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Abstract
Background—Although MRI detected white matter disease has been correlated with cognitive
decline in the elderly, it is unclear whether white matter disease is primarily responsible for the
cognitive deterioration or whether another process is common to white matter disease and
dementia.

Methods—We examined the relationship between Alzheimer type brain pathology at autopsy
and MRI detected cerebral white matter disease in 50 participants from the Baltimore Longitudinal
Study of Aging (BLSA) Autopsy Program, a prospective study of aging which includes detailed
cognitive assessments.

Results—White matter disease was quantitated in pre- and postmortem MRI scans using the
Cardiovascular Health Study (CHS) criteria in a blinded fashion. We found that several measures
of Alzheimer disease (AD) pathology including CERAD score, Braak score and a composite AD
pathology score, along with hypertension, were significantly associated with CHS white matter
score using univariate and multivariate ordinal regression. In contrast, amyloid angiopathy was not
independently related to with CHS score. While a clinical diagnosis of dementia was associated
with CHS score in univariate analysis, the association disappeared after accounting for AD
pathology.

Conclusion—Alzheimer’s pathology at autopsy is associated with MRI detected cerebral white
matter disease. This relationship may explain, in part, the association between cerebral white
matter disease and cognitive decline in the elderly.
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1. Introduction
With the increasing use of MRI, cerebral white matter disease, characterized as
hyperintensities on T2 or FLAIR sequences is commonly detected in the elderly [1]. White
matter hyperintensities, spanning the spectrum from mild and focal to extensive and
confluent are found in 96% of community volunteers over age 65 [2]. Of these, the vast
majority (80%) of elderly subjects had low-grade abnormalities (Grades 1-3 out of a
maximum possible of 9). In a large community based study (Mean Age 72 yrs), higher-
grade white matter disease, stratified on the basis of MRI, was associated with greater age,
asymptomatic brain infarction, higher systolic BP, female sex, history of hypertension and
impaired cognitive function [3]. In the Framingham Offspring Study it was shown that white
matter hyperintensities portended an increased risk of stroke, amnestic mild cognitive
impairment, dementia, and death, independent of vascular risk factors and interim vascular
events [4]. Importantly however, it is not known if white matter changes directly affect
cognition or are merely a marker of another underlying process such as Alzheimer disease,
which directly impacts cognition. The prevalence of both white matter abnormalities and
Alzheimer’s disease increases with age. Autopsy studies of patients with Alzheimer’s
disease have noted abnormalities in the subcortical or peri-ventricular white matter, raising
the question of whether these white matter changes are coincidental or a result of the
Alzheimer’s pathology. We undertook this analysis to determine the relative contribution of
Alzheimer’s type brain pathology to the degree of white matter disease seen on MRI in our
cohort of prospectively followed elderly patients. We report that Alzheimer’s type brain
pathology, along with hypertension, is associated with white matter changes seen on MRI,
suggesting that the cognitive effect of white matter changes in the elderly may be mediated
by underlying Alzheimer’s disease.

2. Methods
2.1. Cohort

All 50 subjects in this study came from the Baltimore Longitudinal Study of Aging (BLSA)
Autopsy Program, a prospective cohort of 579 participants from the larger Baltimore
Longitudinal Study of Aging (BLSA) who have agreed to post-mortem brain exams [5]. As
of December 2011, 241 subjects age 70 and above, who were cognitively and neurologically
unimpaired at entry into the autopsy study, have died and undergone brain autopsy. In the
past three years, all subjects who died within a 2-hour drive of Johns Hopkins Hospital (2/3
of all autopsy subjects) have had MRI scans of their brain prior to autopsy. This has resulted
in 31 of the subjects for the current study. An additional group of 19 subjects had premortem
MRI’s performed within 25 months of death; mean interval between MRI and death is 17 +/-
5 (SD) months (range 9-25 months). These subjects were part of the BLSA neuroimaging
study [6,7], and the BLSA autopsy program. We limited the time from last MRI to death to
25 months, as MRI white matter changes in large cohorts are relatively modest over this
time period [8]. Participants were predominantly white (96%). Five subjects had both
premortem and postmortem MRI’s, which allowed comparison of the two modes of MRI
acquisition; in subjects with pre and postmortem scans we used only the postmortem MRI
for data analysis. Although the number of subjects in this study represents a small subset of
the BLSA and the BLSA autopsy program, they have a similar dementia rate (26/50), brain
infarction rate at autopsy (23/50), hypertension rate (34/50) and diabetes rate (13/50) as the
autopsy cohort as a whole [5,9]. Given the high education level and socioeconomic status of
this cohort we do not expect it to be representative of an epidemiologically rigorous
community cohort.

