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Purpose—Hypertension is a risk factor for cognitive impairment; however, the mechanisms 

leading to cognitive changes remain unclear. In this cross-sectional study, we evaluate the impact 

of white matter lesion (WML) burden on brain functional connectivity (FC) and cognition in a 

large cohort of hypertensive patients from the Systolic Blood Pressure Intervention Trial 

(SPRINT) at baseline.

Methods—Functional networks were identified from baseline resting state functional MRI scans 

of 660 SPRINT participants using independent component analysis. WML volumes were 

calculated from structural MRI. Correlation analyses were carried out between mean FC of each 

functional network and global WML as well as WML within atlas-defined white matter regions. 

For networks of interest, voxel-wise-adjusted correlation analyses between FC and regional WML 

volume were performed. Multiple variable linear regression models were built for cognitive test 

performance as a function of network FC, followed by mediation analysis.

Results—Mean FC of the default mode network (DMN) was negatively correlated with global 

WML volume, and regional WML volume within the precuneus. Voxel-wise correlation analyses 

revealed that regional WML was negatively correlated with FC of the DMN’s left lateral temporal 

region. FC in this region of the DMN was positively correlated to performance on the Montreal 

Cognitive Assessment and demonstrated significant mediation effects. Additional networks also 

demonstrated global and regional WML correlations; however, they did not demonstrate an 

association with cognition.

Conclusion—In hypertensive patients, greater WML volume is associated with lower FC of the 

DMN, which in turn is related to poorer cognitive test performance.

Trial registration—NCT01206062
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Introduction

Hypertension is well-known to be one of the most important risk factors for stroke [1, 2], as 

well as an independent risk factor for cognitive impairment [3] and Alzheimer’s disease 

(AD) [4]. Aside from strokes, the most established imaging biomarkers of hypertension in 

the brain are volume of white matter lesions (WMLs) and brain atrophy [4, 5]. WMLs are 

foci of high signal intensity on T2-weighted images. Pathological correlation studies have 

demonstrated that WMLs are associated with chronic hypoperfusion and small vessel 

ischemic disease [6, 7]. WMLs are associated with several cerebrovascular risk factors but 

most strongly to hypertension, with studies suggesting decreased progression with 

hypertension treatment [5, 8, 9]. However, it remains unclear how WMLs affect functional 

brain networks and impact cognitive function in the setting of hypertension. The 2016 AHA 

statement on the impact of hypertension on cognitive function [4] concluded that the 

mechanism of how hypertensive changes lead to cognitive impairment is a key question for 

further study.
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Resting state functional MRI (rs-fMRI) is a noninvasive tool to measure blood oxygenation 

level-dependent (BOLD) signals that can be used to investigate changes in brain functional 

connectivity (FC). Temporally correlated regions of low-frequency signal fluctuations in the 

resting brain on BOLD fMRI have shown reproducible, robust patterns that define intrinsic 

resting state functional networks [10]. Although the specific anatomic pathways within 

functional networks are not fully known, portions of these networks are linked in part via 

specific WM structural pathways [11] and FC may be disrupted by damage to these 

pathways [12]. Several resting state functional networks have been linked to cognitive 

function, most prominently the default mode network (DMN), which is disrupted in patients 

with AD [13]. However, only a few small studies have directly assessed FC in hypertensive 

patients. These studies found decreased FC within the DMN and frontoparietal networks in 

hypertensive patients [14, 15].

A subset of participants from the recently completed Systolic Blood Pressure Intervention 

Trial (SPRINT) [16] underwent multimodal brain MRI at baseline. The SPRINT showed 

that participants in the intensive blood pressure treatment group had a smaller increase in 

WML volume at follow-up [9] and a lower risk of mild cognitive impairment [17] compared 

to the standard treatment. Together, these findings suggest that increases in WML in 

hypertensive patients may be related to cognitive dysfunction. However, the mechanisms 

underlying translation of small vessel ischemic disease to neural impairment remain unclear. 

In the current study, we utilize the baseline functional neuroimaging data from the SPRINT 

to investigate the relationship between WML burden and functional brain networks in the 

setting of hypertension. We hypothesized that participants with greater WML volume would 

demonstrate decreased FC within intrinsic resting state functional networks, and that this 

would be related to poorer cognitive test performance.

