. Neuropathological examination quantified CVD parenchymal
pathology, AD pathology (defined as Consortium to Establish a Registry for Alzheimer’s Disease
scores and Braak and Braak stage), and hippocampal sclerosis. Subjects were pathologically
classified as 12 healthy control subjects, 46 AD, 14 CVD, 9 mixed AD/CVD, and 12 cognitively
impaired patients without significant AD/CVD pathology. Multivariate models tested associations
between magnetic resonance and pathological findings across the entire sample.
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Results—Pathological correlates of cortical gray matter volume were AD, subcortical vascular
pathology, and arteriosclerosis. Hippocampal volume was related to AD pathology and hippocampal
sclerosis, and the effects of hippocampal sclerosis were greater for subjects with low levels of AD
pathology. White matter hyperintensities were related to age and to white matter pathology. Number
of MRI lacunes was related to subcortical vascular pathology.

Interpretation—In this clinical setting, the presence of lacunes and white matter changes provide
a good signal for vascular disease. The neuropathological basis of MR defined cerebral cortical and
hippocampal atrophy in aging and dementia is complex, with several pathological processes
converging on similar brain structures that mediate cognitive decline.

Alterations in brain structure are a profound concomitant of aging and dementia. From a clinical
perspective, structural magnetic resonance imaging (MRI) has become a standard component
of the dementia evaluation,1 helping to rule out infarcts and other nonneurodegenerative causes
of dementia. Research studies have linked brain atrophy, especially in the hippocampus and
medial temporal lobe structures, to clinically diagnosed Alzheimer’s disease (AD),2–4 and
prediction of AD in patients with mild cognitive impairment,5,6 whereas epidemiological
studies show convincing associations between white matter hyperintensities (WMH) and a host
of vascular factors.7,8 There are, however, few studies that examine relations between MRI
and neuropathology, which is a serious limitation because the extent of AD pathology cannot
be ascertained without neuropathological examination.

Knowing the pathological phenomena that underlie changes in MR measures of brain structure
may help to clarify the significance of neuroimaging in complex clinical situations and
elucidate underlying mechanisms of disease. Because of the early and severe involvement of
the hippocampus by neurofibrillary pathological change in AD,9 it is not surprising that
hippocampal atrophy seen on MRI is frequently associated with the accumulation of
neurofibrillary tangles at postmortem examination.10 However, hippocampal atrophy may be
associated with other pathological processes, including hippocampal sclerosis (HS) and
frontotemporal dementia.10 Although WMH are associated with vascular risk factors, they
may also be associated with AD-associated amyloid angiopathy.11,12 Conversely, evidence
linking cerebrovascular risk factors with cerebral atrophy13,14 suggests that brain atrophy may
reflect the effects of vascular pathology as well as AD.

Thus, although some data support relatively specific relations between postmortem findings
and MRI, the reality of these associations is complex. This is a particularly important issue
when multiple pathological processes occur simultaneously, as is frequently the case in older
individuals who often have coexistent pathologically confirmed AD and cerebrovascular
disease (CVD).15 We have enrolled and followed a cohort of subjects with a wide range of
cognitive ability and a high prevalence of both CVD and AD in a longitudinal study. Previous
reports from this project have shown that measures of cerebral cortical and hippocampal
atrophy are major determinants of cognition16 and cognitive decline,17 with relatively small
contributions from WMH and lacunes. We now report the associations between
neuropathology and MR findings among cohort cases who have been autopsied. The goal of
this report is to define how AD and CVD together produce changes in brain structure that are
related to cognitive decline and dementia. Our approach involved the prospective evaluation
of antemortem quantitative MR followed up with neuropathological evaluation, relating
imaging and pathological variables to one another together with continuous dimensions of
severity because that is how these processes occur in the “real world.” The analysis of this
cohort is useful both for defining the pathological basis of MR findings observed during life
and for understanding how different pathological processes might lead to cognitive decline
through specific and overlapping pathways.
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Subjects and Methods
Subjects

