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Abstract

Stroke remains a primary cause of morbidity throughout the world mainly because of its effect on
cognition. Individuals can recover from physical disability resulting from stroke, but might be
unable to return to their previous occupations or independent life because of cognitive
impairments. Cognitive dysfunction ranges from focal deficits, resulting directly from an area of
infarction or from hypoperfusion in adjacent tissue, to more global cognitive dysfunction. Global
dysfunction is likely to be related to other underlying subclinical cerebrovascular disease, such as
white-matter disease or subclinical infarcts. Study of cognitive dysfunction after stroke is
complicated by varying definitions and lack of measurement of cognition before stroke.
Additionally, stroke can affect white-matter connectivity, so newer imaging techniques, such as
diffusion-tensor imaging and magnetisation transfer imaging, that can be used to assess this
subclinical injury are important tools in the assessment of cognitive dysfunction after stroke. As
research is increasingly focused on the role of preventable risk factors in the development of
dementia, the role of stroke in the development of cognitive impairment and dementia could be
another target for prevention.

Introduction

Stroke is a leading cause of morbidity worldwide, not only because of its effect on motor
function, but also because of the cognitive dysfunction that commonly results from stroke.
The most common cognitive deficits after stroke are aphasia (language impairment) and
hemispatial neglect (failure to attend or respond to stimuli on the side contralateral to the
stroke). Other deficits that result directly from a stroke or from adjacent areas of
hypoperfusion include impairments in working memory, attention, learning, calculation,
visual perception, or executive function (ie, decision making, organisation, and problem
solving). Ideomotor apraxia—an impairment in skilled movements in the absence of motor
weakness or incoordination—is a cognitive impairment that affects motor planning and
usually occurs after left hemisphere stroke. Aphasia occurs in anywhere from 15%! to a
third of patients with stroke,? depending on the population studied, the way language is
tested, and when it is tested, and also typically occurs after left hemisphere stroke. Similar
frequencies of occurrence have been reported for hemispatial neglect, with rates above 40%
among patients with right hemisphere stroke.3
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Cognition is rarely assessed in detail in the acute setting, but studies that have assessed
cortical function at the time of stroke have shown how quickly cognition can fluctuate, for
example in response to changes in cerebral perfusion.4=7 In the subacute and chronic time
periods after stroke, studies of cognitive deficits after stroke are limited by a lack of
standardised definitions of what constitutes stroke and what determines cognitive
impairment. For example, studies of strokes that are clinically apparent might underestimate
the extent of cerebrovascular damage, as many patients with or without clinical strokes have
had other subclinical strokes or white-matter injury. Conversely, many studies of vascular
dementia involve neuropathological identification of strokes, which might or might not have
been clinically apparent.8 Stroke is an important cause of dementia that could be
preventable, so the mechanisms and consequences of the relationship between stroke and
dementia need to be understood.

In this Review, we will summarise the literature on cognitive deficits resulting from
clinically apparent stroke. We aim to provide an understanding of the factors, ranging from
demographic to radiographic, that have been associated with higher risk of cognitive
dysfunction after stroke. We will also outline the methodological limitations of the
assessment of cognitive impairment resulting from stroke, to allow better critical review of
the literature. Finally, we will discuss recent developments in imaging, particularly in
microstructural assessment of the white matter, that could provide new insights into the
substrates of cognitive dysfunction after stroke, and provide suggestions for future areas of
research in this field.

in acute stroke

Infarction of brain tissue will typically lead to aphasia, neglect, apraxia, hemisensory loss,
visual field loss, or hemiparesis, depending on the function of the infarcted tissue. This core
infarcted region is usually visualized with MRI diffusion-weighted imaging (DWI1). Because
the primary language and spatial processing centres are in the cortex, cardioembolic strokes
—which are more likely to embolise to the grey—white junctions or to the inferior division of
the middle cerebral artery territory—are more likely to result in problems with language
(aphasia) or with spatial processing (neglect) than are other types of strokes.2° The type of
language deficit (eg, impairment of comprehension, grammatical sentence production,
speech articulation, reading, spelling, or naming) or type of hemispatial neglect (whether a
patient neglects the left half of objects or the left half of space) depends on the location of
ischaemia.10-12