All participants in the present study were cognitively and neurologically unimpaired at the
time of entry into the BLSA and the autopsy cohort. They were assessed at baseline, within
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18 months of death (mean 8.7±6.3 (SD) months prior to death), and annually in between.
Evaluations included neuropsychological tests, neurological exam, interval medical history,
medication review, and a structured informant and subject interview as described [8]. A
history of diabetes or hypertension required both a documented history and the use of one
medication for that condition. A history of coronary artery disease (CAD) required either a
history of myocardial infarction, coronary bypass surgery or stenting, or a history of
coronary artery disease plus medication prescribed to treat CAD. JNC-7 [10] blood pressure
categories (which we categorized as 1-4) were derived from the mean of each individual’s
annual blood pressure measurement between ages 65-85. The mean number of annual blood
pressure measurements for the 50 participants was 11.5 +/- 2.3 (SD). Approximate ten-year
Framingham risk scores [11] were calculated using the mean blood pressure recorded
between ages 65-85, the fasting total cholesterol measured at study entry (between ages
60-75), sex, and a history of diabetes or smoking. We did not have HDL cholesterol values
on most of our participants so we used a HDL cholesterol value of 40 mg/dl on all
participants as a dummy variable. Subjects were grouped into 3 risk groups; 0-19% 10-year
risk, 20-35% 10-year risk, and >35% 10-year risk.

Studies of this cohort are conducted under the auspices of the Johns Hopkins and MedStar
Research Institute IRBs, and all participants provided written informed consent for the
prospective cognitive evaluations and premortem MRIs, while next of kin provided written
informed consent for the postmortem MRIs and autopsy.

2.2. Brain pathology
Postmortem examination of all brains was performed at Johns Hopkins by a
neuropathologist. Neuritic plaques, neurofibrillary tangles, and infarcts were scored as
described [5]. Twenty-three subjects had 33 macroscopic infarcts at autopsy. Thirteen of the
infarcts were classified as macroscopic cortical infarcts and 20 as subcortical lacunar
infarcts (some subjects had more than one type). AD pathology was examined on silver
stains and graded according to CERAD and Braak criteria [12,13]. In addition, we generated
a composite AD pathology score by summing the CERAD and Braak scores as described
previously [5]. Intracranial atherosclerosis (graded on a 1-3 scale) and brain infarctions
(graded as present or absent) were evaluated as previously described [14]. We did not do
any quantitative pathological assessments of white matter disease in the post-mortem exam,
as the slides used in microscopic pathological evaluations cover only a small amount of
cerebral white matter, while gross visual assessment of cerebral white matter in fresh
autopsy specimens is very insensitive in our hands. Amyloid angiopathy was assessed in a
large (4 × 5 cm) block, taken from one temporal lobe, midway from the temporal tip to the
parietal lobe. This block, which was the only one routinely immunostained with the 6E10
amyloid Aβ antibody, included all three temporal gyri as well as the hippocampus. More
than 30 microscopic fields in the block were searched for Aβ immunostaining in
leptomeningeal and parenchymal blood vessels. Amyloid angiopathy was said to be present
if at least two blood vessels were observed to be immunopositive for Aβ in a circumferential
manner.

