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Abstract

During the course of normal aging, biological changes occur in the brain that are associated with
changes in cognitive ability. This review presents data from neuroimaging studies of primarily
“normal” or healthy brain aging. As such, we focus on research in unimpaired or nondemented
older adults, but also include findings from lifespan studies that include younger and middle aged
individuals as well as from populations with prodromal or clinically symptomatic disease such as
cerebrovascular or Alzheimer’s disease. This review predominantly addresses structural MRI
biomarkers, such as volumetric or thickness measures from anatomical images, and measures of
white matter injury and integrity respectively from FLAIR or DTI, and includes complementary
data from PET and cognitive or clinical testing as appropriate. The findings reveal highly
consistent age-related differences in brain structure, particularly frontal lobe and medial temporal
regions that are also accompanied by age-related differences in frontal and medial temporal lobe
mediated cognitive abilities. Newer findings also suggest that degeneration of specific white
matter tracts such as those passing through the genu and splenium of the corpus callosum may also
be related to age-related differences in cognitive performance. Interpretation of these findings,
however, must be tempered by the fact that comorbid diseases such as cerebrovascular and
Alzheimer’s disease also increase in prevalence with advancing age. As such, this review
discusses challenges related to interpretation of current theories of cognitive aging in light of the
common occurrence of these later-life diseases. Understanding the differences between “Normal”
and “Healthy” brain aging and identifying potential modifiable risk factors for brain aging is
critical to inform potential treatments to stall or reverse the effects of brain aging and possibly
extend cognitive health for our aging society.
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Introduction

Advancing age is associated with consistent differences in brain structure (DeCarli et al.
2005b) and varying trajectories of cognitive performance (Wilson et al. 1999, 2000)
including transition to dementia. Advancing age is also associated with a host of
concomitant medical and neurological disorders (Fig. 1), particularly hypertension(Vasan et
al. 2002), which adds to the complexity of understanding “healthy” brain aging as
distinguished from “normal” brain aging in the presence of concurrent disease. Both
Alzheimer’s disease (AD) and cerebrovascular disease (CVVD) are known to be present years
before clinical symptoms (Gorelick et al. 2011; Mayda and DeCarli 2009; Sperling et al.
2011). CVD, in particular, is thought to contribute to, and possibly confound, the study of
normal brain aging (Lockhart et al. 2014; Mayda et al. 2011; Nordahl et al. 2006). The
effects of clinically asymptomatic CVD on brain aging are particularly difficult to separate
from normal brain aging as CVD and cardiovascular risk factors (CVRFs) are very common
(DeCarli et al. 2005b; Wolf et al. 1991), and CVRF-related brain structural differences such
as cerebral atrophy, white matter injury and MRI infarction are observable as early as mid-
life (Maillard et al. 2012b). Moreover, available treatments and awareness of the health
consequences of CVRFs has resulted in significant reductions in population level control of
common vascular risk factors such as hypertension (Burt et al. 1995; Jones and Hall 2004).
(Draganski et al. 2013) The result has been a substantial decline in death due to stroke,
coronary artery disease and heart failure (Chobanian et al. 2003). In fact, even small changes
in systolic blood pressure (SBP) are associated with measureable reductions in mortality
(Whelton et al. 2002). Surprisingly, however, increased treatment has not reduced stroke
incidence or hospitalizations, which may actually be increasing (Goldstein et al. 2011), and
evidence from the cardiovascular literature suggests that suboptimal treatment is common
(Vasan et al. 2001). As a consequence, people who would have otherwise died from stroke
are now suffering with chronic cerebrovascular disease. These data suggest that clinically
silent cerebrovascular disease is common among cognitively normal older individuals, and
this hypothesis has been supported in community based studies (Aggarwal et al. 2010;
Brickman et al. 2008; DeCarli et al. 2005b).

The older adult population in the United States is predicted to grow considerably over the
next few decades (Ortman and Guarneri 2009). This rapid growth will drive demand for
biomedical research in diseases common to advanced age, such as AD and CVD, and in age-
and disease-related brain changes and symptoms of cognitive impairment. MRI is a
commonly available and useful neuroimaging tool that enables neuroscience researchers to
observe and measure the effects of brain aging. The study of associated structural
differences with advancing age is also critical to the successful prediction of late-life
cognitive change and the heterogeneity of cognitive trajectories, which are likely related to
heterogeneity of underlying neuropathological processes (Buckner 2004). Even in
cognitively normal brains, a variety of underlying neurodegenerative processes may be
present (Wilson et al. 1999), which may cause detectable differences on MRI that suggest
increased risk of subsequent neurodegeneration and cognitive decline (Mungas et al. 2002;
Rusinek et al. 2003). Therefore, detecting brain structural differences and relating them to
cognitive function during the aging process will allow us to understand the biological basis
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of cognitive differences in normal aging. As the brain provides the substrate for cognition,
brain aging and cognitive aging are closely linked (Grady 2008).

Functional brain differences, however, begin at a time when the prevalence of concomitant
disease is low (Park and Reuter-Lorenz 2009; Salthouse 2009) suggesting that age-related
declines in cognitive processes begin early in life and are independent of age-associated
diseases. The etiology for these cognitive differences is uncertain, but may reflect age-
related differences in neurotransmitter concentrations, particularly dopamine (Klostermann
et al. 2012) or may result from alterations in synapse integrity and dendritic spine
remodeling in the absence of reduced neuronal cell count (Dickstein et al. 2007; Scheibel et
al. 1975). More sophisticated brain imaging techniques, however, could examine subtle
differences in brain structure, such as measures of neural systems connectivity (Greicius et
al. 2004; Seeley et al. 2009) that might add further knowledge to the understanding of even
these earliest differences in cognitive performance.

Finally, despite consistent differences in brain structure and function with advancing age,
some individuals remain above average in their cognitive performance and even improve
over time, despite advanced age (Wilson et al. 1999). Similarly, there are some older
individuals, particularly women, for whom brain volume is retained even beyond age 80
(DecCarli et al. 2005b). As a consequence, age related differences are sometimes discussed in
the context of normal brain aging versus healthy brain aging. Normal brain aging usually
refers to signs of age-related differences in brain structure and function in the absence of
clinically significant impairment among the general population. By contrast, healthy brain
aging is the apparent structural and functional preservation of the brain with advancing age
and is considered less common. In this regard, the impact of age on brain structure and
function can be viewed in context of the balance between risk and protective factors
(Mattson and Magnus 2006) as well as possible biological mechanisms or genetic influences
that may “protect” the brain against injury or cognitive mechanisms that enable preserved
intellectual function despite evidence of brain injury (Reed et al. 2010; Satz 1993; Stern
2003). Use of sophisticated neuroimaging tools may allow for delineation of the various
pathologies leading to brain injury (Reed et al. 2010) in relation to cognitive reserve thereby
leading to new discoveries related to aging resilience.