Acute stroke results in cognitive dysfunction not only because of the location of infarcted
tissue, but also because of adjacent regions of inadequate perfusion. The concept of “misery
perfusion” was first described in the early 1980s to describe a mismatch between reduced
cerebral blood flow and an increase in oxygen extraction fraction in an area distal to a large-
vessel occlusion.3 Other studies have provided further evidence that brain tissue that
receives inadequate perfusion might become dysfunctional, and that restoration of flow (eg,
with intravenous alteplase) can improve perfusion and cognitive performance in acute
ischaemic stroke.14 Specifically, individuals with hemispatial neglect could have
hypoperfusion of right-hemispheric regions even in the absence of cortical infarction.*
Similarly, individuals with left-hemispheric hypoperfusion could have aphasia, which then
improves when perfusion is restored.1® These results have been found with both CT and
MRI perfusion techniques (figure 1).16:17 Additionally, degree of hypoperfusion, defined by
delay in time-to-peak measures from MRI perfusion-weighted imaging (PWI), seems to
correlate with severity of neglect or aphasia, further supporting a causative association
between hypoperfusion and cognitive dysfunction.>:18 These studies, along with further
evidence that restoration of perfusion to these brain regions is associated with improvement
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in function,%7 support the hypothesis that an area of hypoperfusion on PWI also represents
dysfunctional tissue, and not only benign oligaemia.

Beyond focal hypoperfusion or infarction and resulting cognitive problems, global cognitive
dysfunction has been reported in stroke.1® Global cognitive dysfunction can involve
impairment in memory, attention, executive functioning, or visuoconstruction, among other
cognitive domains.29-21 This pattern of deficits is similar to the pattern described in vascular
cognitive impairment, suggesting that many of these early deficits are important in the
subsequent development of cognitive impairment and dementia. The frequency of any
cognitive impairment in the first few weeks after a stroke has been cited in multiple studies
to be above 70%.2921 However, many of the early cognitive problems in acute stroke
improve in the weeks or months after onset.

in subacute stroke

In the subacute time frame, which we define as within 3 months after a stroke, the estimated
proportion of patients having cognitive impairment ranges from below 50% to over
909%.22:23 These differences in frequency might be partly explained by differences in the
study populations and stroke subtypes. For example, Jaillard and colleagues?? included
primarily large-vessel and cardioembolic strokes in their study, with fewer lacunar infarcts,
and used a fairly liberal definition of cognitive dysfunction. Nys and colleagues° classified
cognitive impairment separately depending on the stroke subtype and reported that fewer
than 50% of patients with subcortical or infratentorial strokes had cognitive impairment
compared with 74% of individuals with cortical strokes.

Because many cognitive deficits resulting from stroke improve in the first few weeks to
months after stroke, studies that use cognitive performance a few months after stroke as a
baseline assessment might not accurately measure the true baseline frequency of cognitive
dysfunction after stroke. Some of this recovery is spontaneous, due to recanalisation, with
other recovery occurring secondary to cerebral plasticity and as a result of adjacent or
contralesional brain regions taking over cognitive tasks previously performed by ischaemic
regions.2* Most areas of hypoperfusion in tissue beyond the core infarct—the so-called
diffusion-perfusion mismatch—are salvaged by 3 months after stroke, with fixed infarct size
and less fluctuation in cognitive symptoms related to perfusion abnormalities by this stage.2°

Although treatments aimed at reducing cognitive dysfunction after stroke are not the focus
of this Review, rehabilitation is an important component of cognitive recovery from the
acute to subacute time period. In a recent study by Lazar and colleagues,26 even minimum
speech rehabilitation in individuals with aphasia after stroke was associated with recovery of
language to 70% of the individual’s maximum possible level.

