
Journal of the American Heart Association

J Am Heart Assoc. 2023;12:e029374. DOI: 10.1161/JAHA.123.029374� 1

 

ORIGINAL RESEARCH

Improvement in the Prediction of 
Cerebrovascular Events With White Matter 
Hyperintensity
Adam de Havenon , MD, MS; Eric E. Smith , MD; Richa Sharma , MD, MPH; Guido J. Falcone , MD; 
Aaron Bangad , BA; Shyam Prabhakaran , MD, MS; Kevin N. Sheth , MD

BACKGROUND: It remains unclear if white matter hyperintensity (WMH) on magnetic resonance imaging adds relevant cerebro-
vascular prognostic information beyond vascular risk factors and demographics alone.

METHODS AND RESULTS: We performed a post hoc analysis of hypertensive individuals in SPRINT-MIND (Systolic Blood Pressure 
Intervention Trial–Memory and Cognition in Decreased Hypertension). The primary outcome was incident stroke or cognitive 
impairment (mild cognitive impairment or dementia). We fit logistic regression models with the predictors of Atherosclerotic 
Cardiovascular Disease Risk Score, age, sex, race, education, current cigarette smoking, and the SPRINT-MIND randomiza-
tion arm. WMH was subsequently included in the model to determine if it improved area under the receiver operating curve 
using the DeLong test. We used a structural equation model to determine the indirect effect on the primary outcome mediated 
through WMH. We included 727 individuals (mean age at baseline 67.7±8.4 years, 61.1% were men, 62.6% were non-Hispanic 
White, and mean years of follow-up was 3.6±0.9). Of the 727 individuals, 67 (9.2%) developed incident stroke or cognitive 
decline. The area under the receiver operating curve of the baseline model (without WMH) was 0.75 (95% CI, 0.70–0.81), and 
after the addition of WMH it increased to 0.81 (95% CI, 0.76–0.86) (P=0.004 for difference). The mediation analysis showed 
that 26.3% of the vascular risk’s effect on the primary outcome is indirectly mediated through WMH.

CONCLUSIONS: In adult hypertensive individuals, we found that the addition of WMH to models predicting incident stroke or 
cognitive impairment improved the prognostic ability above vascular risk and demographics alone to a level consistent with 
excellent prediction.

REGISTRATION INFORMATION: REGISTRATION: URL: https://www.clini​caltr​ials.gov; Unique identifier: NCT01206062.
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Brain health is central to healthy aging.1,2 The prev-
alence of magnetic resonance imaging (MRI)-
detected white matter hyperintensity (WMH) is a 

neuroimaging manifestation of cerebral microvascular 
disease that increases with age, and it is prevalent in at 
least half of community-dwelling individuals >60 years 
of age.3–6 In a recent meta-analysis, moderate or ad-
vanced WMH was a stronger biomarker of the risk of 
cognitive impairment and stroke.7 Vascular risk factors, 

such as hypertension, are strongly linked to the extent 
of WMH in an individual.8 These data suggest that 
WMH is on the causal pathway linking vascular risk 
factors to the clinical end points of cognitive impair-
ment and stroke. However, it is unclear whether WMH 
adds relevant prognostic information beyond vascular 
risk factors alone.

In clinical practice, vascular risk (including stroke 
risk) is typically quantified using the Pooled Cohort 
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Equations Cardiovascular Risk (Atherosclerotic 
Cardiovascular Disease [ASCVD] Risk Score), consis-
tent with American College of Cardiology/American 
Heart Association guidelines.9,10 Vascular risk and risk 
scores are also highly correlated with the emergence of 
cognitive impairment.11,12 However, prior research has 
not determined if the addition of WMH to models pre-
dicting stroke and cognitive impairment, the primary 
neurologic manifestations of vascular risk, improves 
their accuracy.