Neuroimaging Tools

The primary neuroimaging tools for studying brain aging, as mentioned above, includes
various MRI measures. While a full review of these methods is beyond the scope of this
manuscript, comprehensive reviews are available to the interested reader (Draganski et al.
2013; Jagust and D’ Eposito 2009; Sullivan and Pfefferbaum 2006, 2007; Yoshita et al.
2005). The following is a brief introduction.

The most historically useful and informative structural MRI methods in the study of brain
aging include those used to acquire high-resolution structural anatomical images of the
brain, which are usually T1-weighted sequences. These T1-weighted sequences generate
images that typically maximize the contrast difference between gray matter, white matter,
and cerebrospinal fluid (CSF) and are generally used to elucidate the size of various cortical
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and subcortical structures. Other important structural MRI sequences include FLAIR (fluid-
attenuated inversion recovery) MR images. FLAIR images are T2-weighted images in which
the CSF signal is suppressed. This MRI type allows visualization of abnormalities of
cerebral white matter, generally denoted as white matter hyperintensities (WMH). WMH are
clinically silent abnormalities of cerebral white matter associated with advancing age and a
variety of risk factors further discussed below. An additional MRI method useful to the
study of brain aging is diffusion tensor imaging (DTI). DTI is a type of MRI sequence that
measures microscopic diffusion of water in various brain tissues to infer microstructural
integrity and will also be discussed. MR gradient echo imaging is sensitive to the mineral
content in the brain. This tool has been used to identify microhemorrhages (Cordonnier
2010; Cordonnier et al. 2010) commonly associated with hypertension and amyloid
angiopathy. Functional MRI (fMRI) employs a special type of T2-weighted imaging,
sensitive to the ratio of oxygenated to deoxygenated hemoglobin in cerebral blood, in order
to indirectly measure differences in neural activity related to resting-state or to performance
of selected cognitive tasks. Finally, positron emission tomography (PET) enables the study
of cerebral blood flow, metabolism, or, using specifically designed radioligands, the
presence of certain disease biomarkers (e.g. fibrillar beta amyloid using ligands such as PIB
(Klunk et al. 2004)) in brain tissue.

In summary, advancing age is associated with both structural and functional differences in
the brain relative to healthy fully developed young adults. While subtle cognitive differences
likely precede overt structural changes early in life, application of advanced imaging
measures to understanding these differences may result in novel insights related to the
heterogeneity of brain aging. As humans reach middle to later life, however, concurrent
medical illnesses become more common, making understanding of brain aging in the
absence of disease increasingly difficult to disentangle from alterations due to incipient
disease. Neuroimaging tools are particularly applicable to the study of human brain aging
because they are sufficiently available, measure brain structure and function during life, and
can be repeated multiple times. This manuscript reviews current understanding of mostly
structural imaging of the brain and the conclusions that shape our concept of brain aging. To
achieve this goal, we first outline the results of measures of brain atrophy, then differences
in white matter, and finally various forms of pathological injury to brain tissue.

of Brain Atrophy

A large body of research points to cross-sectional differences and longitudinal change in
whole and regional brain volumes with advancing age. While almost all studies show
smaller cerebral volumes in association with advancing age, there are substantial regional
differences.

DeCarli et al. (2005b) presented one of the earliest and largest cross-sectional volumetric
analyses from the Framingham Heart Study that included 2,200 individuals from 30 to over
90 years of age. Their study, although cross-sectional, demonstrated that advancing age is
associated with regionally-specific brain volume differences when controlling for head size.
As expected, men had significantly larger brain volumes than women, but this difference
was reversed when adjusting for head size such that women have, on average, greater
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cerebral volume as a percentage of head size throughout the life span. In a multiple
regression model that included gender, chronological age explained approximately 50 % of
total cerebral brain volume differences. Age-related differences, however, were generally
small prior to age 50 with increasing differences found thereafter. Frontal lobe volumes
showed the greatest decline with age (approximately 12 % over the age range studied; Fig.
2), whereas smaller differences were found for the temporal lobes (approximately 9 % of the
age range studies). Age-related differences in occipital and parietal lobe were modest and
generally non-significant. Age-related gender differences were generally small, except for
the frontal lobe where men had significantly smaller lobar brain volumes than women
throughout the age range studied.

Age-related differences in lobar brain volumes have been examined in a number of cross-
sectional studies (Coffey et al. 1998, 2001, 1999, 1992; DeCarli et al. 1994; Fotenos et al.
2005; Gunning-Dixon et al. 1998; Jernigan et al. 1991, 2001; Murphy et al. 1996, 1992;
Pfefferbaum et al. 1994; Raz et al. 2001, 1998; 1997, 1992a, b, 1995; Sullivan et al. 1995,
2001b) with generally comparable results. For example, within a select group of very
healthy individuals, Jernigan et al. (Jernigan et al. 1991, 2001) showed results similar to
those reported by DeCarli et al. (2005b) with age related differences being largest for total
brain, frontal lobe, and temporal brain volumes, whereas age-related differences in parietal
and occipital lobe brain volumes were smaller. Age-related differences similar to those
reported by DeCarli et al. (2005b) have also been shown for temporal lobe, temporal horn,
and ventricular CSF by others (Raz et al. 2005; Sullivan et al. 1995; Sullivan and
Pfefferbaum 2007), supporting the consistency of these findings.

Not only do other studies confirm regional differences in brain volume differences with age,
but also qualitative differences in the pattern of age-related differences. For example, in the
DeCarli et al. study (DeCarli et al. 2005b), advancing age was significantly associated with a
non-linear trend in brain volume measures. Conversely, age-related differences in frontal
brain volumes showed a more linear decline. The magnitude of change also differed with
more frontal than temporal lobe volume loss on a percent basis, again supporting previous
reports (Coffey et al. 2001, 1992).