Predictors of cognitive dysfunction in acute and subacute stroke

Individual-

Tables 1 and 2 summarise some of the characteristics reported in the literature that might
influence the development of cognitive dysfunction in the acute and subacute period—ie, the
first weeks to months after stroke. Differences in some of these characteristics in a particular
study cohort and between studies might explain the differences in prevalence estimates of
cognitive impairment after stroke.

level characteristics

Because individuals with stroke often have other comorbidities, the manifestation of
cognitive symptoms after stroke is not always as straightforward as might be expected from
the location of the lesion or even the location of an area of hypoperfusion. Demographic and
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medical factors have been shown to influence the extent to which cognitive deficits after
stroke are present (table 1).

In general, older age is an important predictor of worse functional and cognitive outcome
soon after stroke.20:27.4243 Age has also been shown to be an important predictor of the
development of cognitive impairment or dementia in the chronic period after stroke.*4
Specific cognitive deficits might also be more common in older individuals acutely after
stroke. For instance, although not consistently reported,*® several studies have shown that
hemispatial neglect is more common in older individuals than in younger individuals who
experience stroke,346 and this association seems to be independent of infarct size and stroke
severity.” Aphasia after stroke seems to be more common with older age, with a 3%
increase in risk per additional year of age.2 Study of age as a predictor of cognitive
dysfunction after stroke is primarily confounded by higher likelihood of prestroke cognitive
dysfunction, as well as by a higher frequency of cardioembolic stroke, such as from atrial
fibrillation, which is more likely to lead to cortical ischaemia and thus to language
dysfunction or neglect.

Sex differences in the distribution of cognitive dysfunction after stroke might be attributable
to differences in stroke mechanisms between men and women. Women tend to have more
cardioembolic strokes, whereas men have more lacunar strokes, which might explain the
higher frequency of cognitive dysfunction in women than in men.2% Additionally, women
tend to experience strokes at an older age than men,*8 so might have more prestroke
cognitive dysfunction that is not fully accounted for in age-adjusted analyses.

Other markers, such as fever and hyperglycaemia, have been associated with worse
cognitive performance after stroke, but most assessments of these markers are confounded
by the fact that these might both occur in response to stroke in the acute phase, or might be
present in the setting of a larger stroke. Additionally, data on hyperglycaemia are
conflicting.2928 Haemoglobin level also seems to be an important factor in determining
degree of specific cognitive impairment at the time of stroke. Both low and high
haemoglobin levels are associated with worse performance on tests of neglect and with more
frequent neglect, independent of infarct size and stroke severity.4?

Other important individual-level characteristics that have been associated with higher risk of
early post-stroke cognitive impairment include seizures, previous history of stroke, and
cognitive difficulties before the onset of stroke.29:30 Unfortunately, baseline cognition,
which is probably a very important factor, is virtually impossible to measure. Retrospective
(post-stroke) assessment of prestroke cognition is likely to be biased,>° but many individuals
with risk factors for stroke are likely to have some cognitive impairment before onset of
stroke. The observed association between apolipoprotein E (APOE) e4 status and cognitive
impairment after stroke might also be attributable to differences in baseline cognition
associated with this allele, although these associations were found even among individuals
without baseline cognitive problems in a study that used retrospective measurement with the
informant questionnaire on cognitive decline in the elderly.3!

Another important factor in assessment of cognitive impairment acutely after stroke is the
effect of medications. Some inpatients experience agitation or delirium, and might even be
on sedating medications, which are likely to worsen cognitive performance. Other non-
psychoactive medications often have sedating side-effects when used in combination, and
especially in elderly patients.> Furthermore, individuals who are most at risk for delirium or
cognitive worsening are those who have dementia at baseline,>2 which further complicates
measurement of post-stroke cognition. In a meta-analysis of cognitive dysfunction before
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stroke, up to 14% of individuals were found to have dementia before the development of
stroke.>3

Imaging features

Features of the strokes themselves, as well as the health of the underlying white matter and
cortex, seem to affect the risk of developing cognitive deficits after stroke (table 2). Larger
strokes seem to be associated with higher likelihood of cognitive dysfunction in some
studies,20 but whether this is a feature of the actual size or just the fact that larger strokes are
more likely to involve the cortex and other regions that support cognition remains unclear,
because size and location are confounding variables in stroke. Some studies have shown no
association between cognitive dysfunction (ie, aphasia) and larger strokes,®* and others have
reported higher rates of cognitive impairment in individuals with middle cerebral artery
territory strokes or supratentorial stroke, thus supporting this latter hypothesis.20-39

