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ABSTRACT

BACKGROUND AND PURPOSE: The Systolic Blood Pressure Intervention (SPRINT) randomized trial demonstrated that intensive
blood pressure management resulted in slower progression of cerebral white matter hyperintensities, compared with standard ther-
apy. We assessed longitudinal changes in brain functional connectivity to determine whether intensive treatment results in less
decline in functional connectivity and how changes in brain functional connectivity relate to changes in brain structure.

MATERIALS AND METHODS: Five hundred forty-eight participants completed longitudinal brain MR imaging, including resting-state
fMRI, during a median follow-up of 3.84 years. Functional brain networks were identified using independent component analysis,
and a mean connectivity score was calculated for each network. Longitudinal changes in mean connectivity score were compared
between treatment groups using a 2-sample t test, followed by a voxelwise t test. In the full cohort, adjusted linear regression
analysis was performed between changes in the mean connectivity score and changes in structural MR imaging metrics.

RESULTS: Four hundred six participants had longitudinal imaging that passed quality control. The auditory-salience-language network
demonstrated a significantly larger decline in the mean connectivity score in the standard treatment group relative to the intensive
treatment group (P = .014), with regions of significant difference between treatment groups in the cingulate and right temporal/in-
sular regions. There was no treatment group difference in other networks. Longitudinal changes in mean connectivity score of the
default mode network but not the auditory-salience-language network demonstrated a significant correlation with longitudinal
changes in white matter hyperintensities (P = .013).

CONCLUSIONS: Intensive treatment was associated with preservation of functional connectivity of the auditory-salience-language network,
while mean network connectivity in other networks was not significantly different between intensive and standard therapy. A longitudinal
increase in the white matter hyperintensity burden is associated with a decline in mean connectivity of the default mode network.

ABBREVIATIONS: ASLN = auditory-salience-language network; BOLD = blood oxygen level-dependent; DMN = default mode network; FC = functional
connectivity; MCS = mean connectivity score; rs-fMRI = resting-state fMRI; rTBV = relative total brain volume; SBP = systolic blood pressure; TBV = total
brain volume; WMH = white matter hyperintensities

Blood Pressure Intervention Trial (SPRINT) demonstrated that
intensive blood pressure management (systolic blood pressure

ypertension is one of the most prevalent diseases and is asso-
ciated with significant cardiovascular and cerebrovascular

complications, including stroke and dementia."” The Systolic
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compared with standard management (SBP target, <140 mm Hg)
during a median follow-up of 3.26 years.” SPRINT further showed
that intensive therapy was associated with a lower incidence of
mild cognitive impairment between treatment groups.* A subset
of participants underwent brain MR imaging, with the intensive
group showing a slower progression of white matter hyperinten-
sities (WMH) compared with the standard group, though also
with a slightly greater decline in brain volume.> These studies indi-
cate that intensive treatment may provide an overall benefit for
cognitive health, though the mechanisms are unclear and remain a
key question for further study.®

The SPRINT MR imaging protocol included resting-state
fMRI (rs-fMRI), a noninvasive tool measuring blood oxygen
level-dependent (BOLD) signal and allowing investigation of changes
in brain functional connectivity (FC). In a study of SPRINT MR
imaging participants at baseline, the burden of WMH was inversely
related to FC of the default mode network (DMN) and of the audi-
tory-salience-language network (ASLN).” To further determine the
impact of hypertension treatment on brain health, we assessed lon-
gitudinal changes in brain functional connectivity (AFC) to deter-
mine whether intensive treatment results in less decline in FC and
how AFC relates to changes in brain structure.

MATERIALS AND METHODS

Study Cohort

This study is an analysis of SPRINT brain MR imaging data. The
trial protocol was approved by the institutional review board at
each participating site. All participants provided written informed
consent. SPRINT enrolled 9361 adults without diabetes older than
50 years of age with SBP of >130 mm Hg and an elevated cardio-
vascular risk profile. Exclusion criteria included prior stroke, diabe-
tes, dementia, and a recent cardiovascular event within 3 months.
Participants were randomized to intensive or standard SBP man-
agement. The main SPRINT outcome publication includes full
details on inclusion and exclusion criteria, randomization, loca-
tions, and the treatment protocol.” The intensive treatment group
had antihypertensive medications adjusted during the study dura-
tion to target an SBP of 120 mm Hg, whereas the standard treat-
ment group had medications adjusted to target an SBP of 135-
139 mm Hg, according to the treatment protocol. The SPRINT MR
imaging substudy included a subset of participants within 1.5-hour
driving distance of an MR imaging center (n = 475) who under-
went 2 MR imaging scans: a baseline scan within 3 months of ran-
domization and a follow-up scan approximately 4 years after
randomization. Additional participants with chronic kidney disease
(n = 73) from the SPRINT ancillary study “Mind the Kidneys”
scanned using the same brain MR imaging protocol were also
included. Exclusion criteria included claustrophobia and a non-MR
imaging—compatible device or foreign object.