Methods

Standard protocol approvals and patient consents

Institutional review boards at all clinical sites participating in the SPRINT approved the trial 

protocol for enrollment and data acquisition, and all participants signed written informed 

consent. SPRINT was sponsored by the National Institutes of Health.

Study sample

SPRINT is a large multi-center, randomized, controlled, open-label trial which randomized 

patients to intensive systolic blood pressure (SBP) target (< 120 mmHg) or standard SBP 

target (< 140 mmHg) blood pressure management [16]. The current cross-sectional study 

utilizes imaging, clinical, and cognitive data from a subset of the SPRINT cohort at baseline. 

SPRINT enrolled 9361 nondiabetic adults over age 50 with SBP > 130 and an elevated 

cardiovascular risk profile. Prior stroke, diabetes mellitus, and recent cardiovascular event 

within 3 months were among the study exclusion criteria. The full inclusion and exclusion 

criteria have been previously published [16]. The SPRINT MRI substudy included 

participants from the larger study who were within 1.5-h driving distance of one of seven 

MRI centers in the USA and who did not have MRI-related exclusion factors, such as a non-

MRI compatible device or foreign object or claustrophobia. Additional participants were 
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also recruited from the SPRINT ancillary study MIND the Kidneys, which was designed to 

augment the MRI group with participants with chronic kidney disease [18].

A total of 786 participants underwent MRI at baseline, of which 18 did not have rs-fMRI 

acquired due to technical or patient-related factors. Of the 768 participants with rs-fMRI, 14 

were excluded due to the presence of structural lesions, such as large infarcts or tumors that 

could directly affect brain networks, 9 did not have available or intact demographic or 

cognitive data, 4 did not pass structural imaging quality control (1 missing image data, 1 

poor-quality raw images, 2 failed processing), and 81 did not pass functional imaging 

quality control (75 excessive motion, 4 poor-quality raw images, 2 failed registration to 

structural images). The final cohort for this study included 660 participants.

MRI data acquisition

MRI scans were performed across eleven centers utilizing 3-T scanners from three different 

vendors (Siemens, Munich, Germany; Philips, Best, the Netherlands; GE Healthcare, 

Cleveland, OH) using 12-channel receive head coils. The MRI scanning protocol included 

the following sagittal 1-mm isotropic structural sequences: T1-weighted MPRAGE, T2-

weighted FLAIR, T2-weighted fast spin echo, previously described [9]. An rs-fMRI scan 

was acquired using an axial BOLD echo planar imaging sequence, with TR/TE 2000/25 ms, 

isotropic 3.5-mm voxels, and 120 volumes.

Cognitive assessment

All participants underwent the Montreal Cognitive assessment (MoCA), the Digit Symbol 

Coding (DSC) test, and the Logical Memory (LM) test. Full details on the cognitive 

assessment protocol are available at the trial website (http://www.sprinttrial.org).

Structural image processing

Structural imaging results for SPRINT were previously reported [9]. Briefly, intracranial 

tissues were extracted using multi-atlas skull stripping [19] and segmented using a multi-

atlas label fusion method [20]. WML were identified using a deep learning–based 

classification model, built on the UNet architecture with the internal convolutional network 

layers replaced with an Inception ResNet architecture, as described previously [9]. The 

model was trained on a separate set of cases with expert-delineated WML. Quality 

inspection of WML classification was performed by a neuroradiologist at the MRI reading 

center. WM regions of interest (ROIs) were identified based on registration to the Johns 

Hopkins University “Eve” atlas [21]. All supratentorial non-cortical ROIs from this atlas 

were included, for a total of 49 paired (bilateral) regions. WML volume was calculated 

within each region, and global WML burden was calculated as total volume of WML within 

49 bilateral supratentorial ROIs.

Functional image processing

Resting state fMRI data was pre-processed in standard fashion, including removal of first 6 

volumes for signal equilibration, slice time correction, and motion correction. Motion 

correction was applied utilizing the FMRIB Software Library (FSL) application MCFLIRT, 

which provides an output metric of the relative displacement between time frames [22]. 
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Scans with gross motion were initially excluded if any motion exceeded 3.5 mm. 