Although lacunar infarcts were previously not thought to have any effect on cognition in
individuals without dementia,>® more recent research does suggest that even a single lacunar
infarct might adversely affect long-term cognition,6 particularly in the presence of
concurrent leukoaraiosis.3#57 Some individuals are so impaired after lacunar infarction that
they have symptoms consistent with vascular cognitive impairment in the subacute period,
although the prevalence of cognitive impairment does not seem to continue to increase in the
years after stroke.>8 Other studies do not support this association, instead reporting no
increase in risk for mild cognitive impairment (MCI) at 1 year after a single lacunar
stroke.%® One potential explanation for the conflicting findings is that cognitive impairment
in some patients with lacunar stroke is due to concurrent cortical hypoperfusion that might
not have been apparent on imaging obtained acutely. Patients with lacunar strokes in other
studies might not have had cortical hypoperfusion and would therefore not necessarily have
the same cognitive complications.*

The role of pre-existing pathological changes in the brain on the development of cognitive
deficits acutely after stroke is uncertain. In some reports, localisable regions of atrophy,36
including both middle temporal gyri and more extensive white-matter hyperintensities,33.60
have been reported in individuals with cognitive impairment after stroke, but not in those
with intact post-stroke cognition. However, others have reported no significant differences
in presence or absence of cerebral atrophy, silent infarcts, or white-matter lesions in those
with and without cognitive dysfunction after stroke,29 or have not found that these
associations persist after multivariable adjustment.3® Analyses of these associations might
also be confounded by lack of cognitive assessment before stroke: individuals with more
white-matter disease and more atrophy are likely to have worse cognition at baseline, and
this might be the reason for apparent associations with cognitive function after stroke. These
differences in baseline cognition might also explain differences in the frequency of cognitive
impairment in individuals with haemorrhagic as opposed to ischaemic stroke.20 Individuals
with haemorrhagic stroke include those with cerebral amyloid angiopathy, many of whom
have baseline cognitive dysfunction, either because of neurodegenerative changes or
concurrent infarcts, white-matter disease, or microbleeds, all of which are often found in
such patients.1

Newer imaging techniques, such as diffusion-tensor imaging (DTI) and magnetisation
transfer imaging (MTI), are showing promise in assisting in the identification of individuals
with white-matter micro-structural abnormalities who might be at higher risk for cognitive
impairment.52:63 However, these techniques are still in development; we will discuss these
techniques below in the context of the assessment of cognitive decline after stroke.
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Acute interventions

Although we will not focus specifically on interventions aimed at cognitive dysfunction,
many interventions used acutely in stroke might affect cognitive performance. For example,
intravenous alteplase has been shown to reduce disability after stroke,54 but has not been
shown to similarly improve cognitive outcomes in the months after stroke,5° although might
be beneficial for cognition at the acute stage in some patients.141> Cortical reperfusion with
temporary blood pressure increase for patients with large-vessel stenosis and no significant
cardiac risk factors in the acute stage did result in improved cognitive function in a small
group of patients both acutely and in follow-up, illustrating that cortical reperfusion can
have long-term positive effects on cognition.%6

Dementia and other long-term cognitive effects

Most cognitive impairments after stroke resolve beyond the subacute time period, if not
earlier. In one report, over 83% of 36 patients with initial deficits in verbal memory and
78% of 18 patients with deficits in visuospatial construction and visual memory had shown
recovery by 6 months, with somewhat less frequent recovery in other domains.?2 In another
cohort, 43 (54%) of 80 patients still had deficits in attention at 1 year, but fewer had deficits
in executive dysfunction, language, and long-term memory compared with the acute
period.21 However, some individuals with stroke can have further progression of cognitive
dysfunction, even in the absence of new clinically apparent ischaemic events.5”