Of the 548 participants who underwent both MR imaging
examinations, 15 were excluded due to the presence of structural
brain lesions. An additional 47 participants did not have techni-
cally adequate resting-state data at both timepoints (19 resting-
state data not acquired, 6 poor-quality raw images, 22 failed proc-
essing). Excessive motion resulted in exclusion of 80 additional
participants as detailed below. Four hundred six participants had
adequate longitudinal resting-state data.

MR Imaging Data Acquisition

MR images were obtained on 3T scanners at 11 sites (1 Magnetom
Skyra VD11B, 3 Magnetom Trio VB17, 2 Magnetom Verio VB17;
Siemens; 4 Achieva 3.2; Philips Healthcare; and 1 Discovery
MR750W; GE Healthcare) using a multichannel receiver head coil.
The structural MR imaging protocol included sagittal 1-mm iso-
tropic T1-weighted 3D MPRAGE, T2-weighted FLAIR, and T2-
weighted fast spin-echo sequences, described previously.” An rs-
fMRI scan was acquired using axial BOLD echo-planar imaging,
with TR/TE = 2000/25 ms, isotropic 3.5-mm voxels, and 120
volumes.

Structural Image Processing

Structural imaging was processed in a manner similar to that of
prior SPRINT studies.>®® Skull stripping was performed,'® and
intracranial tissues were segmented using a multiatlas label fusion
method."" Images were registered into the Montreal Neurological
Institute template space. WMH were identified using a deep
learning-based segmentation model.” Classifications of WMH
were assessed for quality by a neuroradiologist.

Functional Image Processing

Rs-fMRI data were preprocessed in standard fashion, as reported
previously.” These included removal of the first 6 volumes, sec-
tion-time correction, motion correction, nuisance variable regres-
sion, spatial smoothing (6-mm full width at half maximum),
bandpass filtering (0.01-0.1 Hz), and registration via the T1-
weighted scan into Montreal Neurological Institute template space,
followed by resampling to a 4-mm isotropic resolution. Scans were
excluded if any framewise motion exceeded 3.5mm and if the
mean relative displacement was 0.3 mm.'*"*> Twenty independent
components'* were identified at group-level independent compo-
nent analysis using Melodic (FSL; https://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/MELODIC)." The 20 identified components can be found
in previously published work.” Canonical networks were identified
from these by visual inspection. Subject-level independent compo-
nents were extracted using group information-guided independent

-, 16,17
component analysis'®

and were used to calculate z score maps
for each network for each study participant.”

A mean connectivity score (MCS) was calculated for each net-
work in each participant as the participant’s average within-
network FC within a 3D mask of the network generated from the
group-level independent component analysis.'® This represents a
metric of overall network coherence with greater scores reflecting
more integrated dynamics within the network'® and in this cohort,
it was found to be related to baseline volume of WMH for net-
works of interest as described below. For each network, the longi-
tudinal change in MCS (AMCS) was calculated by subtracting the
participant’s baseline MCS from the follow-up MCS, with a posi-
tive change with time indicating an overall improvement in
within-network connectivity, and a negative change indicating an
overall decline. The temporal SD of the resting-state BOLD signal
was calculated as the resting-state fluctuation of amplitude to assess
neurovascular coupling integrity."®

The DMN and ASLN were considered primary networks of in-
terest based on a baseline assessment of this cohort, which demon-
strated that the MCS of these networks correlated with the volume
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of WMH.” The MCS of the DMN at baseline was also significantly
related to performance on the Montreal Cognitive Assessment,
demonstrating a mediation effect. The MCS of the ASLN demon-
strated a nonsignificant inverse relationship with performance on
the Digit Symbol Coding Test. Additional secondary networks of
interest included the left frontoparietal network, dorsal frontal
network, basal ganglia network, and a network including the pos-
terior DMN components, which showed a relationship to WMH
but not with cognition.”