METHODS
We performed a post hoc cohort study of the SPRINT-
MIND (Systolic Blood Pressure Intervention Trial–
Memory and Cognition in Decreased Hypertension) 
study, using a deidentified data set that is publicly avail-
able at https://bioli​ncc.nhlbi.nih.gov/studi​es/sprin​t/.13

The hypothesis of our study is that WMH will signifi-
cantly improve the discriminative ability compared with 
vascular risk alone in models fit to the primary outcome 
of incident stroke or cognitive impairment, defined as 
incident mild cognitive impairment or dementia, in 

adults with the vascular risk factor of hypertension. 
We included adult hypertensive individuals ≥50 years 
of age (SPRINT [Systolic Blood Pressure Intervention 
Trial] enrollment criterion) with a baseline study MRI 
in SPRINT-MIND, which had 3-dimensional volumet-
ric quantification of WMH using methodology that has 
previously been described.14 In short, WMH was quan-
tified in the SPRINT-MIND study on a 1-mm isotropic 
fluid-attenuated inversion recovery sequence acquired 
on a 3T MRI scanner using an automated pipeline 
for skull stripping and correction of inhomogeneities. 
WMH burden was subsequently quantified using a 
deep learning–based segmentation method and was 
quality checked by a neuroradiologist.14 We did not 
exclude individuals based on advanced age or prior 
cardiovascular events.

The primary outcome of incident stroke, isch-
emic and hemorrhagic, was formally adjudicated in 
SPRINT,15 as were mild cognitive impairment and de-
mentia in SPRINT-MIND, both using methodology that 
has been previously described, and relied on screening 
followed by committee adjudication.13 The stroke adju-
dication was based on the World Health Organization 
definition and includes ischemic stroke (American 
Heart Association brain infarction criteria16), intrace-
rebral/intraparenchymal hemorrhage, intraventricular 
hemorrhage, or subarachnoid hemorrhage.17

Statistical Analysis
We report baseline demographics for the full cohort 
and compare them between those with versus with-
out the primary outcome with the χ2 or Fisher exact 
test for categorical variables, Mann-Whitney U test 
for ordinal variables, and Student t test for interval 
variables. We fit logistic regression models to the 
outcome of incident stroke/cognitive impairment. 
We verified that the models did not have multicol-
linearity, defined as a variance inflation factor <5, met 
the Hosmer-Lemeshow goodness-of-fit assumption 
(P≥0.05, 10 groups specified), and had a Brier score 
<0.1 (10 groups specified).18,19 We transformed age 
from an interval variable to ordinal (<60, 60–69, 70–
79, ≥80 years), because the variance inflation fac-
tor was 16.03 as an interval variable, and in ordinal 
categories it met the criteria of <5.

The baseline model included vascular risk, defined 
as the 2014 version of the ASCVD Risk Score,10 with 
and without WMH. Both WMH and vascular risk were 
transformed into deciles due to right skew. It was not 
possible to use established ASCVD risk cut points 
(0%–4.9% low-risk, 5%–7.49% borderline risk, 7.5%–
19.9% intermediate risk, ≥20% high risk) because 
of low counts below intermediate risk. In a second 
model, we further adjusted for age (<60, 60–69, 70–
79, ≥80 years), sex, race, education (less than college, 

CLINICAL PERSPECTIVE

What Is New?
•	 In adult hypertensive individuals, we found that 

the addition of white matter hyperintensity vol-
ume on magnetic resonance imaging of the 
brain to models predicting incident stroke or 
cognitive impairment improved the prognostic 
ability above vascular risk and demograph-
ics alone to a level consistent with excellent 
prediction.

What Are the Clinical Implications?
•	 The clinical implications are that magnetic 

resonance imaging–detected white matter hy-
perintensity, a marker of cerebral small vessel 
disease often available in routine clinical care, 
adds meaningful and independent risk assess-
ment when considering vascular outcomes 
specific to the brain.
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college, graduate school), current cigarette smoking, 
and SPRINT randomization arm (intensive versus stan-
dard blood pressure control). These covariates were 
selected a priori and confirmed to be valid confound-
ers using least absolute shrinkage and selection op-
erator methodology.20 Although the calculation of the 
ASCVD Risk Score uses age, sex, race, and smoking, 
the values of these covariates provide additional infor-
mation and did not introduce multicollinearity.