As the time after stroke increases, so does the likelihood that an individual might have other
cerebrovascular injuries (either clinical or subclinical stroke) that could further contribute to
impaired cognition (table 2). Individuals with multiple strokes seem to be at higher risk for
cognitive deficits than are individuals with single strokes.#1:23 Additionally, more
subclinical lesions are likely to be present in individuals with multiple clinical strokes.
Performance on tests of processing speed, memory, and executive function is worse in
individuals with multiple infarcts.58

Stroke has been found to be a strong predictor of dementia (not specific to type of dementia,
but based on cognitive decline and functional impairment) in an epidemiological study and
an autopsy series.®9.70 Again, the associations seem to be present both for clinically apparent
strokes as well as for subclinical strokes,’! and the risk of dementia associated with single
infarctions (odds ratio 1-69, 95% CI1 0-70-4-09) is less than that with multiple infarctions
(267, 1-08-6-61).72 The pathway from stroke to dementia usually passes through vascular
MCI. Individuals with vascular MCI after stroke progress to dementia at a rate of about 8%
per year.”

Pendlebury and Rothwell®3 did a systematic review on the development of dementia at least
3 months after stroke. They compiled 73 papers with original data, including not only
hospital-based series but also some population-based studies, and pooled estimates varied
depending on the population included. For studies in which only individuals with first-ever
stroke were included and participants with previous dementia were excluded, pooled mean
prevalence estimates were 7-4-12-0%. When dementia after either first or recurrent stroke
was examined, pooled mean estimates were even higher at 26:5% (95% CI 24-3-28.7) and
were 20:-3% (18:2—22-5) when prestroke dementia was excluded. Individuals with recurrent
stroke had pooled estimates of 41-3% (95% CI 29-6-53-1).%3 The primary significant
predictors of dementia after stroke identified in this systematic review included older age,
female sex, lower educational attainment, non-white race, as well as diabetes and atrial
fibrillation. Factors specific to the strokes that significantly predicted subsequent dementia
included having had a haemorrhagic stroke, dysphasia, left-hemispheric involvement, and
whether this was a recurrent stroke. Similar to some of the reports on predictors of acute and
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subacute cognitive dysfunction, seizures at the time of stroke were associated with higher
risk of post-stroke dementia, as was incontinence or an acute confusional episode, among
other factors. Leukoaraiosis and atrophy (particularly of the medial temporal lobe) were also
highly associated with the development of post-stroke dementia.>® Many of these factors
point to ongoing underlying cerebrovascular injury, which in many cases is subclinical.

It is not clear whether the effects of strokes on dementia are due to vascular disease causing
direct increases in the neuropathological changes associated with Alzheimer’s disease, or
whether Alzheimer’s neuropathology and vascular neuropathology act synergistically to lead
to worse cognition. Evidence exists to support both these theories. In an autopsy study,
infarcts in the watershed regions were identified in 32-:4% of individuals with Alzheimer’s
neuropathological changes, compared with only 2-5% of controls.’”# By contrast, in the Nun
Study, among individuals meeting neuropathological evidence of Alzheimer’s disease,
presence of lacunar infarcts at autopsy (in the basal ganglia, thalamus, or deep white matter)
was associated with a 20 times increased odds of having dementia compared with
individuals without infarcts,’® suggesting that vascular disease affected cognitive
performance in the presence of Alzheimer’s neuropathological changes, but did not directly
cause those changes. However, in the Religious Orders Study, there was no interaction
between cerebral infarcts and Alzheimer’s neuropathological changes in the development of
dementia, and no association between cerebral infarcts and the presence of
neuropathological changes.”® Whether these conflicting results can be accounted for by
differences in the genetics of the populations or environmental factors remains to be
clarified.

Assessment of cognitive impairment Cognitive testing

The frequency of cognitive impairment after stroke will vary greatly depending on the
definition of cognitive impairment used. In a study in which patients were required to be
impaired on any four or more cognitive domains for inclusion, frequency of cognitive
dysfunction at 3 months after stroke was 35%.7 By contrast, when cognitive impairment
was defined as a Zscore of —1 or lower on at least one cognitive domain, 90% of individuals
were identified to have cognitive impairment at 2 weeks after stroke.23 No standardised
definition exists for cognitive impairment, and there are no standardised assessment tools for
testing cognition after stroke.