The sample was drawn from the first 127 sequentially autopsied cases in the ischemic vascular
dementia (IVD) program project, a prospective, longitudinal study of CVD, AD, and normal
aging. Among these cases coming to autopsy, 15 were excluded because of incomplete
neuropathological data, and 7 were excluded because they had other definitive causes of
dementia (5 cases with Lewy body dementia absent AD, and 2 cases with frontotemporal lobar
degeneration). Quantitative MRI data were not available for 12 subjects, leaving the 93 cases
reported in this study. The autopsy cases were drawn from a total sample of 704 subjects
included in the November 2006 database, 189 of whom were deceased, giving an autopsy rate
of 67.2%. This article focuses on MR pathological correlations; clinicopathological and
neuropsychological-pathological correlations are reported elsewhere.18–20 We use the terms
CVD and AD to refer to the pathological diagnoses of CVD and AD, whereas IVD, subcortical
IVD, and probable or possible AD are used to denote the clinical situations in which these
processes are present.

Subjects were recruited from three university-affiliated dementia centers as described in
previous publications.19,21 Control subjects were recruited from the community. Exclusion
criteria at the time of enrollment included age younger than 55 years, non–English-speaking,
history of cortical strokes, history of dementia that was believed to be related to processes other
than AD or CVD, and history of severe illnesses or medications likely to affect cognition.

All subjects underwent a clinical evaluation that included a history and physical examination,
laboratory tests, neuropsychological testing with a standardized battery and a standardized
research MRI protocol followed by a consensus conference to arrive at a diagnosis as previously
described.19 Dementia was diagnosed by Diagnostic and Statistical Manual of Mental
Disorders, Fourth Edition (DSM-IV) criteria,22 probable or possible AD was established
according to National Institute of Neurological and Communication Disorders-Alzheimer’s
Disease and Related Disorders Association criteria,23 diagnosis of IVD used the California
Alzheimer’s Disease Diagnostic and Treatment Centers criteria,24 and mixed dementia was
diagnosed if the contributions of both AD and CVD were considered approximately equal.
Subjects with cognitive impairments not severe enough to meet dementia criteria, or those who
evinced no functional impairment, were diagnosed as having cognitive impairment, no
dementia. Diagnostic case conferences utilized all available data including clinical MRI scans,
but they did not use quantitative MRI data, which were derived separately in a standardized
manner. Neuropsychological testing was repeated annually and MRI every 2 years for subjects
with cognitive impairment or dementia; these examinations were every 2 years and every 4
years for cognitively intact persons. At each reevaluation, clinical diagnosis was reviewed and
changed by consensus if warranted by intervening data. For this analysis, we chose the last
MR examination before autopsy, together with the clinical data closest in time to this
examination.

Magnetic Resonance Imaging Acquisition and Analysis
MRI acquisition and analysis has been reported previously,21,25 and full details can be found
in supplementary online data. In brief, MR double spin-echo (DSE) and volumetric T1
(magnetization-prepared rapid gradient echo or spoiled gradient echo recalled) sequences were
obtained on 1.5-Tesla MR systems (either Siemens Vision, Erlangen, Germany, or General
Electric Signa, Milwaukee, WI) with a quadrature head coil. Tissues were segmented using an
automated algorithm with manual editing to define gray matter, white matter, cerebrospinal
fluid, and WMH, and hippocampal volume (HV) was measured on the coronal T1 data sets
using a semiautomated algorithm. Final variables for this study include HV, cortical gray matter
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(CGM), and WMH, each normalized to the total intracranial volume. Lacunes were manually
defined as discrete lesions more than 2mm in diameter that were hyperintense relative to
cerebrospinal fluid on proton density images; they were slightly smaller than, but otherwise
similar to, the lesions identified by the Cardiovascular Health Study criteria.26