Vascular risk factors have long been recognized as strongly and adversely influence cerebral
volumes (Salerno et al. 1992), even when blood pressure is within the higher range of
normal (DeCarli et al. 1999; Seshadri et al. 2004). Moreover, differences due to increased
blood pressure may be apparent early in life (Maillard et al. 2012b). Furthermore, recent
data suggest that increased cerebral atrophy due to vascular risk factors may be more
common among cognitively normal individuals than atrophy due to incipient Alzheimer’s
disease (Nettiksimmons et al. 2013). Additional studies show that the presence of various
vascular risk factors also leads to increasing rates of cerebral atrophy (Debette et al. 2011).

Gray Matter Atrophy

Analyses of tissue-based brain volumes (i.e., volumes of gray matter, white matter, or gray
and white matter) also demonstrate cross-sectional and longitudinal associations with
advancing age. Analysis of gray matter volumes in particular can elucidate atrophy patterns
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of cortical and subcortical gray matter structures and provide insight into brain networks
undergoing gray matter tissue loss as a result of aging. There is a normal, expected age-
related reduction in the gray matter volume of specific brain regions and cortical layers
which is thought to represent factors like cortical neuronal degeneration and synaptic density
reduction and is generally more prominent in association than in sensory cortices.
Conversely, in neurodegenerative diseases there are different, but predictable patterns of
atrophy. In AD, for example, regions of significant atrophy include medial temporal,
precuneus, and lateral temporoparietal cortex (Seeley et al. 2009).

In one of the earliest and largest studies of tissue volume differences in older age, Fotenos et
al. (2005) examined a cohort of 370 adults (aged 18-97 years) including 79 elders, 78 years
of age on average followed longitudinally for 1.8 years on average. They directly compared
cross-sectional and longitudinal head-size corrected whole brain measures and examined the
differences between nondemented aging and mild AD patients in annualized rates of
longitudinal rate of brain change. Fotenos and colleagues found that among nondemented
adults across the lifespan, whole-brain, gray matter, and white matter volumes all decreased
overall with advancing age at about 0.45 % per year, although exact differences varied by
brain region (frontal being greatest) and tissue type (Fotenos et al. 2005). Specifically, white
matter volumes tended to increase until around age 40 before decreasing with an
accelerating quadratic trend, while gray matter volume began to decline more linearly from
an early age (i.e. before the age range measured in the study). Slowly accelerating whole-
brain volume reductions were evident by age 30. In addition, the cross sectional and
longitudinal assessments of whole-brain volumes were in agreement for nondemented
elders. And in a comparison of normal aging versus degenerative disease, the rate of decline
in gray matter was nearly double (0.98 % vs. 0.45 %) if participants had even mild AD.

The Fotenos et al. study (Fotenos et al. 2005) advanced current understanding of differences
in the brain with advance age, because not only did it provide measures of brain aging by
tissue class, but also it confirmed that volume reductions begin relatively early in adulthood
and tend to accelerate with age. Further, it showed that in late life, cross-sectional and
longitudinal estimates of rates of decline with age are in agreement, and affirmed that
atrophy rates are greater in patients with AD than in cognitively normal elders. However,
this study was limited in that it did not examine regionally specific measures of brain
volume or include measures of CVD-related brain structural differences. In addition, it only
included a relatively small sample of participants, particularly for longitudinal analysis.

Raz et al. (2005), in a longitudinal analysis of 127 participants ranging from 31 to 83 years
of age, further investigated regional heterogeneity of gray and white matter differences
across the age span. Manual measurements of structures revealed substantial volume
declines in caudate nucleus and cerebellum gray matter, moderate declines in hippocampus,
lateral prefrontal cortex, orbitofrontal cortex, inferior temporal cortex, and inferior parietal
cortex, and smaller but still significant declines in entorhinal cortex. This study found no
appreciable age-related differences in primary visual cortex gray matter. Further, volume
losses in the hippocampus, entorhinal cortex, and inferior temporal cortex increased with
advancing age. Between-subjects differences in volume loss were correlated across multiple
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brain regions, suggesting that there were common underlying causes to the gray matter
volume loss.

In another study that utilized atlas based regional segmentation, Pfefferbaum et al. (2013)
found regional differences in rate of gray matter atrophy and CSF expansion, including
comparison to a group of young adults. By including a broader age-range of individuals,
Pfefferbaum et al. were able to show a more complex relationship between regional gray
matter atrophy and age. For example, frontal cortex measures showed two phase rates of
change with acceleration between 20 and 40 years of age, followed by a period of lower rate
of atrophy from 40+ to 60 years of age, after which the rate of atrophy again accelerated.
These findings are consistent with change in cognitive performance, particularly in timed
measures (Salthouse 2000). In contrast, the rate of hippocampal atrophy remained
essentially stable until after age 60 where the atrophy rate accelerated substantially with
advancing age. These findings extend concepts of brain aging as they show significant
differences in atrophy at a time with other pathologies are likely to be minimal. If these
findings are replicated, it would suggest that brain aging is a dynamic process subject to
early and later influences of unclear origin, but relevant to cognitive ability.

White Matter Atrophy

While there has been considerable focus on regional and gray matter differences with age,
relatively fewer studies has explored the potential impact of aging on cerebral white matter
volumes. Pathological studies suggest that atrophy of cerebral white matter is a complex
process resulting in change in myelinated fiber size and increase in perivascular spaces
(Meier-Ruge et al. 1992). Given that the volume of the axon, particularly pyramidal cell
axons as compared to dendritic and nerve cell volume, age-related differences in cerebral
white matter may be expected to be greater than that of gray matter. In fact, changes in
ventricular volume which are on the order of 20 % per decade (Kaye et al. 1992) are
significantly greater than any measure of gray matter. Despite these obvious differences,
quantitative studies of age-related cerebral white matter are relatively limited. Interestingly,
one of the earliest studies of cerebral white matter, found slightly increased age-related
differences in white matter volume, while gray matter volume declined substantially in a
non-linear fashion accelerating above age 40-50 (Pfefferbaum et al. 1994). This initial
report, however, was followed by an apparently contradictory report that suggested age-
related differences in white matter volumes were greater than gray matter and consistent
with differences in CSF volumes (Guttmann et al. 1998), findings that are more consistent
with pathological studies (Meier-Ruge et al. 1992). More recent work suggests that both
gray and white matter volumes decline with advancing age, but differ in pattern (Ge et al.
2002) where gray matter declines linearly, and white matter differences are non-linear and
accelerate after age 50 and generally correlate with a similar pattern of age-related
expansion of CSF. These findings were later confirmed in a somewhat larger study (Fotenos
et al. 2005). Raz et al. (2005), in their large study described above, also examined cross-
sectional differences and longitudinal change in regional white matter volume measures.
This elegant study examined longitudinal differences in regional gray and white matter
volumes using manual delineation for quantitative assessment. They found significant age-
related volume losses in prefrontal and inferior parietal white matter and demonstrated that
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prefrontal white matter volume loss tended to accelerate with greater age suggesting that this
is a region particularly vulnerable to age-related change.