Because patients with stroke might have specific cognitive deficits (ie, aphasia or neglect) as
well as more global cognitive dysfunction, testing should include assessment in each of
these areas. Hoffmann and colleagues’ have proposed the comprehensive cognitive
neurological assessment in stroke, which includes testing of language, neglect, and praxis, as
well as memory and emotional responses, and screens for a range of specific cognitive
syndromes in patients with stroke. This test was found to be highly sensitive (91%),
although not very specific (35%), for stroke (defined using MRI).”8 However, such detailed
assessments might not be practical in inpatients with acute stroke. Other shorter tests have
been assessed in patients with stroke in an attempt to improve efficiency. These include
Cognistat and the screening instrument for neuropsychologic impairments in stroke, which
have sensitivities of 82% and 71%, respectively, in detecting deficits in any cognitive
domain when compared with complete neuropsychological assessment.”®

The National Institutes of Health stroke scale (NIHSS) was developed in conjunction with
the US National Institute of Neurological Disorders and Stroke intravenous alteplase trial,%4
and was not designed to test global cognitive function. The cognitive component of the
NIHSS primarily includes assessment of language, with more points allocated for aphasia
than for neglect, and more points associated with a stroke in the left hemisphere than with a
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comparably sized stroke in the right hemisphere.80 We have found that the addition of two
simple tests of neglect (ie, line cancellation and visual extinction) to the NIHSS improves
prediction of infarct volume on DWI, and thus expands the cognitive assessment of the
NIHSS.81 Others have reported that a limited version of four components of the NIHSS can
be used as an accurate predictor of dementia, when performed at 18 months after stroke, and
if compaggd with a full assessment for dementia as the gold standard (area under the curve
of 0-78).

Although a standardised assessment of cognition in stroke has not been established, in our
experience, testing of language and neglect are warranted in all patients with supratentorial
anterior circulation stroke, even in individuals with purely subcortical infarctions. To gather
complete information on global cognitive function, testing should be accompanied by tests
of motor speed, executive function, and attention, although a shorter, more focused
examination is more practical in patients with acute stroke. Further study and unified
recommendations are needed for accurate estimates of the prevalence of cognitive
impairment after stroke.

Imaging techniques

DWI MRI is used to identify a core area of infarct, which is often associated with
impairment of a corresponding cognitive function, depending on the location of the infarct.
Because deficits are not only caused by this core infarct but also by surrounding areas of
hypoperfusion, further imaging is needed to assess the functional status of surrounding
tissue. Use of DWI and PWI MRI has allowed the detailed study of transient alterations in
perfusion and their association with cognitive function, such as with measurement of a
diffusion-perfusion mismatch.* Additionally, MRI scans can be analysed on a voxel-by-
voxel basis and compared with age-appropriate atlases to look for regional variations
associated with cognitive symptoms and, with serial scans, to look for long-term structural
changes associated with cognitive impairment in patients with stroke. Reduction in volume
of grey matter, particularly in the thalamus, has been identified in individuals with stroke
and cognitive impairment in at least one domain, compared with individuals with stroke who
have intact cognition.38 Another study that used similar voxel-based morphometric
techniques reported reductions in hippocampal volumes in individuals with cognitive
impairment after lacunar infarction.50

Another important role of imaging in the assessment of cognitive impairment after stroke is
in the identification of individuals in whom subclinical brain injury has also occurred.
Subclinical cerebrovascular disease includes silent infarcts, white-matter disease (or
leukoaraiosis), atrophy, and microbleeds. These changes can be seen with brain MRI, with
inclusion of fluid-attenuated inversion recovery sequences for detection of silent infarcts and
white-matter hyperintensities and gradient-echo or susceptibility-weighted imaging
sequences for detection of microbleeds. So-called “silent” infarcts are strongly associated
with dementia and cognitive decline in patients without stroke,’1:83 and the combination of a
clinical stroke with subclinical strokes further increases risk of cognitive deficits.