Neuropathological Examination
Neuropathological examination was described previously and utilized a CVD pathology score.
19 The quantitative data rated for each case included measures of Alzheimer’s pathology, HS,
cerebrovascular brain injury, and blood vessel abnormalities. Alzheimer’s pathology utilized
Braak and Braak staging of neurofibrillary pathology9 and Consortium to Establish a Registry
for Alzheimer’s Disease (CERAD) neuritic plaque scores.27 HS was defined as well-
demarcated regions of segmental hippocampal neuronal loss and gliosis, generally involving
CA1, prosubiculum, or both, and was graded on a 0 to 3 scale for each hemisphere: 0 indicated
absence of HS, 1 indicated involvement of a single CA region (usually CA1), 2 indicated
extension of segmental neuronal loss and gliosis to the prosubiculum, and 3 indicated
involvement of the entire pyramidal cell layer over multiple coronal sections.

The severity of cerebrovascular ischemic brain injury was rated using the CVD pathology
scoring system developed within this project.19 The overall summary score was the
cerebrovascular disease parenchymal score (CVDPS), ranging from 0 to 300, that was
composed of scores for cystic infarcts (CYST INF), lacunar infarcts (LAC INF), and
microinfarcts (MICRO INF), each ranging from 0 to 100. In addition, infarcts were categorized
by location as cortical (CORTICAL INF) and subcortical (SUBCORTICAL INF), also
standardized to a scale of 0 to 100. Complete and incomplete white matter infarct and
demyelination scores were combined to generate a white matter pathology (WMP) score
standardized to a scale of 0 to 100.

The blood vessel abnormalities were graded by neuropathologists after reviewing all tissue
blocks and brain photographs. Atherosclerosis was graded based on a review of the circle of
Willis and meningeal blood vessels, whereas arteriosclerosis was rated in the basal ganglia and
thalamus. Severity, grade, or extent of atherosclerosis and arteriolosclerosis were each rated
on a 4-point scale (0–3 points). Cerebral amyloid angiopathy (CAA) was rated in Brodmann
area 17 using Vonsattel and colleagues’28 0 to 4 scale; CAA-associated microangiopathies,
which we considered Vonsattel stage 4, were noted as being present or absent in a given brain
specimen.29

For categorical analyses, cutoff scores were selected for Braak and Braak stage and CVDPS
score to operationally define pathological subgroups as described in a previous publication.
19 We considered a Braak stage ≥ IV, where AD is considered to be moderately likely by
National Institute on Aging-Reagan criteria,30 to indicate AD. We used a CVDPS score ≥ 20,
which divides the sample approximately into tertiles, as a cutoff score for CVD (CVDPS = 0,
n = 37; 0 < CVDPS < 20, n = 33; CVDPS ≥ 20, n = 23). Cases with Braak and Braak stage <
IV and CVDPS < 20 were classified as having no significant pathological abnormality. We
further subdivided the no significant pathological abnormality group into 12 normal control
cases (NCs: cognitively normal and no significant pathology) and 12 OTHER cases
(cognitively impaired without significant pathology).

Data Analysis
Because pathological variables were continuous and diagnostic classification therefore relied
on arbitrary cutoff scores, our primary analyses used linear and ordinal logistic regression
models to investigate the associations between the neuropathological and imaging measures.
Dependent variables in these models were the imaging variables, either volume of CGM, HV,
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log WMH, or number of lacunes. The independent variables were age at death and three
measures of neuropathology (AD, HS, and CVD), as well as blood vessel abnormalities. We
used this approach, rather than defining pathology as the dependent measure, because the goal
of the study was to define factors that explained MR findings, rather than factors that predicted
pathology.