2.3. Imaging
Both premortem and postmortem MRI scans were performed on 1.5T MR instruments. The
imaging sequences used to evaluate the white matter were axial proton density and T2-
weighted sequences (TR=3000, TE=34/100, FOV=24cm, matrix=256 × 192, NEX=0.5,
5mm slice thickness) acquired in sections oriented parallel to the anterior-posterior inter-
commissural line. Proton density and T2-weighted sequences were chosen because fluid
attenuated inversion recovery (FLAIR) data acquisition sequences were not widely available
when the neuroimaging study protocol was initiated (1994). For longitudinal consistency of
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data acquisition, we continued with our original MRI imaging protocol throughout the
duration of this study [15,18]. This also resulted in the absence of gradient echo sequences
and an inability to quantify cerebral microbleeds. To evaluate the burden of white matter
disease, we used the previously validated and published white matter disease scale from the
Cardiovascular Health Study (CHS) [16,17]. This scale for measuring white matter disease
is easy to apply and, in addition to having been validated extensively through the CHS
study, has been used in previous studies of white matter in the BLSA participants [18].
Using this scale, a “0” represents virtually normal white matter and a “9” reflects a very
thick ring of confluent periventricular white matter disease, along with marked subcortical
disease. The signal abnormalities in the proton density and in the T2-weighted images were
always concordant. All CHS white matter scores were assigned by a single radiologist (MK)
blinded to all clinical and pathological variables. Subjects with both pre and postmortem
scans had their premortem scans read at separate times from their postmortem scans, and the
radiologist was not aware of the prior score. Running our analyses using a variable to
indicate whether the MRI was done pre or postmortem did not alter the results. Blinded test-
retest reliability rating of CHS scoring in 6 scans showed that 3 scans were graded within 1
point of the original rating and 3 were rated identically.

2.4. Statistics
To examine the relationship between increasing AD pathology scores and increasing CHS
white matter scores we used standard error plots as well as univariate and multivariate
ordinal logistic regression. Additional analyses, where appropriate, including linear
regression, logistic regression and ANOVA (for variables which had only binary values)
confirmed the ordinal regression analyses and are not shown in this manuscript. These
statistical analyses were performed using Stata and NCSS. Comparison of the distribution of
CHS white matter scores between pre and postmortem MRI’s was performed using a
Komogorov-Smirnov analysis on SPSS.

3. Results
Fifty prospectively evaluated subjects in the BLSA, all cognitively and neurologically
normal at the time of entry into the study had either an MRI within 25 months of death or an
MRI immediately postmortem or both (Table 1A). All MRI’s were graded for white matter
disease by a single blinded radiologist according to CHS criteria [17]. Premortem and
postmortem MRI’s appeared to detect the same white matter abnormalities, as the
distribution of CHS scores (Figure 1) and the mean CHS scores of premortem and
postmortem MRI’s were similar (Table 1A). Five subjects had both a premortem and
postmortem MRI scan available for comparison (Table 1B; Figure 2A); the CHS white
matter scores did not differ by more than 1 point between the pre and postmortem
evaluations in any of the 5 subjects.

As shown in Figure 2B and Table 2, there is a relationship between measures of Alzheimer’s
disease (AD) pathology and the CHS white matter score. A relationship was also seen
between the presence and absence of dementia and the CHS white matter score. Using
univariate ordinal regression (Table 2) all measures of AD pathology as well as JNC-7
hypertension grade and intracranial atherosclerosis were significantly associated with CHS
score. Other variables such as any clinical history of hypertension, amyloid angiopathy,
coronary artery disease, and the presence of a brain infarction also showed trends toward
associations with CHS grade in this relatively small sample. Multivariate regression
analyses (Table 3) confirmed that composite AD pathology score and JNC-7 hypertension
grade were independently and significantly associated with white matter disease after
adjusting for other variables while the role of intracranial atherosclerosis and brain
infarction attenuated. Similar results were seen when CERAD and Braak scores were used
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in the multivariate analysis instead of composite AD pathology score. There was no
statistical evidence of an interaction between AD pathology and JNC-7 hypertension grade
using either ordinal regression or linear multivariate regression.