Both white-matter disease and regional atrophy are associated with worse cognition among
individuals with stroke (table 2). Microbleeds, particularly in the cortex, have been
associated with cerebral amyloid angiopathy, but more subcortical microbleeds can be seen
in individuals with chronic hypertensive disease. Progression from MCI to Alzheimer’s
disease has been associated with the presence of both lacunes and microbleeds,84 as has
cognitive decline in individuals with cerebral autosomal dominant arteriopathy subcortical
infarcts and leukoencephalopathy (CADASIL).8% Because of these associations, and the
likelihood that all of these factors act synergistically in the development of cognitive

Lancet Neurol. Author manuscript; available in PMC 2013 March 08.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gottesman and Hillis

Page 9

dysfunction after stroke, the radiographic study of patients with stroke, both clinically and in
research, needs to involve some measurement of the subclinical cerebrovascular burden.

Because the integrity of the white matter is likely to play an important part in an individual’s
cognitive abilities after a stroke, newer imaging techniques that allow better estimation of
white-matter integrity and connectivity are likely to have important roles in the assessment
of cognitive dysfunction after stroke. Two techniques, MTI and DTI, allow better
measurement of white-matter function and connectivity. MTI measures exchange of
magnetisation between water and macromolecules (in the case of cerebral white matter and
myelin). Calculation of the magnetic transfer ratio (MTR) from MTI data can show
microstructural abnormalities in white matter: a higher quantity of water in the white matter,
as occurs secondary to gliosis or from reactive astrocytes, leads to lower MTR values,86
which are thus indicative of white-matter dysfunction. Some studies have reported strong
associations between the MTR and presence of white-matter hyperintensities,52 and also
between MTR and cognition among individuals with CADASIL.8” An abnormal MTR has
also been shown to precede the development of white-matter lesions in demyelinating
diseases such as multiple sclerosis.88

By contrast, DTI is an MRI method that can be used to measure diffusivity in the white
matter. It provides a measure of magnitude and direction of the diffusion of water along an
axon, for example, and provides information not only about the microstructure of white
matter, but also about connections between brain structures. This imaging modality can
therefore be used to measure white-matter integrity, and can reveal the downstream effects
of stroke.89 Fractional anisotropy, a measure calculated from DTI data, provides an
indication of the directionality of white-matter fascicles, with higher anisotropy in highly
organised structures, such as the corpus callosum. As white-matter structures lose their
integrity, there is less clear directionality and diffusivity, as shown on DTI. Lower
anisotropy has been reported in individuals with vascular cognitive impairment, even in
regions without visible white-matter abnormalities.®0 Additionally, lower fractional
anisotropy, particularly in the frontal and parietal regions, has been associated with worse
cognitive performance 3-6 months after stroke and in multiple cognitive domains.®3 Future
studies of vascular cognitive impairment are likely to include DTI and measurement of
anisotropy, because this allows measurement of injury to white-matter tracts, which is an
important predictor of vascular cognitive impairment and dementia (figure 2).91.92

Future directions

With increasing awareness that stroke can cause long-lasting cognitive impairments, and in
some cases contributes to the development of dementia, there has been an increasing need
for improved cognitive assessment in studies of stroke, and this remains an important area
for future research. Longitudinal studies of cognitive abilities, white-matter integrity,
perfusion, and reversal of perfusion abnormalities will be important to establish cause-and-
effect relationships between tissue structural abnormalities, tissue dysfunction, and cognitive
dysfunction. Moreover, the need to incorporate cognitive assessment into future trials in
stroke has been acknowledged in the stroke literature.93:24 Cognitive performance will be an
important endpoint in studies of vascular risk-factor modification. The Systolic Blood
Pressure Intervention Trial (SPRINT) is a recently launched 9-year study of intensive blood
pressure lowering (systolic blood pressure to <140 mm Hg vs <120 mm Hg), in which the
SPRINT-MIND (Memory and Cognition in Decreased Hypertension) substudy will include
cognitive assessment, dementia ascertainment, and brain imaging with MRI.9% Similarly, the
Action to Control Cardiovascular Risk in Diabetes (ACCORD) trial is designed to
investigate different glycaemic control targets in patients with diabetes, with an important
substudy (ACCORD-MIND)% to follow cognitive changes related to these interventions in
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the prevention of vascular outcomes. Similarly, future trials of interventions in acute stroke
should include cognitive outcome measures as primary endpoints. Our studies and those of
many others suggest that current interventions (ie, thrombolytics, embolectomy, etc) can
successfully reperfuse the cortex and improve cognitive function, but often do little to
improve recovery of basic motor function (because the internal capsule and basal ganglia are
often infarcted early in stroke).# 71597 Therefore, some of the failure of early acute stroke
trials might have been due to a mismatch between the outcome measures and the function
that was intended to be protected.