Therefore, like studies of gray matter, white matter atrophy also has regional specificity with
particularly greater age-related differences in frontal regions. However, while gray matter
volumes tend to decline linearly across the age range, white matter volumes appear to
decline more rapidly with advancing and age, a pattern that coincides with similar nonlinear
age-related differences in CSF expansion (DeCarli et al.

2005h).

Hippocampal Volume

Given the common reductions in memory performance as part of advancing age (Wilson et
al. 1999) as well as the seminal finding that hippocampal volume loss is substantial in the
setting of Alzheimer’s disease (Seab et al. 1988), it is not surprising that hippocampal
measures are common to numerous studies of “normal” cognitive aging. The first study of
this type was performed by Lim et al. (1990) who compared 8 younger (mean age 24) to 7
older (mean age 73) individuals . They showed a trend towards volume loss with age. Since
these early studies, numerous, but not all reports (Sullivan et al. 1995) identify age-related
declines in hippocampal volume. Longitudinal studies also show increasing rates of
hippocampal atrophy with increasing age (Du et al. 2006; Pfefferbaum et al. 2013; Raz et al.
2005). The inconsistencies amongst studies may reflect differences in image type analyzed
as well as variability in the analysis protocol (Frisoni et al. 2013) and more recent studies
show very consistent findings of age-related atrophy of the hippocampus (Taylor et al.
2014).

While hippocampal injury is known to be involved early in Alzheimer’s disease (Jack et al.
2013), less consistent results have been found in relation to vascular risk factors. In a large
epidemiological study of over 500 subjects in Rotterdam, den Hiejer et al. (2012) found a
significant association between hippocampal volume, white matter lesions and diastolic
blood pressure. This finding, however, has not been confirmed by other studies (Bender and
Raz 2012; Gattringer et al. 2012) which also examined blood pressure measures and in at
least one study (Bender and Raz 2012) found associations with prefrontal regions, but not
hippocampus.

Similar to other structural brain measures, the hippocampus appears to decline in volume
with advancing age, even though individuals remain cognitively “normal.” While it is
tempting to propose that these age-related differences in hippocampal volume simply reflect
pre-clinical Alzheimer’s disease (Jack et al. 2013; Sperling et al. 2011), more recent data
suggest that tau pathology in subcortical structures, including hippocampus, may be present
years before the amyloid pathology of Alzheimer’s (Braak et al. 2011). The exact relevance
of this finding awaits further research (Chien et al. 2013; Xia et al. 2013) but could suggest a
more complicated process leading to age-related differences in hippocampal volume. The
exact effect of vascular disease on age-related differences in hippocampal volume is
similarly unresolved.
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Cortical Thickness

An additional method used for the examination of gray matter tissue shrinkage in aging
includes the study of cortical thickness and surface area. In a seminal study of 100
cognitively normal individuals ranging in age from 18-90+, Salat et al. (2004) measured
global and regional cortical thickness. They showed considerable regional variability with
the greatest age-related reductions in gray matter thickness found primarily in gyri of the
frontal cortex. In a follow-up, but larger study of 216 participants aged 18-87, Lemaitre et
al. (2012) compared cortical thickness, surface area and gray matter volume across various
cortical regions and found age-related reductions in almost all measures across the brain.
However, all three measures demonstrated common reductions with age in the prefrontal
cortex. Conversely, parietal cortex only showed an age-related thickness reduction. A
second, much larger epidemiological study of older individuals (60-90+) also found
significant age-related differences in cortical thickness, although reductions appeared
greatest in the temporal lobes (van Velsen et al. 2013). Interestingly this group also showed
a strong sex interaction in differences in age-related thickness of the frontal lobe where men
had lower average frontal lobe thickness and greater reductions with age.

Longitudinal change in cortical thickness and the potential impact of incipient Alzheimer’s
disease was recently examined in a multi-site experiment (Fjell et al. 2014b). This novel
study of 1,100 individuals studied in cross-section and 207 studied longitudinally examined
the effect of incipient Alzheimer’s disease on cortical thickness measures by randomly
combining a subset of mild Alzheimer’s disease patients into age-related estimates. Also
examined was a group of low risk individuals based on longitudinal observation as well at
CSF Alzheimer’s disease measures. The authors concluded that cross-sectional estimates
suggest that cortical thickness in most areas declines linearly with age, and their longitudinal
data confirmed the general trend in age-related differences from the cross-sectional data.
Interestingly and somewhat surprisingly, the authors also showed that the inclusion of 96
individuals with mild Alzheimer’s disease did not substantially change the cross-sectional or
longitudinal results. Moreover, they conclude with the statement, “Notably, the present
results indicate that the brain changes, even in the regions most prone to AD pathology, are
not necessarily caused by age-related neurodegenerative conditions such as AD” (Fjell et al.
2014b). This conclusion was based upon the lack of finding significant differences in
trajectories amongst individuals with mild Alzheimer’s disease, but also on analysis of a
small group of individuals carefully selected to be at low risk for Alzheimer’s disease. In
this highly select group, atrophy rates did not differ from the entire older group, particularly
in the thickness of the entorhinal cortex which shows minimal change in younger life, but
accelerating rates of shrinkage with increasing age after 50 years of life. The authors
postulated that at least some of the differences found may be due to incipient vascular
disease.

Despite numerous studies of vascular factors on regional brain and gray matter volumes
(Debette et al. 2011; DeCarli et al. 1999; Raz et al. 2005,2007; Salerno et al. 1992; Seshadri
et al. 2004; Swan et al. 2000, 1998), only limited work has been done on the relationship
between vascular risk factors and cortical thickness (Villeneuve et al. 2014). This study
consisted of 66 individuals with normal or mildly impaired cognitive ability, but included
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individuals with hypertension, hypercholesterolemia, diabetes, stroke and myocardial
infarction. The extent of vascular risk as defined by the Framingham Cardiac Risk Profile
(Wilson et al. 1998) was significantly and inversely associated with frontotemporal cortex
thickness independent of AB. Cortical thickness in these same regions were also
significantly and inversely associated the extent of Ap deposition which was also associated
with additional thinning in parietal cortices. The combined effects of Ap and vascular risk
were found to interact significantly in parietal cortex where the negative influence of Ap on
cortical thickness was greatest.