Importantly, the relationship between CHS score and dementia, seen in a univariate ordinal
regression analysis (Table 2), was no longer significant after adjusting for composite AD
pathology score, a weighted sum of neuritic plaques and neurofibrillary tangles [5].
Specifically, the odds ratio (95% CI) for an increase in CHS score with a diagnosis of
dementia drops from 3.1 (1.2-8.9) to 1.4 (0.5-4.4) when composite AD pathology score is
included as a covariate. This result was confirmed using logistic regression with dementia as
the outcome variable; the odds ratio (95% CI) for dementia associated with an increase in
CHS white matter score dropped from 1.6 (1.2- 2.4) to 1.1 (0.7-1.8) after adjustment for
composite AD pathology. Including JNC-7 hypertension grade as a covariate had no effect
on the relationship between dementia and CHS white matter score, and there was no
association between JNC-7 hypertension grade and dementia (O.R. 0.93; 95% CI 0.5-1.5).
Similarly, the non-significant but potentially important relationship between amyloid
angiopathy and CHS score (O.R. 2.1; 95% C.I. 0.8-6.0) seen in univariate analysis, was
further attenuated (O.R. 1.1; 95% CI 0.4-3.1) when measures of AD pathology (in this case
composite AD pathology score) were included in multivariate analysis. Conversely, the
relationship between composite AD pathology and CHS score (O.R. 3.2; 95% CI 1.7 – 5.9)
seen in univariate analysis, was not attenuated (O.R. 3.3; 95% CI 1.8-6.0) when the presence
of amyloid angiopathy was included in the multivariate analysis.

4. Discussion
The interaction between white matter abnormalities detected on MRI, cerebrovascular risk
factors and dementia is complex. Many cross-sectional and longitudinal studies have
detected associations between white matter disease (also referred to as white matter
hyperintensities) and impaired cognitive abilities [19-22], although this finding is not
universal [23]. The CHS study found an association between extensive white matter disease
and an increased risk of dementia [24]. In the CASCADE study, severe periventricular white
matter disease was associated with impairment in several cognitive domains [25]. In the
longitudinal Austrian stroke prevention study, progressive white matter lesion burden was
associated with brain parenchymal loss and a decline in multiple cognitive tasks [21]. Most
studies have attributed the relationship between white matter disease and cognition to
coexisting atherosclerosis [16,26,27]. While our data includes too few subjects to be certain
about the relationship between intracranial atherosclerosis and white matter disease, there is
a strong relationship between white matter disease and Alzheimer’s disease (AD) type
pathology that may explain in part the relationship between white matter disease and
cognition. The surprisingly strong relationship we have seen between AD pathology and
white matter disease may be a result of the older subjects enrolled in our study, whose mean
age at death is much older than most of the other cohorts referenced. We have also found
that hypertension is related to CHS white matter score but that it does not attenuate the
effect of AD pathology. It should be noted that in a more epidemiologically rigorous study
than ours, the role of vascular risk factors in white matter disease might be more prominent.

Like us, several previous studies have suggested a more complex relationship between white
matter disease and dementia than simply a relationship to vascular risk factors. White matter
abnormalities are frequently detected in the brain scans of patients with Alzheimer’s disease
and white matter abnormalities are detected on pathology in the brains of patients suffering
from Alzheimer’s disease with no vascular risk factors [28,29]. In the Rotterdam Scan
Study, white matter lesions detected on MRI scans were shown to be associated with
dementia despite adjusting for vascular risk factors like hypertension, diabetes mellitus,
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smoking and stroke [2]. Another recent large population based study also showed an
association between MRI detected white matter hypertintensities and impaired cognition
independent of vascular risk factors [4]. In a population based study of 1792 elderly subjects
aged 65-80 yrs, Godin et al [30], observed that white matter lesion burden, assessed by MRI,
was associated with gray matter and hippocampal volume atrophy, surrogate markers for
Alzheimer’s pathology. Since these studies did not have a neuropathological component, the
role of underlying AD pathology could not be assessed, although our findings would suggest
the presence of such pathology.