In addition to the necessity for improvements and standardisation in the assessment of
cognition, future research is needed on interventions to treat cognitive dysfunction after
stroke, a topic not covered in this Review but an area in which improved interventions are
needed. Although it is highly likely that most reduction in stroke-related cognitive
impairment and dementia will result from reduction in the risk factors that contribute to
stroke in the first place, well designed clinical trials are needed to assess treatments for
cognitive deficits after stroke. A major area of research in neuroprotection is the
development of therapeutics that augment cerebral plasticity.?® Any global improvement in
cerebral plasticity is likely to improve cognitive recovery.

The study of transcranial magnetic and direct current stimulation are likely to be important
areas of focus in rehabilitation of cognitive deficits after stroke. Some evidence suggests that
these techniques can help to improve memory formation and motor learning in healthy
volunteers.9® Transcranial magnetic stimulation has been shown to be safe in patients with
ischaemic stroke, 190 has been associated with improved aphasia in small case series, 10! and
has been shown in small randomised trials to improve motor learning.102:103

Future research on the cognitive effects of stroke and the association between stroke and
dementia should include better measurement tools, and perhaps might involve less cognitive
burden from individual strokes due to improved treatments of the cognitive effects of stroke.
Collaboration between investigators in vascular and cognitive neurology, cardiovascular
medicine, and neurorehabilitation will be important to optimise prevention, assessment, and
treatment.
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Figure 1. Cognitive deficits can be associated with areas of hypoperfusion that extend beyond the
stroke lesion, as shown by the diffusion-perfusion mismatch on MRI

MRI sequences from an 85-year-old woman with stroke shows a relatively small right-sided
subcortical infarct, but a large area of hypoperfusion. (A) DWI, with area of acute infarction.
(B) Apparent diffusion coefficient map, obtained from DWI, showing the same region. (C)
PWI time-to-peak map; the larger region (red) shows the area of hypoperfusion, and
compared with DWI (A) shows a diffusion—perfusion mismatch, because the infarct size (on
DWI) is much smaller than the area of abnormality on PWI. The right side of the brain is
shown on the left side of the images, as per radiological convention. This patient had
impaired performance on tests of hemispatial neglect, corresponding to the cortical
hypoperfusion shown on PWI. DWI=diffusion-weighted imaging. PWI=perfusion-weighted
imaging.
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Figure 2. Cognitive deficits can be associated with white-matter tract damage, as shown with

DTI

MRI scans, including apparent diffusion coefficient maps (top) and corresponding DTI
scans (bottom), of a 56-year-old man who had a deep left internal capsule and corona radiata
infarct 4 years previously. DTI shows degeneration of white-matter tracts, including the
PTR, SS, and ILF. The degeneration of white-matter tracts might be responsible for the
patient’s language deficits, including impairments in sentence repetition, comprehension of
syntactically complex sentences, and production of grammatically complex sentences, which
are generally attributable to cortical dysfunction. Alternatively, the language deficits might
be due to left frontotemporoparietal cortical hypoperfusion on PWI (not shown), which in
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turn might have led to the degeneration of white-matter tracts. The right side of the brain is
shown on the left side of the image, as per radiological convention. ACR=anterior corona
radiata. ALIC=anterior limb of internal capsule. EC=external capsule. PLIC=posterior limb
of internal capsule. PTR=posterior thalamic radiation. SS=sagittal striatum. ILF=inferior
longitudinal fasciculus. SCR=superior corona radiata. PCR=posterior corona radiata.
SLF=superior longitudinal fasciculus. DTI=diffusion tensor imaging.
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