These later findings are potentially important in light of recent study of cortical thickness
measures among individuals at very low risk for Alzheimer’s disease (Fjell et al. 2013). This
work, which expands on the studies of Fjell and colleagues ((Fjell et al. 2014a) examined
longitudinal change in cortical thickness in 132 older individuals who remained free of
clinical Alzheimer’s disease for at least 3 years. Moreover, the authors used a number of
“healthy aging” definitions, some of which included CSF measures in a subgroup of the
subjects. All groups showed significant loss of cortical thickness in anterior and middle
temporal cortex and use of various definitions of “healthy aging” did not substantially
change the pattern of atrophy. The authors also showed that the rate of cortical atrophy in
these areas did not differ substantially between cognitively normal, mildly impaired and
diagnosed Alzheimer’s disease. In fact, the low risk group appeared to have greater
differences in inferior and infero-lateral frontal cortex than did the other groups. These
results are similar to results from the UC Davis, Alzheimer’s Disease Center (UCD ADC)
healthy control group of 159 subjects as shown in Figs. 3, 4 and 5. Importantly, this is a
diverse group of subjects recruited from the community who were not screened to exclude
concomitant vascular risk factors (Hinton et al. 2010). Prominent frontal and anterior
temporal atrophy shown in Fig. 3 are remarkably similar cross-sectional cortical thickness
patterns seen in amyloid negative group by Villeneuve et al. (2014), suggesting that
processes underlying progressive atrophy in this region is likely be unrelated to Alzheimer’s
disease pathology and may be related to other factors such as vascular disease or age-related
degeneration.

In summary, these results suggest that different cellular changes occur in aging across
different areas of gray matter, possibly attributable to different underlying pathologies. As
suggested by Buckner (2004) and further elucidated by Fjell et al. (2014a), frontal
subcortical systems appear to be more adversely affected by the age process. Injury to these
systems is known to cause symptoms of frontal dysfunction commonly associated with
advancing age (Cummings 1993, 1995; Mega and Cummings 1994; West 1996). One
hypothesis suggests that, because these are the regions late to mature during development
(Gogtay et al. 2004), they are more susceptible to later-life degeneration (Fjell et al. 2014a).
Alternatively, these are the same regions that undergo evolutionary expansion, but as Fjell et
al. note (Fjell et al. 2014a), neither hypothesis fully explains the data. Intriguingly, Fjell et
al. suggest that there exists specific vulnerability in cortical systems constituting the default
mode network, a hypothesis earlier present by Buckner et al. (Buckner et al. 2009) to
explain the predilection of these areas to amyloid deposition. If in fact these areas are
particularly susceptible to age- and Alzheimer’s disease related injury, beginning with “...
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normalcy-pathology homology as starting point, studying the brain regions that are
vulnerable to both aging and AD may allow us to disentangle disease-specific mechanisms
from normal age-related events (Fjell et al. 2014a)”.

White Matter Integrity and Injury

Research on brain-behavior relationships historically has stressed the role of the cerebral
cortex and subcortical gray matter for cognitive processing. Recent evidence, however,
indicates that, as an essential component of extended neural networks in the brain, white
matter is also critical for many higher order cognitive processes including attention,
executive functioning, non-verbal/visual-spatial processing, and generalized processing
speed (Gunning-Dixon and Raz 2000). In addition, more recent studies suggest similar
associations between specific the fornix (Fletcher et al. 2013; Lee et al. 2012) and cingulum
tracts (Zhang et al. 2007) and memory performance. Though the relationship between
cerebral white matter and cognition continues to be explored, Geschwind’s seminal 1965
paper linked disconnection of the cerebral white matter to a variety of neurobehavioral
disorders over four decades ago (Geschwind 1965a). Clinical evidence of the effects of
white matter disconnection can be observed in patients with conduction aphasia, in which a
lesion of the arcuate fasciculus uncouples Broca’s area and Wernicke’s area, leading to poor
verbal repetition skills (Geschwind 1965a, b). Although data from these patients clearly
support white matter disconnection leading to dysfunction, recent evidence suggests that
even asymptomatic disruption of the white matter may lead to subtle cognitive impairments.
Both white matter injury, which indicates the presence of WMH, and white matter integrity,
which refers to subtler changes assessed by DTI, are associated with decreases in speed and
cognitive performance, and in some cases have been shown to mediate age-related changes
in brain functional connectivity and cognition (Andrews-Hanna et al. 2007; Head et al.
2008; Madden et al. 2004; Mayda et al. 2011; Nordahl et al. 2006; O’Sullivan et al. 2001;
Sullivan et al. 2001a; Ziegler et al. 2008).

WMH are clinically silent abnormalities visible on fluid attenuated inversion recovery
(FLAIR) images in deep or periventricular white matter regions (DeCarli et al. 2005a).
Pathological studies suggest that WMH appear brighter on FLAIR due to increased water
content and molecular degeneration in damaged white matter, and that the underlying
nonspecific pathology of WMH includes demyelination, gliosis, and axonal atrophy (Bronge
2002; Fazekas et al. 1998; Simpson et al. 20074, b). The extent of WMH are strongly
associated with age (DeCarli et al. 2005b) and a variety of vascular risk factors, such as
hypertension, diabetes and smoking, even in the absence of clinically symptomatic cognitive
impairment (de Leeuw et al. 1999; Jeerakathil et al. 2004a, b; Wen and Sachdev 2004).
There is generally agreement that WMH are primarily related to small vessel ischemic
pathology or more general vascular processes (Pantoni 2002). WMH are greater in number
and size even amongst individuals with only borderline differences in blood pressure
(DecCarli et al. 1995; Longstreth et al. 1996; Swan et al. 1998), suggesting that vascular risk
factors influence white matter injury along a continuum. The presence of WMH are also
associated with increased prevalence of MRI infarction, brain atrophy and reductions in
frontal lobe metabolism (DeCarli et al. 2005b, 1999, 1995), and the effect of WMH on
frontal hypometabolism appears to be independent of location (Tullberg et al. 2004). At least
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two hypotheses explain this finding. The first is that WMH occur preferentially around
periventricular locations, extending outward with increasing volume, thereby preferentially
affecting axons connecting the frontal lobe to posterior targets (DeCarli et al. 2005a; Mayda
et al. 2011; Nordahl et al. 2006). The second hypothesis is that WMH are the expression of a
more diffuse and ongoing process (Maillard et al. 2011). Through an elegant series of
experiments, Maillard et al. showed that WMH lesions are surrounded by an area of reduced
white matter integrity called a WMH “penumbra” (Maillard et al. 2011). This initial report
was followed by a second report where Maillard et al. examined longitudinal change in
“normal” appearing cerebral white matter. They showed that baseline measures of
normalized fractional anisotropy (FA) and normalized FLAIR intensity were strongly
predictive of subsequent WMH (Maillard et al. 2013). These data suggest that WMH are the
result of continuous and ongoing damage to cerebral white matter and that FA and
normalized FLAIR maybe excellent markers of white matter injury and degeneration. A
follow-up study extended these findings to describe heterogeneity of the process of white
matter degeneration within “normal” appearing white matter and WMH. This study
identified three types of WMH: 1) growing (or enlarging) WMH, 2) stagnant WMH
(unchanging), and 3) incident WMH. This study made a number of findings. The first was
that all white matter shows declining integrity over time as measured by FA. The second
finding was that the magnitude of differences increased continuously from “normal”
appearing white matter to white matter within enlarging WMH which showed the greatest
degree of change with time. Conversely, FLAIR imaging only identified significant change
in signal with incident WMH lesions. These results suggest that WMH and even normal
appearing white matter undergo continuous changes with time and therefore are subject to
potential intervention. Future use of DTI measures in combination with FLAIR imaging are
therefore possible bio-markers for early intervention trials aimed at improving cognitive
health.