Because the distribution of WMH volume and number of lacunes were right skewed, a log
transformation was applied to the WMH variable, and number of lacunes was analyzed using
ordinal logistic rather than linear regression (no lacunes, 1–2 lacunes, or 3–10 lacunes). As
colinearity was observed for Braak and Braak stage and CERAD plaque score (Spearman’s r
= 0.85; p < 0.0001) and for the atherosclerosis and arteriolosclerosis rating (Spearman’s r =
0.71; p < 0.0001), combined scores were generated: AD-PATH (defined as [2 × CERAD score
+ Braak score]/2) and ARTERIO (defined as atherosclerosis + arteriolosclerosis scores).

Simple univariate regression models between each MRI measure and three measures of
neuropathology (AD-PATH, CVDPS, and HS) were examined first in the initial steps of model
building to explore the variables that were most appropriate for inclusion in final multivariate
models. We also fit regression models for CGM and HV using CVDPS or HS as independent
variables, stratified by high and low AD-PATH scores. In this way, we examined the relation
between non-AD pathology (HS or CVD) and MR outcomes apart from AD, as well as
interactions between non-AD and AD pathology on MR outcome.

We developed multivariate models that included the significant terms from the simple
regression models. In primary multivariate analyses, AD-PATH, HS, and one of several
measures of parenchymal cerebrovascular brain injury were modeled as independent variables:
(1) AD-PATH, HS, and CVDPS; (2) AD-PATH, HS, CYST INF, LAC INF, and MICRO INF;
(3) AD-PATH, HS, CORTICAL INF, and SUBCORTICAL INF; and (4) AD-PATH, HS, and
WMP. Secondary multivariate analyses further investigated the association of ARTERIO and
CAA with the imaging variables with adjustment for the other neuropathology measures, as
well as the demographic variables of age, sex, and ethnicity. In the final multivariate models,
we also included the lag between MRI and death; these models did not differ substantially from
models that did not contain this variable. The final models included all significant components
from previous models and are reported as the total r2 for all variables in the model. All analyses
were conducted using Statistical Analysis System version 9.0 (SAS Institute, Cary, NC). A p
value less than 0.05 was considered statistically significant.

Results
Table 1 shows the subject characteristics, including mean MR variables, grouped by last
clinical diagnosis before death. At the time of last clinical evaluation, the majority of subjects
(n = 63) had dementia, although there was a substantial proportion of cognitively normal (n =
15) and cognitive impairment, no dementia (n = 15) subjects. For all subjects, mean age at
death was 83.5 ± 7.2 years. Mean interval between last neuropsychological testing and death
was 1.9 ± 1.7 years, and between the last MRI and death was 2.7 ± 2.0 years.

Associations between Magnetic Resonance Variables and Pathological Diagnoses
A wide range of CVDPS, Braak and Braak, and CERAD neuritic plaque scores were found in
the sample (Fig 1). Using the cutoff scores for Braak and Braak stage and CVDPS to
dichotomize continuous processes as described earlier, we determined that 46 cases had
predominantly AD pathology, 14 had predominantly CVD pathology, 9 had mixed AD/CVD
pathology, and 24 did not meet the threshold for significant CVD and AD pathology (no
significant pathological abnormality), of which 12 were noncognitively impaired and
considered NCs and 12 were cognitively impaired (OTHER). Figure 2 shows box plots of the
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MR variables grouped by these pathological diagnoses. CGM was lowest in the mixed AD/
CVD group (33.0 ± 4.3) and decreased to a similar extent in the CVD (35.0 ± 3.1), AD (35.3
± 2.9), and OTHER groups (34.6 ± 3.2) compared with the NC group (38.9 ± 2.2) (p values of
<0.0001, 0.001, 0.0004, and 0.0008, respectively). HV was lowest in the AD (0.23 ± 0.06),
mixed AD/CVD (0.23 ± 0.05), and OTHER groups (0.21 ± 0.07), and decreased in the CVD
group (0.26 ± 0.05) compared with the NC group (0.34 ± 0.06) (p values of <0.0001, <0.0001,
<0.0001, and 0.001, respectively). WMH volume was increased in the CVD (2.7 ± 2.5), mixed
AD/CVD (3.9 ± 3.0), and OTHER groups (2.7 ± 1.8) compared with the NC group (1.0 ± 0.9)
(p = 0.01, 0.0003, and 0.01, respectively). Number of lacunes was increased in CVD (4.5 ±
3.1) and OTHER (2.2 ± 1.5) groups compared with the NC group (0.3 ± 0.5) (p values of
<0.0001 and 0.02, respectively).