Participants were then excluded from analysis if the mean relative displacement was greater 

than 0.3 mm [23, 24]. Global mean signal was regressed out as a well-known surrogate for 

motion and physiologic noise, as were additional nuisance variables including 6 motion 

parameters and white matter and cerebrospinal fluid signal from tissue segmentations. This 

was followed by spatial smoothing (6 mm full width half maximum), temporal bandpass 

filtering (0.01–0.1 Hz), and registration into Montreal Neurological Institute template space 

at 4-mm isotropic resolution. Functional brain networks were identified and extracted using 

an independent component analysis (ICA) approach [25]. Group-level ICA was performed 

using Melodic [26], with a standard low-order dimensionality of 20 components [27]. 

Subject-level-independent components were then calculated using group information-guided 

ICA (GIGICA) [28], which outputs a spatial map and time course for each component. 

Subject-specific networks derived using this method have been shown to have better 

independence and higher spatial and temporal accuracy [28], and the GIGICA has been 

shown to have greater performance for artifact removal [29] and individual subject 

classification [30–32]. Subject-level within-network FC z-score maps were calculated for 

each network via temporal correlation with the extracted time course for each component 

from the GIGICA, and subsequently applying Fisher’s R to Z transform. Mean connectivity 

score (MCS) was calculated for each network in each participant as the participant’s average 

within-network FC within a 3D mask of the group network, as described in other studies 

[33]. The network masks were created by thresholding the group ICA spatial maps, where 

the threshold = 0.3× maximum intensity (maximum value of the robust range, 2nd to 98th 

percentile) for each component [33].

To assess the integrity of neurovascular coupling, the resting state fluctuation of amplitude 

(RSFA) was calculated as the temporal standard deviation of the resting state BOLD signal 

[34], which has been reported to be a more reliable measure than breath-hold-based 

cerebrovascular reactivity for studies in which there is a large age range [34].

Group-level statistical analyses

We hypothesized that greater WML burden would be related to disruptions in brain 

functional networks, and that these disruptions would be associated with cognitive changes. 

As an initial quality control step, the correlation between RSFA and WML volume was 

assessed to ensure that any relationship between WML and FC was not being spuriously 

driven by systematic alterations in neurovascular coupling. Correlations were then 

performed between total supratentorial WML burden and overall within-network 

connectivity for each network, to identify networks of interest. This was followed by the 

identification of (1) specific WM regions in the brain which WML load was related to the 

overall connectivity for each network, and (2) regions of each network where within-

network connectivity was related to WML within these WM regions. Cognitive test 

performance was then modeled including overall network FC, and FC within these WML-

related regions of the network as a predictor, followed by mediation analysis. Given the 

right-skewed nature of the WML distribution, a cube root transformation as first applied to 

the WML values prior to any statistical analysis, which is similar to a log transformation but 

can accommodate values of zero. Statistical analyses were performed using MATLAB 
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(MathWorks, Natick, MA), and mediation analysis was performed in R (R Project for 

Statistical Computing [http://www.r-project.org]).

Correlation between mean overall network FC and total WML

As an initial screening step to identify networks of interest, mean connectivity score for each 

network was calculated and correlated to total supratentorial WML volume. Networks in 

which there was a significant correlation (p < 0.05, uncorrected) were identified as networks 

of interest. Multiple comparison correction was applied in the following more rigorous 

correlation step.

Correlation between mean overall network FC and regional WML

To determine WM regions of the brain where WML volume was related to average within-

network FC, correlation was performed between WML volume within 49 supratentorial 

ROIs and MCS of resting state networks. Bilateral ROI WML volume was used for all 

networks aside from lateralized networks, in which ipsilateral ROI WML volume was used. 

False discovery rate (FDR) correction for multiple comparisons was performed.

For each network of interest that demonstrated significant correlation between MCS and 

WML within specific WM ROIs, the total WML volume within these significant ROIs was 

calculated as the regional WML (rWML) volume for this network. To ensure the 

relationship held after accounting for potential confounders, multiple variable linear 

regression was then performed for network MCS with rWML as the primary predictor, and 

adjusters including gray matter ratio (total gray matter volume normalized to intracranial 

volume), age, gender, and race. Gray matter ratio (GMR) was included as an adjuster to 

account for alterations in FC related to gray matter volume. To assess for site- or scanner-

related variations in imaging results, the full model also adjusted for site as a binarized set of 

9 variables, one for each site with greater than 3 participants. Two additional sites had 3 

participants each, and variables were not included for these sites as the low number of 

participants precluded an accurate statistical estimate of their contribution to the shared 

variance. The site variables were removed from the final model if not found to be significant 

adjusters, and networks in which site was a significant predictor of MCS were excluded 

from subsequent analysis. Scatter plots were created for MCS as a function of rWML.

