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EDITORIAL

White Matter Hyperintensities: Complex 
Predictor of Complex Outcomes
Nikolaos Karvelas , MD; Fanny M. Elahi , MD, PhD

White matter hyperintensities (WMHs) pose an 
enigma in evaluations of brain health and dis-
ease. The prevalence of WMH has been esti-

mated to reach 20% to 50% in the general population 
in midlife, increasing to >90% with advanced age.1,2 
Although WMHs can result from a plethora of molecular 
and cellular abnormalities, they are commonly consid-
ered a consequence of cerebral small- vessel disease 
(cSVD) in the aging brain, frequently associated with 
hypertension.3,4 Despite associations of WMHs with 
upstream risk factors, what lays beneath the surface 
of this radiographic marker of abnormality is thought to 
be multifactorial in the aging brain, and an active area 
of research.

More important, numerous observations of WMH 
get classified as “incidental” on clinical reads, a label 
that is reserved for findings observed and consid-
ered as unrelated to the primary reason for which the 
imaging is ordered. There are several assumptions 
underpinning this classification. First, incidental insin-
uates that WMH is “benign” and may not matter to 
risk stratification for the disease under investigation, 
often neurodegenerative in nature. Second, incidental 

further underscores the assumption that brain dys-
function is neurocentric. These assumptions persist in 
part because cSVD does not have a specific clinical 
syndrome for which studies get ordered. In addition, 
although studies have repeatedly demonstrated an 
association between burden of WMH and cognitive 
impairment and stroke,2,3 the strength of associations 
has suggested limited value in adding WMH to predic-
tive models, above and beyond cardiovascular risk and 
disease.

In this issue of the Journal of the American Heart 
Association (JAHA), de Havenon et al specifically test 
the value of WMH in predictive models of stroke and 
cognitive impairment, beyond vascular risk factors.5 
The authors perform post hoc analyses on data from 
727 individuals who participated in the SPRINT- MIND 
(Systolic Blood Pressure Intervention Trial– Memory and 
Cognition in Decreased Hypertension) clinical trial.6 
They divide the trial participants into deciles of WMH 
burden and atherosclerotic cardiovascular disease 
risk score. Not surprisingly, they find a significant pos-
itive association between atherosclerotic cardiovascu-
lar disease score and WMH volumes, with a modest 
correlation coefficient of 0.28, congruent with prior re-
ports.7 The team then builds logistic regression models 
and performs receiver operating characteristic curve 
analyses to test the value of WMH in predicting incident 
stroke and cognitive impairment, added to vascular risk 
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factors, controlling for sex, age, smoking status, and 
clinical trial randomization arm. They show that the pre-
dictive value of models increases significantly with addi-
tion of WMH deciles into baseline and adjusted models. 
Furthermore, they also demonstrate an association be-
tween vascular risk, WMH burden, and time to event for 
stroke and cognitive impairment. Nonetheless, WMH 
and vascular risk factors seem to only partially predict 
these complex clinical outcomes. This could mean 
that the relationship between risk, early disease, and 
multifactorial phenotypes, such as WMH, is complex. 
Furthermore, in structural equation models, the authors 
demonstrate that vascular risk has both direct and indi-
rect effects on outcomes, with indirect effects being in 
part mediated through burden of WMH.

In prior literature, hypertension seems to have the 
strongest association with WMH and cognitive out-
comes. The cohort used by de Havenon et al was 
therefore justifiably composed of individuals with hy-
pertension, because diabetes and prior clinically sig-
nificant vascular disease were excluded from the 
SPRINT- MIND.6 There are many ways in which blood 
pressure may relate to WMH. In the Rotterdam Scan 
Study, a positive association between arterial stiffness 
and WMH burden was found in those with uncon-
trolled hypertension, independent of other vascular 
factors.8 A similar finding was reported in the age, 
gene/environment susceptibility- Reykjiavik study, in 
which WMH volumes were positively associated with 
carotid- femoral pulse wave velocity after adjusting for 
the most common vascular health parameters.9 These 
findings underscore the mechanical injury theory of hy-
pertension in cSVD, where increased pulse pressure, 
related to arterial stiffness, is thought to cause gradual 
damage to small- vessel beds and dysfunction of brain 
barriers.

Overall, the study by de Havenon et al demon-
strates that WMH volumes are important prognostic 
measures for the clinically significant outcomes of 
stroke and cognitive impairment, especially for individ-
uals with elevated atherosclerotic cardiovascular dis-
ease risk scores. Their study also suggests that WMH 
is a complex phenotype. Indeed, age, sex, and genet-
ics are all thought to contribute to burden of WMH.1,4 
A study based on the Study of Health in Pomerania 
cohort10 found both direct and indirect effects of WMH 
volumes on an index of brain aging. The indirect effects 
were mediated through vascular risk factors. The fact 
that there are both vascular and nonvascular associ-
ations of WMH with indexes of brain aging suggests 
that WMH represents a multifactorial phenotype that is 
only partially attributable to vascular risk and disease.10