Associations between Magnetic Resonance Cortical Gray Matter and Pathology
Univariate analyses showed AD-PATH and CVDPS to be significant inverse correlates of
CGM, whereas HS was not a significant pathology predictor of CGM. Among the CVD
components, LAC INF, MICRO INF, SUBCORTICAL INF, and WMP, rather than CYST
INF or CORTICAL INF, were significant correlates of CGM. Among blood vessel pathology
variables, ARTERIO rather than CAA was inversely associated with CGM. In the final
multivariate model (Table 2), the three variables AD-PATH, ARTERIO, and SUBCORTICAL
INF explained 25% of the variance in CGM. Age at death, ethnicity, and sex were not
significantly associated with CGM. We further examined the relation between
SUBCORTICAL INF score and CGM and ARTERIO and CGM in cases with low versus high
AD (based on a median split in AD-PATH). No interactions were found between
SUBCORTICAL and AD-PATH or between ARTERIO and AD-PATH.

Associations between Magnetic Resonance Hippocampal Volume and Pathology
For HV, univariate analyses demonstrated AD-PATH and HS, but not CVDPS, to be important
inverse correlates. Secondary analyses showed significant inverse associations of HV with
CAA, but not ARTERIO. HV was not associated with age at death (p = 0.20), but was lower
in male subjects. After adjusting for sex, in the final multivariate model, AD-PATH and HS
jointly accounted for 33% of the HV variance (see Table 2). Of note, CAA was negatively
associated with HV at a marginally significant level (β = −0.01; standard error, 0.006; p =
0.066) after adjustment for AD-PATH, HS, and sex. HS scores and Braak stage were not
correlated with one another (r = −0.01; p = 0.90), and there was no association between a Braak
and Braak stage ≥ IV and the presence of HS (χ2 = 0.90; p = 0.34). Figure 3 illustrates the
relation between HS and HV according to the extent of AD pathology: HS has a stronger and
significant effect in the group with low AD pathology (Spearman’s r = −0.44; p = 0.002), but
a weak and nonsignificant effect in the group with high AD pathology (Spearman’s r = −0.1;
p = 0.52) (interaction p = 0.075).

Associations between Magnetic Resonance White Matter Hyperintensities and Pathology
In univariate analyses against log WMH, positive correlations were noted with AD-PATH,
CVDPS, and HS. All combinations of CVD variables (CYST INF, LAC INF, MICRO INF,
CORT INF, SUBCORT INF, and WMP) were positively correlated with log WMH. Secondary
analysis also showed ARTERIO to be positively associated with WMH (β = 0.13; standard
error, 0.03; p = 0.0002). No significant relation between CAA and log WMH was found in the
sample as a whole, although there was a weak trend in the high AD-PATH group (r = 0.16;
p = 0.30, no significant interaction). In the final multivariate model for log WMH (see Table
2), age at death and WMP explained 32% of the variance in log WMH. Of note, ARTERIO
was positively associated with log WMH at a marginally significant level (β = 0.07; standard
error, 0.04; p = 0.059) after adjustment for age at death and WMP.
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Associations between Magnetic Resonance Lacunes and Pathology
The relation between pathology and number of MR-visualized lacunes was assessed using
ordinal logistic regression. There were 46 cases with no lacunes, 22 with 1 to 2 lacunes, and
22 cases with 3 to 10 lacunes. In univariate analyses, CVDPS was marginally associated with
increased number of lacunes (p = 0.09), whereas higher AD-PATH was associated with
decreased number of lacunes (p = 0.02); no significant relation was noted between HS and
lacunes. For type of blood vessel pathology, ARTERIO, not CAA, was positively associated
with lacunes. The final ordinal logistic regression for number of MR lacunes included WMP
(odds ratio, 1.03; 95% confidence interval, 1.02–1.06; p = 0.02) and AD-PATH (odds ratio,
0.76; 95% confidence interval, 0.61–0.94; p = 0.01).