Correlation between regional network FC and WML

For each remaining resting state network of interest that demonstrated correlations to 

regional WML, to determine the brain regions within the network where FC was related to 

rWML, voxel-wise correlation was performed between participant-level FC maps and their 

corresponding rWML, adjusted for gray matter ratio, age, gender, and race. This produced a 

t score spatial map of correlation between local within-network FC and rWML burden. 

Correlation t score maps were thresholded at t = 2.58 (p < 0.01, uncorrected). Monte Carlo 

simulation was then performed to determine the cluster size representative of a threshold of 

p < 0.0001, family wise error (FWE)-corrected. Significant clusters represent the regions 

within a network where FC is correlated to rWML.
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Subsequently, for each network of interest, the average FC was calculated for each 

participant within significant clusters, including those clusters in which the direction of 

correlation matched that of the overall network MCS-rWML correlation. This is referred to 

herein as the WML-related cluster connectivity (WCC) and represents the average within-

network connectivity specifically in brain regions where the within-network FC is related to 

WML burden in the cohort.

Multiple variable linear regression was repeated as above, now with network WCC as the 

outcome, rWML as the primary predictor, and adjustment for gray matter ratio, age, gender, 

and race. Scatter plots were created for WCC as a function of rWML, for visualization 

purposes.

Neurocognitive significance of WML-related changes in FC

For networks of interest from the above analysis, further analysis was undertaken to 

determine the relationship of FC with cognitive function. First, multiple variable linear 

regression models were built for performance on the MoCA, LM (delayed recall), and DSC 

tests. Model predictors included mean connectivity score for the networks of interest, and 

demographic variables (age, gender, race). For cognitive tests where mean connectivity score 

of a network demonstrated a significant correlation (p < 0.05), regression models were 

created again in similar fashion, replacing mean connectivity scores with WCC of the 

significant network, to determine whether connectivity in these specific network regions are 

driving the relationship with cognitive test performance.

In order to further investigate the causal relationships between imaging and cognitive 

variables, the data were imported into R for mediation analysis [35–37]. Conditional process 

models were constructed that examined whether the rWML exerted its influences on 

cognitive performance via disruptions to functional connectivity. Specifically, two linear 

models were constructed, one that describes the conditional distribution of the mediator 

(WCC) given the independent variable (rWML), and the second is an outcome model 

describing the conditional distribution of cognitive performance given the influences of both 

WCC and rWML; these models were then examined simultaneously to quantify the 

mediation effect. Models were also adjusted for age, gender, race, and gray matter ratio. We 

estimated the average causal mediation effects (ACME), which is the indirect effect of 

rWML exerted through the WCC. An estimate of the average direct effect (ADE), as well as 

total effect, was also calculated. Parameters were estimated via bootstrap with 10,000 

replications.

Results

Demographic and clinical data of the 660-participant cohort are presented in Table 1. The 

cohort was similar to the main SPRINT [16] in terms of age and gender makeup, with 

slightly smaller proportion of Hispanic participants and greater proportion of White 

participants. There was a greater proportion of subjects with chronic kidney disease in this 

cohort relative to SPRINT (36% vs. 28%); however, there is no apparently clinically 

important difference in overall estimated glomerular filtration rate (69 vs. 72 ml/min/1.72 

m2). Twenty independent components were identified using group ICA. Five of these 
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components were deemed to represent artifact or noise related to vasculature, motion, or 

CSF by visual inspection, with the remaining 15 representing intrinsic resting state brain 

networks. These are displayed in Figure S1. Some canonical networks were identified across 

multiple components such as the sensorimotor network and the DMN. Others were 

combined, for example, a component including brain regions in the temporal lobes, insula, 

and cingulate cortex, likely reflected a conglomerate component encompassing auditory, 

salience, and language networks (ASLN). RSFA did not demonstrate a correlation with 

WML for any network of interest (p > 0.05).

Correlation between mean overall network FC and total WML

Global WML volume demonstrated a significant correlation with the mean connectivity 

score of six of the 15 networks (Table S1). These represented the DMN (R = − 0.076; p = 

0.0431), ASLN (R = − 0.1279; p = 0.0006), left frontoparietal network (LFPN; R = 0.0745; 

p = 0.0474), posterior DMN (pDMN; R = − 0.0901; p = 0.0165), dorsal frontal network 

(DFN; R = 0.0773; p = 0.0472), and basal ganglia network (BGN; R = − 0.0841; p = 

0.0307).