Our results are similar to those of Polvikoski et al [31], who performed MRI scans on brains
fixed from 3 months to 4 years in a cohort of elderly subjects and found that severe white
matter changes on pathology were significantly more common in those with moderate to
frequent neuritic plaques than in subjects with a lower density of cortical neuritic plaques.
Our study extends that of Polvikoski and colleagues in that we have a prospective cohort
with precise cognitive diagnoses and MRI scans that more closely approximate those
performed clinically.

The mechanism behind the association of AD pathology and white matter disease was not
the subject of this study, but several observations have been made in studies correlating
histopathology to imaging abnormalities that suggest potential hypotheses. Scheltens et al
[32], in a small study found that in persons with AD there was evidence of axonal loss,
denudation of the ventricular lining and arteriosclerosis. In a similar study, Gouw et al [33],
found that white matter abnormalities on MRI corresponded to axonal loss, myelin loss,
astrogliosis and microglial activation. Cerebral amyloid angiopathy is frequently seen in
patients with AD though it is not an invariant feature of the disease. By causing vascular
injury it is hypothesized that amyloid angiopathy may contribute to white matter pathology.
In our current study, we did not find that amyloid angiopathy was an independent
contributor to white matter disease, but a larger study, or a more quantitative assessment of
amyloid angiopathy may reveal a causal relationship. Gradient Echo sequences, which were
not performed in this study, may help clarify the relationship between amyloid angiopathy
and white matter disease, as would a more detailed pathologic correlation between amyloid
angiopathy and white matter disease. Polvikoski et al [31] suggested that white matter
disease associated with AD pathology might be a result of the vascular origin of AD
pathology, a finding we have not observed in the BLSA autopsy study [14] or in the current
study. Finally, it should be considered that AD pathology and white matter disease may be
related because they both reflect, and are sensitive to, the presence of another, more basic
process, still unknown.

Additional limitations of the current study includes its small size, non-representative cohort,
lack of FLAIR sequences and the lack of hippocampal and total brain volumes determined
on high resolution 3T scanners. Each of these would have improved our ability to correlate
vascular risk factors, AD pathology and brain changes. However, the strong relationship we
see between MRI detected white matter disease and AD pathology in the elderly is striking.
Our findings will hopefully motivate future research on the pathophysiological mechanisms
underlying this relationship and its potential impact on cognition.
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Figure 1. Distribution of Pre and Postmortem CHS White Matter Scores
The CHS white matter scores of 24 premortem MRI scans and 31 postmortem MRI scans on
50 subjects are shown. Using Komogorov-Smirnov analysis, these histograms do not differ
(P=0.9).
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Figure 2. White Matter Disease and Alzheimer Pathology
In A, premortem and postmortem MRI scans from Subject 5 of Table 1B were obtained 16
months apart. In B, the relationship between Dementia, AD Pathology and Cardiovascular
Health Study (CHS) white matter ratings are shown for all 50 subjects in the study.
Composite AD pathology refers to a weighted sum of the Braak and CERAD scores.
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Table 1
Subject and MRI Characteristics

In A, the ages and CHS white matter scores of subjects with pre and postmortem MRI scans are shown. Age at
death and age at last MRI were significantly different in the pre and postmortem MRI groups (ANOVA) while
the CHS score was not. The total number of subjects with scans (50) is less than the sum of the pre and
postmortem MRI’s (55) because 5 subjects had both (only the postmortem scans were used for subsequent
analyses). In B, the CHS white matter scores of the 5 subjects with both pre and postmortem MRI scans are
shown along with the interval from the last premortem scan until death. WM= White Matter.