Group Level Statistical Analyses
Statistical analyses were performed using Matlab (MathWorks).

Treatment Group Comparisons. For the 2 primary networks of
interest, the AMCS was compared between the treatment groups
using a t test with a Bonferroni correction (P <.025). On the ba-
sis of the mean and SD of the MCS in the cohort at baseline, we
would expect 80% power to detect =8% decline in network MCS
for the standard compared with the intensive group. To identify
regions of the network with significant differences between treat-
ment groups, FC difference maps were calculated from the spatial
network maps of each participant at follow-up and baseline, and
a voxelwise t test was performed on the difference maps. The ¢
score map was thresholded at t = 2.588 (P < .01, uncorrected),
and Monte Carlo simulation was then performed to determine
the cluster size representative of a threshold of P <.0001, family-
wise error—corrected. Significant clusters represent the regions
within the network where AFC is the difference between treat-
ment groups. Treatment groups were also compared using a ¢ test
for AMCS for secondary networks of interest. Resting-state fluc-
tuation of amplitude was also compared between the groups for
both the baseline and follow-up scans using a 2-sample ¢ test to
evaluate evidence that group differences may be affected by dif-
ferences in neurovascular coupling.

To determine whether significant group differences or signifi-
cant clusters were influenced by differential rates of network-
wide or local atrophy, we performed a post hoc analysis in which
cortical volumes were calculated for each participant at each time
point within the entire ASLN network, within the significant
clusters, as well as cortical volumes within atlas ROIs that corre-
sponded to the significant clusters. The longitudinal change in
these cortical volumes was calculated for each participant and
compared between the 2 treatment groups using 2-sample t tests.

Subgroup Comparisons. An exploratory subgroup analysis was
conducted on the basis of age, baseline WMH burden, change in
WMH, and longitudinal change in relative total brain volume
(rTBV, defined as the ratio of total brain volume to intracranial vol-
ume). Age subgroups were defined as younger than 65 years of age
and 65 years or older. Those with high or low baseline burden of
WMH were dichotomized by the median value of 1536 mm?® for
WMH burden within supratentorial regions of the brain at baseline.
Longitudinal change in WMH subgroups were defined as those
with minimal or no substantial change (AWMH of <250 mm°) or
those with some change (AWMH of =250 mm?®). Subgroups for
longitudinal change in rTBV were defined on the basis of the me-
dian value as those with minimal or no substantial decrease across
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time (ArTBV > —0.019) or those with a larger decrease with time
(ArTBV = —0.019). The AMCS was compared between treatment
groups using a 2-sample ¢ test within each subgroup.

Longitudinal Changes in FC across the Entire Longitudinal
Cohort. To determine how longitudinal changes in FC were related
to changes in brain structure with time, we created multiple, vari-
able, linear regression models for AMCS across the entire SPRINT
longitudinal fMRI cohort within primary networks of interest.
Models were created using the AMCS as the outcome variable,
AWMH and ArTBYV as predictors, adjusting for age, sex, and race.
Because none of these covariates were significant, these variables
were removed from the final models.

RESULTS

Study Cohort

The study cohort included 406 participants: 226 in the intensive
arm and 180 in the standard arm (Fig 1). Baseline characteristics
are shown in Table 1. Participant demographics, clinical varia-
bles, and structural brain volumes were similar between treat-
ment groups at baseline. Hispanic ethnicity and Black race were
underrepresented relative to the overall SPRINT cohort. Women
made up a slightly larger proportion of the intensive group and a
smaller proportion of the standard group relative to the overall
SPRINT trial. There was a greater proportion of participants with
chronic kidney disease in the current cohort relative to the main
SPRINT trial but no difference in the estimated glomerular filtra-
tion rate between the treatment groups.

Treatment Group Comparisons

In the ASLN, there was a significant difference between groups in
AMCS (P = .014), with the intensive treatment group demon-
strating a slightly positive change with time (mean, 0.22 [SD,
1.65]) versus a slightly negative change with time in the standard
treatment group (mean, —0.19 [SD, 1.64]). In the DMN, there
was no significant difference in AMCS between groups (P = .24).