Correlation between mean overall network FC and regional WML

Significant correlations between network MCS and regional WML are demonstrated in 

Table 2 for networks of interest. MCS of the ASLN was significantly negatively correlated 

to WML volume within the posterior thalamic radiations and thalamus, and corpus callosum 

(including genu, body, splenium, and tapetum). Overall, DMN connectivity was related 

negatively to WML within the precuneus. LFPN connectivity demonstrated a positive 

correlation with WML within the cingulum. Connectivity of the pDMN demonstrated a 

negative relationship with WML in the posterior corona radiata. WML within the fornix was 

negatively related to FC in the DFN and BGN.

The total WML within above noted ROIs was calculated for each subject as the rWML for 

that network. Multiple variable linear regression models with adjusters demonstrated that 

site variables were significant covariates for the model of BG MCS, but not for other 

networks. BGN was removed from subsequent analysis. For the other networks, models 

were recalculated without site variables to avoid reducing statistical power. After 

adjustment, rWML was a significant predictor of MCS for ASLN, DMN, LFPN, and DFN 

(p < 0.05), but not for pDMN. Full regression model statistics are available in Table S2. 

Gray matter ratio was a significant adjuster for the DMN, and Black and Hispanic races 

were significant adjusters for the DFN. Otherwise, no adjusters were significant.

Correlation between regional network FC and WML

In the DMN (Fig. 1a), clusters of significant correlation are seen (Fig. 1b), the largest of 

which is a negative correlation in the left lateral temporal cortex region of the DMN. A small 

cluster of positive correlation is also seen in the left superior temporal lobe. Displayed 

regions (clusters) represent regions of the respective networks where within-network FC is 

related to rWML. Correlation maps for remaining networks are displayed in Figure S2. In 

the ASLN, significant negative correlations are seen in the cingulate cortex and the bilateral 

insular region, as well as the right parietal lobe. The LFPN demonstrates positive regions of 
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correlation within the left frontal and parietal cortex, as well as a smaller region in the 

contralateral frontal lobe. The pDMN shows negative clusters of correlation in the left 

parietal and dorsal prefrontal cortex. The DFN shows a large cluster of negative correlation 

involving the dorsal frontal lobes and smaller clusters in the bilateral striatum, as well as a 

curvilinear area of positive correlation along the anterior margin of the frontal lobes which 

may reflect artifact.

Masks of these clusters for each network of interest were created and used to calculate the 

WCC for each participant. Multiple variable linear regression showed that rWML was a 

significant predictor of WCC for all networks (Table S3). Age was a significant adjuster for 

ASLN WCC, and age and Black race were significant adjusters for the DFN.

Neurocognitive significance of WML-related changes in FC

Multiple variable regression models of performance on the MoCA, LM, and DSC tests, 

including MCS for all networks of interest as predictors, are shown in Table 3. DMN mean 

connectivity was significantly correlated with MoCA performance (p = 0.0025) after 

adjusting for GMR, age, gender, and race, but MCS of the other networks of interest were 

not significant predictors of MoCA performance. A second regression model was built for 

MoCA performance substituting all mean connectivity metrics with DMN WCC only (Table 

4), which also demonstrated a significant correlation (p = 0.0040).

DSC test performance was not significantly related to mean connectivity in any network of 

interest, although there was a negative trend for the ASLN (p = 0.0624). Delayed recall on 

the LM test did not demonstrate significant correlations with the connectivity of any 

networks of interest.

Full model statistics are available in Table S4. For all three cognitive tests, age was a 

significant negative adjuster, and white race was a significant positive adjuster. GMR was a 

significant positive adjuster for the DSC and LM tests, as was female gender was for the LM 

test.

Conditional process modeling results are summarized in Fig. 2. The relationships between 

default mode network rWML and MoCA were significantly mediated via the WCC 

(bootstrap p value 0.0056). Increasing rWML negatively influenced regional FC in the 

DMN, which in turn disrupted the positive influence of higher FC on cognition. Similar but 

less pronounced findings were observed for DMN MCS (bootstrap p value 0.0250).

Discussion

Our results indicate that higher WML burden in hypertensive patients is associated with 

weakened overall connectivity of several cortical networks, including the DMN and ASLN, 

and increased connectivity in others, such as the LFPN. However, only the FC disruptions in 

the DMN were found to be related to cognitive function via multiple variable regression and 

mediation analysis.