To determine the improvement after the addition 
of WMH, we compare the models’ area under the re-
ceiver operating curve (AUC) using the DeLong test 
and report the relative integrated discrimination index 
as well as a decision curve analysis.21–23 In models 
containing WMH, a relative integrated discrimination 
index that is greater than the inverse of the number 
of variables in the model without WMH indicates that 
WMH is a better predictor than the average of the 
other variables.24 To confirm the predictive perfor-
mance of our models, we also used 5-fold cross-
validation to generate a cross-validated AUC that 
applied the bootstrap procedure to obtain a bias-
corrected 95% CI.25 We report the consistency be-
tween the average AUC of the 5-fold cross-validated 
model and the actual AUC of the model.

As a sensitivity analysis, we fit a time-to-event 
model to the primary outcome and compare the 
Somers D with a 95% CI for the same models with and 
without WMH to determine if the addition of WMH im-
proves prediction of failure time. To calculate Somers 
D after Cox proportional hazards models we used the 
somersd package in Stata 17.0 (StataCorp, College 
Station, TX), with estimates assumed to have a t dis-
tribution with n–1 degrees of freedom and Fisher Z 
transformation, consistent with recommendations for 
comparing time-to-event models.26 We also report the 
AUC of the time-to-event models at 1800 days using 
the stroccurve package.27 Finally, as an exploratory 
analysis, we used structural equation model to de-
termine the direct effect of vascular risk and WMH on 
the risk of the primary outcome and the indirect ef-
fect mediated through WMH, which was bootstrapped 
100 times. All statistical analyses were performed in 
Stata 17.0, and significance was defined as a 2-sided 
P<0.05.

Standard Protocol Approvals, 
Registrations, and Participant Consents
All participating sites in SPRINT-MIND obtained ap-
proval from a local or central institutional review board. 
The study was conducted according to Good Clinical 
Practice and the Declaration of Helsinki. Participants 
provided written informed consent before enroll-
ment. The study is registered with Clini​calTr​ials.gov 
(NCT01206062).

RESULTS
Of the 767 individuals enrolled in the SPRINT-MIND 
MRI substudy, we included 727 and excluded 40 who 
did not have enough data to calculate vascular risk. 
The mean age at baseline was 67.7±8.4 years, 61.1% 
were men, 62.6% were non-Hispanic White (31.0% 
Black, 4.8% Hispanic, 1.6% other including Asian, 
American Indian or Alaska Native, and Native Hawaiian 
or Other Pacific Islander), 57.2% had less than a col-
lege diploma, 13.5% were current smokers, the me-
dian vascular risk was 16.8% (11.1–28.0), 5.1% died 
during follow-up, and the median (interquartile range) 
years of follow-up was 3.8 (3.3–4.1) (Table). Violin plots 
of the WMH volume by deciles and vascular risk by 
deciles is seen in Figure  1. WMH volume was posi-
tively correlated with vascular risk (correlation coeffi-
cient, 0.28; P<0.001). Of the 727 total individuals, 67 
(9.2%) developed incident stroke or cognitive decline, 
of which 10 events were stroke, 14 were dementia, 
and 42 were mild cognitive impairment.In the base-
line model, vascular risk without WMH, the Brier score 
was 0.081 and Hosmer-Lemeshow P value was 1.0, 
whereas with WMH it was 0.078 and P=0.078, respec-
tively. In the adjusted model, without WMH, the Brier 
score was 0.078 and Hosmer-Lemeshow P value was 
0.497, whereas with WMH it was 0.074 and P=0.794, 
respectively. Without WMH the AUC of the baseline 
model was 0.67 (95% CI, 0.60–0.73) and with WMH 
was 0.75 (95% CI, 0.69–0.80) (P=0.001 for difference). 
The 5-fold cross-validated AUCs for the models with-
out and with WMH were concordant at 0.67 (95% CI, 
0.55–0.70) and 0.75 (95% CI, 0.65–0.79) (Figure 2). In 
the model adjusted for vascular risk, age, sex, race, 
education, smoking, and randomization arm, the AUC 
without WMH was 0.75 (95% CI, 0.70–0.81), and after 
the addition of WMH it rose to 0.81 (95% CI, 0.76–0.86) 
(P=0.004 for difference). The 5-fold cross-validated 
AUCs for the models without and with WMH were con-
cordant at 0.75 (95% CI, 0.66–0.79) and 0.81 (95% CI, 
0.72–0.84) (Figure 3).