Voxelwise analysis of the longitudinal change in FC (AFC) in
the ASLN is demonstrated in Fig 2. In the standard treatment
group, the AFC map shows areas of negative change with time in
the bilateral posterior temporal lobes, right insula, and anterior
and midcingulate region and some smaller areas of mild positive
change across time in the anterior right insula and left parietal
lobe. In the intensive treatment group, there is a small region of
positive change with time in the anterior cingulate region and no
areas of decline with time. The comparison ¢ map demonstrates
the results of the voxelwise f test on AFC. The standard group
shows a significantly larger decrease in FC in the right posterior
temporal/insular and cingulate regions, relative to the intensive
group. A post hoc comparison of longitudinal change in gray
matter volumes in the ASLN network and in cortical regions cor-
responding to these clusters found no significant difference
between the 2 treatment groups (P > .05).

Additional secondary networks of interest demonstrated no
significant difference in AMCS between treatment groups (all,
P> .05). There was no difference between treatment groups in
resting-state fluctuation of amplitude to suggest systematic differ-
ences in neurovascular coupling.
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y
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FIG 1. Flow diagram for SPRINT participants undergoing fMRI.

Table 1: Characteristics of study cohort at baseline®

Intensive Treatment Group

y

Underwent baseline MRI
N =413

4-[ 111 Did not obtain follow up MRI ]

y

Underwent follow-up MRI
N =302

11 Structural Lesions

23 Technically inadequate resting-state data
8  not acquired
3 poor-quality raw images
12 DICOM processing failure

42  Excessive motion

y

Underwent analysis
N =226

Longitudinal Changes in FC across

Standard Treatment
Group (n = 180)

Intensive Treatment
Group (n = 226)

the Entire MR Imaging Cohort
In the multiple variable regression

3.86
67.5 (SD, 8.4)
60 (33.3%)

Follow-up period (median) (yr)
Age (yr)

Female sex (No.) (%)

Race (No.) (%)

382
68.4 (SD, 8.4)
89 (39.4%)

model for AMCS of the DMN, AWMH
demonstrated a negative relationship
(P = .013) and ArTBV demonstrated a

156 (69.0%) positive relationship (P = .03); however,

59 (26.1%) only AWMH was statistically significant
7 (3.1%) after Bonferroni correction for the 2
4(18%)

White 17 (65.0%)
Black 51(28.3%)
Hispanic 9 (5.0%)
Other 3 (17%)
SBP (mm Hg) 139.6 (SD, 18.4)
DBP (mm Hg) 82.2(SD, 13.2)

eGFR (mL/min/1.73 m?)
Serum creatinine level (mg/dL)

69.1(SD, 213)
11(SD, 0.4)

136.2 (SD, 18.2)
80.2 (SD, 11.2)
65.2 (SD, 19.0)

1(SD, 0.4)

models. Model parameters are listed in
Table 3. Neither AWMH nor ArTBV
were significant predictors in the model

Chronic kidney disease (eGFR <60 mL/min/
173 m?) (No.) (%)

Framingham 10-year cardiovascular disease
risk score (%)

61(33.9)

243 (SD, 12.4)

TBV (cm?) 1150.9 (SD, 117.0) 1139.3 (SD, 117.3)

rTBV/ICV) 0.82 (SD, 0.04) 0.82 (SD, 0.04)

White matter lesion volume (median) (IQR) 1.6 (0.9-3.8) 14 (0.6-3.6)
(cm’)

for AMCS of the ASLN.
fMRI findings from the SPRINT
randomized clinical trial indicated that

1

88 (38.9)
23.5(SD, 12.6)
intensive blood pressure management
results in preservation of FC as meas-
ured by MCS in the ASLN, while other
networks were not significantly differ-

Note:—DBP indicates diastolic blood pressure; IQR, interquartile range; eGFR, estimated glomerular rate; ICV, intra-

cranial volume.
* All values provided as means unless otherwise specified.

Subgroup Comparisons

Table 2 shows the results of the subgroup analyses. In those
with greater longitudinal decline in rTBV, the standard group
demonstrated greater decline in the MCS of the DMN relative to
the intensive group (P = .024, uncorrected). For the AMCS in the
ASLN, there were differences between treatment groups in the sub-
groups with greater baseline WMH volume (P = .044), older age
(P = .037), and smaller longitudinal change in rTBV (P = .0058),
with the intensive group demonstrating less longitudinal decline.

ent relative to standard therapy in our
sample. Furthermore, we observed that
worsening of WMH volume is associ-
ated with decreased FC in the DMN.