Discussion
Results of this study show that four quantitative MR measures of anatomy (CGM, HV, WMH,
and lacunes) have complex and overlapping associations with three major neuropathological
substrates (AD, HS, and CVD) in a large sample with a wide range of vascular and degenerative
pathology. Strong evidence from multivariate models indicates that CGM is related to both
Alzheimer’s and vascular pathology. HV is related to AD pathology, and also to HS, and these
two pathological processes appear to be independent of one another, explaining HV in different
subjects. Both WMH and lacunes are strongly reflective of CVD.

These results suggest that the neuropathological basis of MR findings in aging and dementia
are complex, with multiple pathological processes converging on similar brain structures that
mediate cognitive decline. Although it is known that hippocampal atrophy does not necessarily
reflect AD pathology,10 these results show that even CGM atrophy reflects a vascular and AD
component. In addition, although WMH are associated with vascular pathology, Figure 2
demonstrates that AD and CVD pathology often coexist and produce substantial reductions in
CGM volume.

From the perspective of understanding the pathway to cognitive decline and dementia, these
findings expand on the previous clinical-imaging correlations reported from this cohort. As
noted, CGM and HV are the strongest predictors of neuropsychological performance16 and
cognitive decline,31 whereas WMH and lacunes contribute only modestly to cognitive function
in multivariate models. Our current findings shed light on these associations and suggest that
vascular disease can affect cognition not only through effects on sub-cortical structures and
white matter, but also by exacerbating cortical atrophy. Indeed, the effects of AD and vascular
pathology on cerebral cortex and perhaps hippocampus provide a compelling link in which
disparate pathological processes converge on structures crucial to cognition.

Our data agree with imaging-autopsy correlation studies that show associations between
hippocampal atrophy seen on MR10,32–35 and AD pathology, but the data also highlight the
importance of HS as an independent cause, particularly in cases with comparatively little AD
pathological change. HS often goes unrecognized as a cause of amnesia and progressive
dementia in late life, is often diagnosed as AD,36,37 and has been reported in 12% of older
adults with dementia drawn from a community-based autopsy series.38 The pathogenesis of
HS remains controversial; associations with both vascular and degenerative processes have
been observed or suggested.19,37–40 Our data indicate that in elderly adults with progressive
amnesia and hippocampal atrophy, HS should be considered as a possible underlying causative
factor, although diagnostic tests for HS are not available.

Epidemiological data have established associations between age and vascular risk factors and
WMH using semiquantitative scales.7,41,42 Cross-sectional and longitudinal data link WMH
to slowed processing speed, 43,44 dysexecutive syndromes, 45 and incident dementia.11
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Nevertheless, pathological studies have shown associations with lacunar infarction,
demyelination and pallor, gliosis, dilated perivascular spaces, and CAA,12,46–50 leaving a
persisting impression that WMH is nonspecific. In this study, WMH was measured
volumetrically, which offers an advantage over the commonly used semiquantitative rating
scales that show a ceiling effect.51 We confirm positive associations between log WMH with
age and CVD-related variables, and no associations with AD or CAA. We cannot state with
certainty whether the pathological “incomplete infarction” (pallor, demyelination, and axonal
loss) that we found to be associated with WMH reflects CVD and not Wallerian degeneration.
However, the latter appears less likely in view of the lack of association between WMH and
AD pathology. In the setting of progressive cognitive impairment in late life, this study suggests
that WMH is associated with vascular disease and complete and incomplete infarction, and is
thus a more specific finding than previously supposed.