The relative integrated discrimination index of the 
baseline model comparison was 1.13 (95% CI, 0.72–
1.54), which is greater than the inverse of the number of 
variables without WMH (1 of 1=1), indicating that WMH 
improves the model’s prediction (P<0.001). Likewise, in 
the adjusted model, the relative integrated discrimina-
tion index is 0.51 (95% CI, 0.27–0.75), which exceeds 
1 of 7=0.143, also indicating that WMH improves the 
model’s prediction (P<0.001). The decision curve anal-
yses are seen in Figure 4, confirming that the addition 
of WMH improved the ability to predict incident stroke 
or cognitive decline across all threshold probabilities.

In the baseline time-to-event models, we found 
that Somers D improved from 0.34 (95% CI, 0.10–
0.49) with vascular risk to 0.53 (95% CI, 0.38–0.67) 
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when WMH was added (P=0.002 for improvement). 
In the adjusted model without WMH, the Somers 
D was 0.55 (95% CI, 0.40–0.70), whereas after the 
addition of WMH it was 0.70 (95% CI, 0.54–0.86) 
(P=0.003 for improvement). The AUC for the base-
line time-to-event model was 0.68, but with WMH it 
increased to 0.74.

The structural equation model mediation analysis 
showed that there was complementary partial media-
tion through WMH (Figure 5). In that model, both vas-
cular risk and WMH have significant direct effects on 
the primary outcome, and vascular risk has a direct 
effect on WMH, but 26.3% of its effect on the primary 
outcome is indirectly mediated through WMH.

DISCUSSION
Our results suggest that WMH on MRI is a valuable 
prognostic measure for cerebrovascular risk assess-
ment. WMH has been associated with an increased 
risk of stroke, cognitive decline, dementia, and death.28 
Thus, the discovery of WMH is a finding of clinical im-
portance, and based on its demonstrated prognostic 
value, it should also be considered an indication to 
screen for potential cerebrovascular risk and events. 
Additionally, because of its heritability,29 WMH could 
help identify genetic risk factors that lead to vascu-
lar pathologies and thus personalize preventative 
approaches.

Estimating vascular risk is a critical component 
of preventative medicine and a validated method 
of measuring the extent of vascular risk for a given 
individual. We have shown a link between vascular 
risk and WMH volume. However, vascular risk can 
be assessed solely through demographic and clinical 
variables, whereas the identification of WMH requires 
an MRI scan. Given the robust positive correlation 
between the 2, by screening for vascular risk one 
can identify the groups of patients in need of an MRI 
scan to assess the presence and extent of WMH. 
The combination of these 2 metrics could be used to 
increase prognostic ability and develop an effective 
treatment plan.

In the Action to Control Cardiovascular Risk in 
Diabetes–Memory in Diabetes cohort, WMH pro-
gression was lower in the intensive versus standard 
blood pressure reduction randomization arm (∆WMH 
between groups, 0.49 mL),12 consistent with what 
was reported in SPRINT-MIND (∆WMH between 
groups, 0.54 mL).14,30 The Regression of Cerebral 
Artery Stenosis trial showed that statins could 
slow WMH progression, Prevention of Dementia by 
Intensive Vascular care indicated that a nurse-led 
multimodal intervention reduced WMH progression 
in patients with severe WMH at baseline, Finnish 
Geriatric Intervention Study to Prevent Cognitive 
Impairment and Disability reported cognitive ben-
efit to a multimodal intervention including lifestyle 

Table.   Baseline Demographics in the Full Cohort and in Those With Versus Without the Primary Outcome

Variable Full cohort, n=727
Incident stroke or cognitive 
impairment, n=67

No incident stroke or 
cognitive impairment, 
n=660 P value*

Age, y, mean±SD 67.7±8.4 70.7±8.3 67.4±8.3 0.002

Male sex, n (%) 444 (61.1%) 42 (62.7%) 402 (60.9%) 0.776

Race and ethnicity, n (%) 0.514

White 455 (62.6%) 37 (55.2%) 418 (68.3%)