Large epidemiological studies, while sometimes limited in the extent of cognitive testing
available, consistently show moderate associations between WMH volumes and diminished
cognitive impairment (Breteler 2000; de Groot et al. 1998, 2000; Longstreth et al. 2000,
1996; Ott et al. 1996). A number of smaller, cross-sectional studies consistently demonstrate
deficits in tests of attention and mental processing (Boone et al. 1992; Breteler et al. 1994;
DeCarli et al. 1995; Schmidt et al. 1995), although impairments in memory and general
intelligence are also observed (Breteler et al. 1994; DeCarli et al. 1995). A number of these
studies also show a threshold effect where extensive amounts of WMH are necessary before
cognitive impairments are detected (Boone et al. 1992; DeCarli et al. 1995; Schmidt et al.
1995). More recent studies show that WMH are also associated with longitudinal change in
cognitive performance (Carmichael et al. 2010, 2012; Debette et al. 2011; Maillard et al.
2012a) and substantially increased risk for clinically relevant cognitive impairment such as
mild cognitive impairment and dementia (Debette et al. 2010). Other studies also suggest
that WMH may be “contaminate” concepts of “normal” cognitive aging. A series of studies
show that WMH may mediate age-related differences in cognitive performance in areas of
working memory (Nordahl et al. 2006), cognitive control (Mayda et al. 2011), and visual
search performance (Lockhart et al. 2014), cognitive domains commonly assumed to be
affected by the aging process (Park and Reuter-Lorenz 2009). Moreover, WMH may
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compromise frontal systems resulting in impaired memory encoding (Lockhart et al. 2012;
Nordahl et al. 2005; Parks et al. 2011) and therefore may be further associated with memory
complaints common to advancing age.

MR diffusion tensor imaging (DTI) enables examination of white matter tracts and markers
of white matter microstructural integrity at macroscopic resolution in living human
participants by measuring water diffusion (and indirectly, its local restrictions) in tissue,
(Mori et al. 2005). Of particular utility have been measures of microstructural integrity such
as fractional anisotropy (FA) and mean diffusivity (MD). FA is a quantitative measure that
in many studies is positively associated with white matter tract integrity (Assaf and
Pasternak 2008). DTI studies across the age-range show that advancing age is associated
with reduction in FA in both normal older adults (Sullivan and Pfefferbaum 2007) and in
patients with neurodegenerative and cerebrovascular disease (Chua et al. 2008). DT studies
of normal older adults show reductions in white matter integrity with advancing age in
regionally specific areas such as the corpus callosum (O’Sullivan et al. 2001), frontal and
parietal white matter (Nusbaum et al. 2001). In addition, age-related reductions in FA are
usually greater in anterior white matter than in more posterior brain regions (O’Sullivan et
al. 2001; Sullivan et al. 2001a; Sullivan and Pfefferbaum 2006), and greater in the normal
appearing white matter of participants with larger volumes of WMH (O’Sullivan et al.
2004).

Other DTI studies find that vascular and degenerative diseases appear to have differential
impact on specific white matter pathways (Lee et al. 2009, 2010; Yoshita et al. 2006).
Moreover, studies of specific white matter pathways across the spectrum of cognitive ability
now suggest that diminished white matter integrity may occur simultaneously to neuronal
degeneration in degenerative diseases such as Alzheimer’s disease (Fletcher et al. 2013; Lee
et al. 2012; Zhang et al. 2007).

In summary, evidence of white matter pathology as seen as WMH on FLAIR imaging is
common to advancing age and is enhanced in the presence of vascular risk factors. Most
WMH increase in extent over time although small numbers of incident WMH also occur.
The process may be enhanced by the co-occurrence of vascular risk factors as well. During
“normal” cognitive aging, WMH are most prevalent in anterior periventricular regions, but
the extent and distribution of WMH increase in the setting of mild cognitive impairment and
dementia. WMH are not benign processes as the presence of extensive WMH is associated
with increased risk for stroke, dementia and even mortality. Measures of white matter
integrity by DTI confirm age-related differences in myelination seen pathologically, but also
show that these differences have some topographical specificity with particularly large age-
related differences found in frontal subcortical white matter. DTI measures also show areas
of decreased white matter integrity surrounding WMH (WMH penumbra). These areas are
particularly susceptible to future conversion to WMH suggesting that WMH lesions are only
one manifestation of a continuous process of white matter pathology. DTI measures,
however, also differ in the setting of degenerative diseases suggesting that white matter
pathology may be common to multiple injury mechanisms. White matter research is a
relatively recent area of expanding interest, but these data reinforce the relevance of white
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matter pathology to the function of distributed cognitive networks and warrant further
research endeavors.