The DMN is a collection of brain regions which demonstrate coordinated activity at rest, but 

are also modulated during a variety of cognitive tasks, especially those involving self-
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generated thought [13, 38]. FC of the DMN has been shown to be disrupted in several 

disease states including AD [13] and schizophrenia [39]. In this study, negative correlations 

with WML volume were seen in specific regions of the DMN, the largest cluster being in the 

lateral temporal lobe, a region of the DMN that is involved in semantic processing and 

memory retrieval [38]. FCs in these regions, as well as overall DMN connectivity, were 

found to mediate the relationship between WML and MoCA performance. Thus, in 

hypertensive patients, greater WML burden is associated with lower overall and regional 

DMN connectivity, which in turn is associated with worse MoCA performance.

ICA separates networks to varying degrees depending on the underlying population, analysis 

methodology, and dimensionality chosen [27]. The ASLN identified by ICA in our cohort 

includes brain regions in the temporal lobes, insula, and cingulate cortex, and likely reflects 

a conglomerate component encompassing auditory, language, and salience networks. The 

network regions that demonstrated negative correlations with WML include the bilateral 

insula and cingulate gyrus, regions most typically associated with the salience network. 

Connectivity within these regions of the ASLN demonstrated a nonsignificant trend towards 

correlation with performance on the DSC test, which is a measure of processing speed and 

working memory [40]. The mean connectivity of the ASLN was also significantly related to 

lesion burden in large WM tracts such as the corpus callosum.

The LFPN and its contralateral paired network are sometimes referred to as the executive 

control networks. The DMN, executive control networks, and salience network have been 

proposed to function together to modulate internal cognitive processes, externally directed 

attentional processes, and switching between them, respectively [41]. FC in the LFPN 

demonstrated significantly positive correlation with total WML; however, it was not related 

to performance on these cognitive tests. This may reflect a compensatory mechanism of 

increased within-network connectivity in the LFPN in response to the deficits in the DMN 

and ASLN, greater resilience of this network to injury via WML, and/or decreased 

sensitivity of the available cognitive assessments to changes of this network.

The DFN demonstrated an overall positive relationship with total WML; however, lesion 

load in the only significant white matter region demonstrated a negative correlation. This 

underscores that the effects of WML vary by location, and can result in differing effects at 

the local or global network level. These differing effects likely obscure any overall 

relationship with clinically measurable cognitive changes.

Our models for performance on the MoCA, DSC, and LM cognitive tests also found that 

white race was a significantly positive adjuster for performance on all three tests. This is 

concordant with prior studies suggesting that race and ethnicity are important factors that 

influence appropriate cutoffs on cognitive tests [42–44].

Only a few studies have directly assessed alterations in FC in hypertensive patients [14, 15]. 

Son et al. [14] evaluated 37 patients with AD with and without hypertension, and found that 

DMN connectivity was disrupted in the hypertensive group; however, the presence of AD in 

the underlying cohort produces difficulty in extrapolating these results to hypertensive 

patients without AD. Li et al. [15] found that FC of the left frontoparietal network was 
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disrupted in 44 hypertensive patients relative to 40 normal controls, but did not find 

significant group differences in the DMN. Furthermore, left inferior parietal lobe FC was a 

mediating pathway between disrupted WM integrity and performance on the trail making 

test. Some differences between our results and this study are likely because of differing 

designs—we did not compare FC in hypertensive patients to normal controls but rather 

assessed FC alterations in relation to global and regional WML volume within a group of 

hypertensive patients. In a smaller study comparing 15 patients with WML to 15 healthy 

controls, Ding et al. [45] found disrupted connectivity within the auditory and visual 

network in patients with ischemic WML, as well as multiple alterations in between-network 

connectivity, which was not directly assessed in our study. Our results support and further 

these conclusions, demonstrating in a much larger hypertensive cohort that overall WML 

burden is related to network-level disruption and related cognitive dysfunction.