A Subjects Age at Last MRI Age at Death CHS WM Score

Total (n=50) 87.7 +/- 6.0 88.6 +/- 5.8 4.0 +/- 1.9

Premortem MRI (n=24) 84.4 +/- 5.4 86.1 +/- 5.6 4.1 +/- 1.9

Postmortem MRI (n=31) 90.0 +/- 5.3 90.0 +/- 5.3 4.0 +/- 2.0

B Subject Premortem CHS WM Score Postmortem CHS WM Score Interval

#1 3 4 38 months

#2 3 2 14 months

#3 7 7 45 months

#4 2 1 11 months

#5 8 8 16 months
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Table 2
Predictors of White matter Disease

Various clinical and pathological risk factors for white matter disease were assessed in our cohort using
univariate ordinal regression. The odds ratio refers to the increase in odds of the outcome due to a single step
increase in the input variable. CAD = coronary artery disease. Composite AD pathology refers to a weighted
sum of the Braak and CERAD scores. JNC-7 refers to the four categories of blood pressure detailed in the
Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High
Blood Pressure. The “n” value for each risk factor refers to the number of individuals with that condition out
of the 50 individuals in the cohort, while the other numbers in parentheses refer to the grades of the indicated
risk factor.

CHS White Matter Score as Outcome

Univariate Ordinal Regression

Input Variable O.R. (95% CI) P -Value

Age (75-101) 1.0 (0.9-1.1) 0.53

Female Sex (n=19) 1.7 (0.6-5.8) 0.30

Diabetes (n=13) 0.9 (0.3-2.6) 0.80

Any Hypertension (n=34) 2.5 (0.9-7.4) 0.09

JNC-7 Hypertension Grade (1-4) 2.0 (1.3-3.4) 0.03

CAD (n=19) 1.4 (0.5-4.3) 0.40

Intracranial Atherosclerosis (1-3) 1.9 (1.0-3.6) 0.04

Framingham Risk Score (1-3) 1.1 (0.6-2.1) 0.71

Brain Infarct (n=23) 1.9 (0.7-5.2) 0.21

CERAD Score (0-3) 2.9 (1.5-5.8) 0.001

Braak Score (1-6) 2.1 (1.3-3.8) 0.003

Composite AD Score (2-6) 3.2 (1.7-5.9) 0.0001

Composite AD Score ≥4 (n=29) 4.7 (1.46-14) 0.003

Amyloid Angiopathy (n=23) 2.1 (0.8-6.0) 0.12

Dementia Diagnosis (n=26) 3.1 (1.2-8.9) 0.02
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Table 3
Multivariate Regression

Two multivariate ordinal regression models were constructed, using CHS white matter score as the outcome,
and the three indicated clinical or pathologic conditions plus age at death and sex as the independent variables
for each model. The odds ratio refers to the increase in odds of the outcome due to a single step increase in the
input variable. Composite AD pathology refers to a weighted sum of the Braak and CERAD scores. JNC-7
grade refers to the 4 categories of blood pressure detailed in the Seventh Report of the Joint National
Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure, while the
intracranial atherosclerosis score was graded 1-3 as described in the Methods section.

O.R. (95% CI) P-Value

Model 1

 Composite AD Pathology Score 2.8 (1.5-5.3) 0.001

 JNC-7 Hypertension Grade 2.0 (1.1-3.7) 0.03

 Intracranial Atherosclerosis Score 1.1 (0.5-2.3) 0.70

Model 2

 Composite AD Pathology Score 2.8 (1.5-5.1) 0.001

 JNC-7 Hypertension Grade 2.1 (1.2-3.8) 0.01

 Presence of any Brain Infarct 1.5 (0.5-4.3) 0.41
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