Studies of Evident Cerebral Pathology

Clinically Silent Brain Infarcts

MRI infarcts are parenchymal lesions that have the MRI characteristics of tissue infarction,
but generally have not been associated in that individual with clinical signs or symptoms
corresponding to a stroke (Hachinski et al. 2006; Wardlaw et al. 2013; Zhu et al. 2011). First
described by Fisher (1965) in a cohort of 114 subjects who came to autopsy they were given
the term “lacune”. Of this group, 88 brains had at least one lacune in the absence of clinical
deficits or a stroke history. With the advent of MR, the detection of clinically silent MRI
infarcts has been extensively studied (Boon et al. 1994; Das et al. 2008; DeCarli et al.
2005b; Longstreth et al. 1998, 2002; Vermeer et al. 2003a, 2002, 2007). Despite variable
definitions of MRI infarction (Hachinski et al. 2006; Wardlaw et al. 2013), all studies
confirm age-related increases in the prevalence of these lesions [Fig. 6 modified after
DeCarli, et al. (DeCarli et al. 2005b)].

The presence of MRI infarcts has been associated with a variety of other abnormalities on
brain imaging. For example, MRI infarcts commonly co-occur with symptomatic infarcts,
are associated with increased extent of WMH and have the same risk factors (Das et al.
2008; DeCarli et al. 2005b; Vermeer et al. 2003b, 2007). In addition, individuals with MRI
infarction have greater extent of cerebral atrophy (DeCarli et al. 2005b) and the presence of
MRI infarction increases future risk of stroke, dementia and death (Debette et al. 2010;
Vermeer et al. 2003a, b).

Cerebral Microbleed Studies

Cerebral microbleeds (CMB) are small, dot-like lesions with low signal intensity in the brain
observed on gradient-echo T2*-weighted magnetic resonance imaging (Good et al. 1998).
Pathological studies suggest that MR-visible lesions correspond to hemosiderin-laden
macrophages in perivascular tissue, consistent with vascular leakage of blood cells (Fazekas
et al. 1999; Shoamanesh et al. 2011). Amongst community based studies, the prevalence
averages 10 % (Jeerakathil et al. 20044, b), increasing to about 20 % in AD (Cordonnier et
al. 2006), 50 % amongst individuals with ischemic stroke (Takashima et al. 2011) and over
80 % in patients with lobar intracranial hemorrhage (Takashima et al. 2011). In community
studies, approximately 70 % of CMBs are located in lobar white or gray matter, while
approximately 10 % are located in basal ganglia and the remaining 20 % are located
infratentorially (Cordonnier et al. 2006; Sveinbjornsdottir et al. 2008) although different
distributions have been noted when comparing CMBs due to vascular disease versus
amyloidoses (Lee et al. 2007). The cognitive effects of CMBs have been difficult to fully
determine due primarily to the associated brain pathologies that accompany them. In a
comprehensive review of the subject, Cordonnier and van der Flier (2011) concluded that
while there is sufficient evidence to suggest that CMBs contribute to cognitive impairment
in association with cerebrovascular disease, the evidence of an independent effect of CMBs
on cognition amongst individuals with AD is less certain (Figs. 7 and 8). One study
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suggested an independent effect (Goos et al. 2010), whereas another did not (Pettersen et al.
2008). The authors conclude that the evidence may be weak due to the low numbers of
individuals in most studies (Cordonnier and van der Flier 2011). In studies of both
cerebrovascular disease and AD, however, there has been limited effort to control for the
confounding effects of concurrent pathology such as atrophy infarcts or white matter
pathology associated with CMBs. A recent study by Werring et al. (2010), which reviewed
available information on this topic, concluded that CMBs are best considered another
measure of microvascular disease and that while some evidence exists for the cognitive
effects of CMBs in cognitively normal populations or populations with cerebrovascular
disease, there is a need for studies that adjust for all available measures of brain vascular
injury (Fig. 8).

Summary of Structural Brain Differences During “Normal Aging”

The preceding sections emphasize the consistency of differences and longitudinal change
associated with advancing age. Measures of brain gray and white matter volumes show
differing regional patterns reflecting differential vulnerability. Whereas cortical thickness
and surface area measures differ slightly in magnitude, patterns of age-related differences
are remarkably consistent. The causes for this differential vulnerability to age are unclear,
but newer evidence suggests homology between age-related and degenerative processes.
Moreover, it is apparent that common co-morbid medical illnesses such as hypertension also
influence age-related differences and various measures of cerebral pathology such as WMH,
infarction and cerebral microbleeds are remarkably common to advancing age. Recent data
from amyloid imaging suggest similar increases in the prevalence of extensive amyloid
retention with advancing age (Morris et al. 2009). These findings suggest that “healthy brain
aging” (i.e., brain aging in the absence of pathology) may be less frequent that previously
realized and that our concepts of “normal brain aging” may need to be revised in the setting
of potential contamination by common, co-occurring disease (DeCarli 2013; DeCarli et al.
2012). In fact, investigations of older individuals who have intact brain structure may lead to
new insights into resilience to pathology, better operational definition of the construct
“healthy brain aging” and serve as a goal of cognitive aging research. Of course, it is
expected that modifying processes that accelerate brain aging will likely result in improved
cognitive health across the lifespan.

Studies of Cognitive Aging in Relation to Brain Aging

Cognitive aging is a gradual, late-life decline in cognitive performance, typically assessed
using cognitive task measures, experienced to a degree by most humans who reach old age
(Grady 2008). It is both ubiquitous yet difficult to define, and even more challenging to
accurately and reliably measure. Decades of research have demonstrated age-correlated
deficits both in basic cognitive resources (such as speed of processing) and in higher-order
cognitive functions (Park and Reuter-Lorenz 2009; Salthouse 2004; Salthouse 2000, 2009).
These complex cognitive functions include episodic memory and executive control.
Accumulating evidence shows that while some cognitive functions decline, other functions
like semantic memory can remain intact and even improve with age (Grady and Craik 2000;
Salthouse 2004, 2009).
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Even so, researchers frequently observe small but significant declines in cognitive
performance (particularly in episodic memory and executive control) in studies of older
adults without clinically symptomatic neurodegenerative or vascular conditions. Such age-
associated cognitive declines (in the absence of clinically apparent disease) are often termed
“normal” or “healthy cognitive aging,” and these older adults as “cognitively normal” or
“cognitively healthy older adults.” However, even though these cognitive declines are
minor, they can measurably influence clinical outcomes in older adults. For example,
cognitive differences, even among unimpaired, cognitively healthy older adults predict
poorer medication adherence (Hayes et al. 2009), and increase the rate of hospitalization
(Wilson et al. 2014). Understanding the biological basis of cognitive differences in normal
aging has the potential for enhancing quality of life and survival in late life.