While this study may have benefitted from the inclusion of a control group of normotensive 

patients, such a group was not included in the design of SPRINT. However, the definition of 

normotension is debated, and SPRINT itself provided evidence for redefining hypertension 

thresholds in the 2017 ACC/AHA Hypertension Guidelines [46]. We did not adjust for the 

long-term severity of hypertension; however, estimating such a metric is difficult; measures 

such as current blood pressure, duration of hypertension, and number of antihypertensive 

medications may not provide a full picture of a patient’s cumulative exposure to 

hypertension. In this study, we considered WML our primary exposure, utilizing it as a 

surrogate for how severely the patient’s brain had been affected by hypertension. This 

approach allowed us to capture effects across the full spectrum of hypertension severity 

rather than using an arbitrary cutoff to dichotomize participants into groups. However, our 

findings are thus limited to those effects related to WM damage in the setting of 

hypertension and not other potential mechanisms such as direct neuronal loss or atrophy, and 

it is also uncertain if the results could be extrapolated to conditions where other pathologies 

contribute to development of WML. We found that several demographic variables influenced 

cognitive test performance and adjusted for these; however, it remains possible that 

additional unmeasured confounders exist that could influence both WML and cognition.

Technical limitations include the use of rs-fMRI to measure FC, as the BOLD response may 

be altered in hypertension. To address this issue, we calculated the RSFA as an indirect 

measure of neurovascular coupling and demonstrated that it was not related to WML in any 

network of interest. Thus, although this remains an important consideration with potential to 

reduce study power, it is unlikely to be systematically biasing our results. The acquisition of 

rs-fMRI data across multiple sites with several different scanner models likely reduced study 

power. Finally, the cross-sectional design of this study allowed us to characterize the 

relationship between greater WML burden and brain network function, but not how 

longitudinal changes in WML over time may affect brain networks, which will be the focus 

of future studies.

Conclusions

In this cross-sectional study of the SPRINT cohort at baseline, we have found that greater 

WML volume is related to lower FC of the DMN. Furthermore, WML-related disruptions in 
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this network were found to mediate poorer cognition as measured by the MoCA. These 

findings, in combination with prior SPRINT studies, suggest that preventing progression of 

WML may slow cognitive decline in hypertensive patients without cognitive impairment. 

Future work evaluating how these measures of network FC are altered longitudinally in 

hypertension will help understand the progression of hypertension-related brain disease and 

the impact of hypertension treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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GIGICA Group information-guided independent component analysis

ICA Independent component analysis

LFPN Left frontoparietal network

LM Logical Memory

MCS Mean connectivity score

MoCA Montreal Cognitive Assessment

pDMN Posterior default mode network

ROI Region of interest

RSFA Resting state fluctuation of amplitude

rs-fMRI Resting state functional magnetic resonance imaging

SBP Systolic blood pressure

SPRINT Systolic Blood Pressure Intervention Trial

WCC White matter lesion-related cluster connectivity

WML White matter lesion
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Fig. 1. 
Default mode network (DMN). a Masked DMN map. B Connectivity—rWML correlation t 
map, indicating regions within the network where FC is correlated to rWML. Shades of red/

yellow are positive and shades of blue are negative correlations. c Scatter plot of rWML vs. 

mean connectivity score. d Scatter plot of rWML vs. WML-related cluster connectivity. 

DMN, default mode network; MCS, mean connectivity score; rWML, regional white matter 

lesion volume; WCC, WML-related cluster connectivity
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Fig. 2. 
Results from mediation analysis. The conditional process diagrams present standardized β 
FC on rWML-cognitive relationships in the DMN. The mediating effects of both cluster 

connectivity (WCC, a) and mean connectivity (MCS, b) are provided. The average causal 

mediation effects (ACME), average direct effects (ADE), and total effect point estimates are 

shown, as are 95% confidence intervals. DMN, default mode network; MCS, mean 

connectivity score; rWML, regional white matter lesion volume; WCC, WML-related 

cluster connectivity; MoCA. Montreal Cognitive Assessment
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Table 4

Multiple variable linear regression model statistics for MoCA performance as a function of WML-related 

cluster connectivity. Each model was adjusted for gray matter ratio, age, gender, and race

Predictors Cognitive test

MoCA

Beta p value

FC (DMN WCC) 2.1717 0.0040*

GMR 0.9269 0.874

Age − 0.1113 0.0000*

Gender − 0.0053 0.9858

Race (White) 2.778451 0.0091*

Race (Black) − 0.5747 0.5963

Race (Hispanic) − 0.8208 0.5168

*
p < 0.05

DMN, default mode network; GMR, gray matter ratio; WCC, WML-related cluster connectivity; MoCA, Montreal Cognitive Assessment
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