There is a paucity of studies that focus on the pathology of MRI-defined lacunes. Discrete
hyperintensities on T2-weighted MRI may represent incomplete or complete infarcts or dilated
perivascular spaces.52

This study confirms expected positive associations between MR-defined lacunes with infarcts
and arteriosclerosis. Because perivascular spaces were not included as a pathological variable,
there is a remaining need to correlate MRI-lacunes and pathology on a lesion-by-lesion basis.
Nonetheless, the results support the value of MR-defined lacunes as a marker for vascular
rather than AD-related pathology.

This study has several limitations. Patients with a wide range of dementing disease were
excluded, as were those with large cortical infarcts, limiting our inferences about these
conditions. The ratings of atherosclerosis and arteriolosclerosis were semiquantitative and were
based on an overall impression. Although the Braak and Braak staging and CERAD neuritic
plaque score measures of AD pathology are widely recognized, the CVD-PATH scoring system
reported here is novel. The CVD subscores were standardized to avoid weighting effects and
were suitable for multiple regression or ordinal logistic regression analyses, but the β values
or odds ratio do not translate directly to pathology findings. The analyses in this study were
based on cross-sectional data obtained between MRI closest to autopsy, an interval of several
years; changes in pathology during this period would weaken MR-pathology correlations.
Although the delay between MR and postmortem examination was long in some cases, our
analytic approach accounted for this problem. In fact, estimates of association were essentially
unaltered with adjustment for years since MRI examination. Finally, although our multivariate
models showed significant associations between pathology and MR variables, a large
proportion of variance in each of these models remains unexplained. This may reflect
imprecision in the techniques, as well as the likelihood that some pathological findings,
particularly AD and microin-farcts, are difficult to detect with MRI.

Qualitative MRI is now a mainstay of clinical diagnosis of cognitive decline, and volumetric
measures are rapidly becoming the standard for research. Historically, investigative studies
begin by contrasting AD and normal aging. When the circle is widened to include mixed
pathologies, autopsy findings are essential. This study provides an opportunity to relate
quantitative MRI with pathology in a mixed sample of AD, CVD, and normal aging. In this
clinical setting, the presence of lacunes and white matter changes provide a good signal for
underlying vascular disease. Although cerebral cortical and hippocampal atrophy help to
differentiate disease states from normal aging, different pathological processes share the final
common pathway leading from structural atrophy to cognitive decline. Indeed, it is likely that
this convergence on structures critical to cognition, hippocampus and cortex, are
mechanistically important in determining cognitive decline in AD and vascular disease.
However, more specific molecular and microstructural markers are needed to differentiate the
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causative agents underlying these structural changes, and thus suggest best approaches to
treatment.
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Fig 1.
Frequency histograms indicating the distribution of neuropathological abnormalities in the 93
autopsied cases. (A) Cerebrovascular disease parenchymal score, (B) Braak stage, and (C)
Consortium to Establish a Registry for Alzheimer’s Disease plaque score.
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Fig 2.
Box plots showing the distribution of quantitative magnetic resonance imaging volumes by
pathological group. Solid squares denote minimum; multiply signs denote first quartile; solid
triangles denote median; open circles denote third quartile; asterisks denote maximum. AD =
Alzheimer’s disease; CVD = cerebrovascular disease; NC = cognitively normal and no
significant pathology; OTHER = cognitively impaired without significant pathology.
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Fig 3.
Relation between pathologically measured hippocampal sclerosis and magnetic resonance
measured hippocampal volume for two groups of subjects defined by the extent of Alzheimer’s
disease (AD) pathology using a median split. Triangles denote low AD; circles denote high
AD; solid line denotes low AD; dotted line denotes high AD.
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