Although global cerebral burden of WMH, ex-
amined by de Havenon et al, is used most readily in 
studies, location of WMH may also matter. Indeed, 
periventricular WMH and deep WMH may result from 

diverse pathologic conditions. In multivariate regres-
sion models, periventricular WMH has been shown 
to be associated with deep medullary vein dilata-
tion and indirectly with enlargement of perivascular 
spaces, whereas deep WMH has been shown to be 
directly associated with perivascular spaces and ce-
rebral blood flow.11 These findings suggest that deep 
WMH may reflect arterial pathologic conditions, and 
periventricular WMH may reflect venous- centric 
pathologic conditions. It is interesting that perivascular 
spaces are associated with both, potentially suggest-
ing that the glymphatic system is implicated in both.11 
Histopathologic differences have also been assessed. 
Periventricular WMH is strongly associated with gliosis, 
thinning of the extracellular matrix, and loss of oligo-
dendrocytes around tortuous venules, whereas deep 
WMH most commonly represents areas of ischemia 
around arteriosclerotic vessels, exhibiting astrogliosis, 
loss of neuronal cells, and parenchymal destruction.12 
With the advent of novel fluid and imaging biomarkers, 
various areas of WMH can be dissected into the multi-
tude of upstream molecular and cellular causes.

There are pathophysiological factors below the 
surface of WMH that add additional value to the in-
terpretation of WMH, such as cerebral hypoperfusion 
and hypoxemia.11,13,14 Mismatch between supply and 
demand can contribute to exacerbations in WMH. A 
study of elderly patients with cardiac disease demon-
strated an inverse correlation between cardiac out-
put and deep WMH volume.15 Moreover, in the CHS 
(Cardiovascular Health Study), lower forced expiratory 
volume in 1 second, a measure of pulmonary health, 
was associated with increased WMH grade.4 A study 
demonstrated that extent of WMH is associated with 
reduction in cerebral blood flow, decreased capillary 
density, and decreased oxygenation.14 In a different 
study, cerebrovascular reactivity was inversely associ-
ated with WMH volumes in patients with suspicion of 
cSVD, although no associations were found between 
WMH and cerebral blood flow.13

Endothelial, mural cell, microglial, astrocytic, and 
oligodendrocytic dysfunctions can all lead to WMH, as 
noted in genetic causes of leukodystrophy. Thus, al-
though WMH is a clearly abnormal radiographic finding 
and common on magnetic resonance imaging of older 
individuals with vascular risk factors, its pathophysio-
logical origin and prognostic value require the inclusion 
of additional variables in models, and remain difficult 
to interpret for patients, clinicians, and researchers. 
Using a novel molecular biomarker approach, WMH 
in older individuals with hypertension was shown to 
be associated with measures of endothelial innate im-
mune inflammation.16 Other studies have shown that 
various aspects of blood- brain barrier dysfunction, 
an important hallmark of cSVD, are associated with 
WMH.17,18 In Alzheimer disease, although cerebral 
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amyloid angiopathy is associated with WMH, posterior 
patches of WMH have been shown to be associated 
with parietal tau burden rather than vascular pathologic 
conditions.19 Thus, the causative diversity of WMH has 
muddled its interpretation, leaving uncertainty about its 
predictive value in models, beyond vascular risk factors.

Unsurprisingly, numerous alterations to cellular and 
physiological components of the brain relate to white 
matter health and burden of WMH. The neuro- glio- 
vascular unit represents a unique niche in which neu-
rons, astrocytes, microglia, oligodendrocytes, and 
vascular cells work together to regulate cerebral blood 

Figure. An overview of factors associated with white matter hyperintensity on brain magnetic 
resonance imaging, ranging from demographics and medical comorbidities to cellular drivers of 
disease.
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flow and brain function and homeostasis.20 WMH, 
therefore, represents a pathologic hallmark that can re-
late to alterations of glial cells in a hostile vascular micro-
environment.21 Changes in the function of any number 
of cells composing the neuro- glio- vascular unit can lead 
to WMH and brain dysfunction. For instance, toxic phe-
notypes undertaken by glia could be an important con-
tributor to brain dysfunction in individuals with WMH,18,22 
especially in individuals with hypertension and after 
stroke.17

Understanding the multifactorial origins of WMH is 
critical to the development of treatments for this com-
mon radiographic abnormality of the aging brain, with 
predictive value for cognitive impairment and stroke. A 
combination of biomarkers, both fluid and imaging, will 
shed light on the various pathologic features contribut-
ing to the development and progression of WMH and 
the downstream cognitive impairment, stroke, and de-
mentia (Figure). The article by de Havenon et al demon-
strates the value of WMH in predictive models, above 
and beyond vascular risk factors. Their well- designed 
and executed study adds to the large body of literature 
suggesting that WMH is the tip of an iceberg of multiple 
pathologic features that matter to predictive models of 
brain health. The great advantage of WMH is that it is 
slowly progressive and, therefore, early detection could 
provide the opportunity for early intervention. What is 
needed next are sets of biomarkers that build more 
precise diagnostics to advance treatments beyond 
modification of population- level vascular risk scores 
toward n- of- one precision therapeutics. With rapid ad-
vancements in molecular quantification methods and 
analytical approaches, there is great hope for a future 
in which patients can be stratified on the basis of im-
aging and fluid biomarkers, and prescribed personal-
ized combinatorial treatments to reduce risk, prevent 
disease progression, and avoid cognitive impairment 
and strokes.
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