Black 225 (31.0%) 24 (35.8%) 201 (30.5%)

Hispanic 35 (4.8%) 5 (7.5%) 30 (4.5%)

Other† 12 (1.6%) 1 (1.5%) 11 (1.7%)

Education, n (%) 0.003

Less than college degree 416 (57.2%) 49 (73.1%) 367 (55.6%)

College degree 121 (16.7%) 12 (17.9%) 109 (16.5%)

Graduate school 190 (26.1%) 6 (9.0%) 184 (27.9%)

Current smoker, n (%) 98 (13.5%) 14 (20.9%) 84 (12.7%) 0.064

Intensive blood pressure control, n (%) 385 (53.0%) 42 (62.7%) 343 (52.0%) 0.094

White matter hyperintensity volume, 
median, IQR

3.2, 1.5–6.1 5.6, 2.4–15.7 3.1, 1.5–5.8 <0.001

Atherosclerotic Cardiovascular Disease 
Risk Score, median, IQR

16.8, 11.1–28.0 23.8, 15.6–37.9 16.3, 10.8–26.9 <0.001

IQR indicates interquartile range.
* P values are derived with the χ2 or Fisher exact test for categorical variables, Mann–Whitney U test for ordinal variables, and Student t test for interval 

variables.
†Other includes Asian, American Indian or Alaska Native, and Native Hawaiian or Other Pacific Islander.
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optimization, and Prevention of Decline in Cognition 
after Stroke Trial indicated that combined intensive 
blood pressure and lipid lowering could improve 
cognitive outcomes.31–34 Despite these promising 

data, the optimal medical treatment for prevention of 
WMH remains uncertain. Nonetheless, assessing the 
extent of WMH in individuals to obtain a picture of 
their vascular risk is a valuable tool for establishing 

Figure 1.  Violin plot of the deciles of white matter hyperintensity (top) and vascular risk 
(Atherosclerotic Cardiovascular Disease Risk Score) (bottom).
ASCVD indicates Atherosclerotic Cardiovascular Disease; and WMH, white matter hyperintensity.
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preventative approaches to improve an individual’s 
overall brain health.

Our study has limitations, including that this is a 
post hoc analysis of a data set that was not created 
to answer this hypothesis, which introduces bias. We 

also used the ASCVD Risk Score for a purpose that 
it was not explicitly intended for. The creation of a 
composite outcome including all-cause stroke and 
cognitive impairment may have reduced the associ-
ation between exposure and outcome in our study, 

Figure 2.  Five-fold cross-validation of the baseline model’s area under the receiver operating 
curve seen for the model with Atherosclerotic Cardiovascular Disease Risk Score (top) and after 
the addition of deciles of white matter hyperintensity (bottom).
cvAUC indicates cross-validated area under the receiver operating curve.
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but that bias would favor the null hypothesis. Finally, 
although SPRINT-MIND enrolled a racially diverse 
cohort, it excluded individuals with prior history of 
stroke or diabetes, so the results of our analysis are 
not generalizable.

In adult hypertensive individuals, we found that the 
addition of WMH to models predicting incident stroke 
or cognitive impairment improved the prognostic ability 
above vascular risk and demographics alone to a level 
consistent with excellent prediction. The implication 

Figure 3.  Five-fold cross-validation of the adjusted model’s area under the receiver operating 
curve seen for the model without white matter hyperintensity (top) and after the addition of 
deciles of white matter hyperintensity (bottom).
cvAUC indicates cross-validated area under the receiver operating curve.
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of this finding is that MRI-detected WMH, a marker of 
cerebral small vessel disease often available in routine 
clinical care, adds meaningful and independent risk 

assessment when considering vascular outcomes 
specific to the brain. Because many individuals will 
have a standard-of-care MRI of their brain for other 
clinical purposes, such as stroke or cognitive workup, 
WMH could be included in future risk scores focusing 
on brain health.
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