Studies of brain structural measures and their relation to concurrent or future cognitive
performance have become an important part of developing the ability to understand and
predict—and potentially treat—age-related cognitive decline. In a diverse and well-defined
older adult sample of 307 participants, Carmichael et al. (2012) examined whether structural
brain MRI measures were reliable predictors of longitudinal cognitive function. They
specifically assessed domains affected by aging and diseases of aging, including executive
function, semantic memory, and episodic memory and found that participants who had
larger baseline whole brain volumes and smaller baseline WMH volumes had improved
future performance on the included cognitive measures. One potential mechanism
underlying these findings is that higher brain volume could enable recruitment of greater
compensatory processes in order to allow participants to maintain cognitive performance
following structural brain injury (Cabeza et al. 2002; Farias et al. 2012). In addition, MRI
measures of brain atrophy, WMH and MRI infarcts have all been associated with increased
risk for dementia, stroke and even mortality (Debette et al. 2010; van der Veen et al. 2014)
further emphasizing the association between healthy brain aging and longevity.

In another study relating brain aging to cognitive aging, Head et al. (2008) used path
analysis to explore the mediating role of differences in brain structure, executive functions,
and processing speed on age-related differences in episodic memory. Neuroanatomical
variables included volumes of prefrontal gray and white matter, hippocampus, caudate
nucleus, as well as primary visual cortex (thought to be largely excluded from brain aging).
As expected, age was linked to smaller regional brain volumes and poorer cognitive
performance, including episodic memory. Moreover, neural and cognitive factors
completely mediated age differences in episodic memory. Thus, there not only exist multiple
paths of influence mediating age effects on memory, but brain structural measures are also
central in cognitive aging. In addition, this seminal study highlighted the value of
multivariate approaches to study brain and cognitive aging.

Disruption of cerebral white matter may be critical to age-related cognitive declines, and
Kennedy and Raz (2009) investigated the impact of age-related white matter integrity
differences on cognition. They used FA and another DTI parameter, apparent diffusion
coefficient (ADC), to examine associations of regional microstructural white matter integrity
with performance on age-sensitive cognitive tasks, in 52 healthy adults (aged 19-81 years).
Cogpnitive constructs included processing speed, working memory, inhibition, task
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switching, and episodic memory. They found that age and regional white matter integrity
differentially influenced cognitive performance. Age-related degradation in anterior white
matter areas was associated with decreased processing speed and poorer working memory,
whereas reduced inhibition and greater task switching costs were linked to posterior white
matter decline, and poorer episodic memory was associated with age-related differences in
central white matter regions. The observed multiple dissociations among specific age-
sensitive cognitive skills and their purported neuroanatomical substrates support the view
that age-related cognitive declines are unlikely to stem from a single aspect of brain aging
and are consistent with previous findings reported by Ziegler et al. (Ziegler et al. 2008).

Also in the realm of brain aging mediators of cognitive aging is a study from Bucur et al.
(2008) investigating regional white matter FA as a mediator of age-related slowing of
memory retrieval. Participants performed speed and episodic memory encoding and retrieval
tasks to test whether white matter integrity, particularly in prefrontal regions, would mediate
the relationship between speed and episodic memory retrieval. Results indicated that lower
FA in pericallosal frontal regions and in genu of the corpus callosum, but not other regions,
mediated the relationship between speed and episodic retrieval. This relation held, albeit to a
different degree, for both hits and correct rejections, consistent with dual-process models of
episodic memory (Yonelinas 2002). These findings suggest that prefrontal white matter
integrity reduction is one mechanism underlying the relation between age-related individual
differences in perceptual speed and episodic retrieval. The authors concluded that
deterioration of white matter tracts due to normal brain aging slows the transmission of
information across a network of cortical structures necessary for the retrieval of information
from episodic long-term memory.

In summary, age-related differences in structural brain measures consistently coincide with
age-related differences in cognitive performance across a broad range of cognitive tasks.
These associations support the concept that brain behavior relationships actually increase in
association with advancing age. As one investigator suggests, the use of “age correction” to
investigate brain behavior associations may actually reduce this association (Mungas et al.
2009). Correcting for age while investigating brain behavior relationships could, therefore,
potentially obfuscate findings that may be important to developing therapeutics to preserve
brain health as a method to maintain life-long cognitive ability.

Conclusions

Normal aging involves multiple overlapping processes occurring in brain structure that can
be quantitatively assessed using MRI, PET, and other imaging methods, and can inform the
study of cognitive aging when judiciously used in conjunction with careful cognitive testing.
More recent multivariate approaches, particularly using regionally specific analyses and
longitudinal assessments, have the potential to elucidate critical aspects of brain aging,
understand differences between “Normal” and “Healthy” brain aging and to inform potential
treatments to stall or reverse the effects of brain aging and extend cognitive health.
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Fig. 1.
Age specific prevalance of vascular risk factors and disease among the Framingham

Offspring during 2004-2009. HTN hypertension, CAD coronary artery disease, CVA clinical
stroke or TIA, AD Alzheimer’d disease
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Fig. 2.
Cross-sectional estimates of yearly differences in lobar brain volumes as a percentage of

head size for men and woman of the Framingham Heart Study. Significant differences are
seen for Frontal and Temporal lobar brain volumes, but not Parietal or Occipital
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Fig. 3.

Yearly rates of brain change among individuals of the UCD ADC who are cognitively
normal. Colored regions reflect areas of significant yearly change. Darker colors reflect
atrophy whereas warmer colors reflect expansion (e.g. CSF space enlargement)
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Fig. 4.
One example of white matter hyperintensities as seen on FLAIR imaging
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Fig. 5.
One example of an MRI infarct as seen on FLAIR imaging. The infarct is outlined by the

circle on the image. The increased intensity surrounding the infarct is believed to reflect
gliotic injury

Neuropsychol Rev. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuey Joyiny vd-HIN

Lockhart and DeCarli Page 34

Percent Prevalence

35

N N W
o o O

S W
o O ©O O

SN NN SN\

4 S 6 7 8 9 10

Decade of Life

Fig. 6.
Prevalence of MRI infarction by decade of life among subjects of the Framingham Heart

Study
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Fig. 7.
One example of extensive cerebral microbleeds as seen on gradient echo imaging
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Fig. 8.
Graphic summary of the multi-factorial relationships between age, genetics, vascular risk

factors and Alzheimer’s disease that result in cerebral amyloid angiopathy (CAA) or
cerebrovascular disease (CVD) that lead to cerebral microbleeds (CMB), white matter
hyperintensities (WMH), infarction and brain atrophy all of which contribute to reduced
cognitive ability
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