In the ASLN, FC was preserved in
the intensive group compared with the standard group, primarily
in the insula and cingulate regions, which correspond primarily to
the salience component of the network.” The salience network has
been posited to modulate redirecting attention between internal
and external stimuli.?’ In the baseline study of this cohort, ASLN
FC was also related to WMH burden and demonstrated a nonsigni-
ficant inverse relationship with performance on the Digit Symbol
Coding Test, which assesses processing speed and working mem-
ory”' However, in the current study, there was no significant
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FIG 2. Voxelwise t test comparing the longitudinal change of the ASLN between treatment groups. Comparison t map on the right (red box)
demonstrates regions of significantly more negative change with time in the standard group compared with the intensive group in the cingulate
region and right posterior insula and temporal lobe. Clusters are significant to P <<.0001 family-wise error—corrected. BL indicates baseline; FU,

Comparison t map (t-test on AFC)
(AFC = FU-BL)

Standard Group

$88
660

Intensive Group

Follow-up.

Table 2: Subgroup comparisons between treatment groups in longitudinal AMCS

Default Mode Network ASLN
Effect Size Effect Size
Standard Group Intensive Group (Cohen d) t P Value (Cohen d) t P Value

Overall 180 226 -0.12 =117 24 -0.24 —2.46 .014%
Subgroups

High baseline WMH 94 108 -0.14 -0.97 33 -0.28 -2.03 .044°

Low baseline WMH 85 n8 -0.09 -0.66 .51 -0.21 -1.47 144

High AWMH 101 96 -0.08 -0.55 .59 -0.24 -1.67 .097

Low AWMH 77 127 -0.12 -0.86 .39 -0.27 -1.86 .064

Older age 97 131 -0.12 -0.90 37 -0.28 -2.10 .037°

Younger age 83 95 -0 -0.73 47 -0.19 -.28 .20

Larger rTBV decline 87 7 -0.32 -2.27 024° -0.09 -0.64 .52

Smaller rTBV decline 93 109 0.09 0.66 .51 -0.39 -2.79 .0058°

2P <. 05, Bonferroni-corrected.
®p <. 05, uncorrected.

Table 3: Multiple variable linear regression parameters for
models of longitudinal AMCS

AMCS Model Parameters

regional changes or through other mechanisms related directly to
the hypertensive treatments.
The longitudinal changes in ASLN FC were small in magnitude,

Default Mode as were the differences between the treatment groups. This finding

Network Model ASLN Model is likely related to the short study duration of 4years relative to the

Predictors B P Value B P Value typical duration of hypertension, both study arms being treated
AWMH ~7.86 x10~’ 013 721 <1077 067 with a relatively small difference in achieved blood pressure, and the
ArTBV 0.14 .030 0.1106 17 422

relationship between longitudinal change in ASLN FC and change
in WMH or rTBV. These results suggest that intensive therapy may
impact ASLN FC independent of the effects on global WMH or
rTBV. This possibility may perhaps be through more local or

586  Shah May 2023 www.ajnr.org

small impact seen on cognitive function in other SPRINT studies.
The small effect size suggests that there may be a slow impact at the
functional network level, which may take years of treatment to man-
ifest as a larger effect or clinically apparent cognitive changes. The
treatment group differences in the ASLN FC were more prominent
in the older age subgroup and in those with greater WMH burden



at baseline. Prior studies have noted that higher blood pressure is
associated with poorer processing speed, particularly in older indi-
viduals.”® Overall, the neurocognitive significance of our findings in
the ASLN is uncertain. Future study on long-term changes in proc-
essing speed and working memory would be of interest, particularly
in the elderly or in those with greater WMH. However, in a separate
SPRINT substudy assessing domain-specific cognitive changes, no
significant difference was found in memory scores between groups,
and there was a small decline in the processing speed domain score
in the intensive treatment group.*

The DMN is disrupted in disease states such as Alzheimer dis-
ease,” including those individuals with hypertension.® While
SPRINT also demonstrated slower progression of WMH with in-
tensive compared with standard therapy,” no treatment group dif-
ference was seen in DMN FC. This result may be because of the
opposing effects of the observed changes in WMH and rTBV in
SPRINT on DMN FC. We observed an association of higher DMN
FC with both lower WMH burden and larger brain volume, and in
the prior SPRINT imaging study, intensive therapy resulted in both
lower progression of WMH volume and slightly lower brain vol-
umes,” which would predict opposing effects on DMN connectivity.
In fact, in the subgroup of participants who all had a greater decline
in rTBV, intensive therapy was associated with less decline in FC in
the DMN relative to standard treatment. Changes in FC resulting
from structural changes in WMH volume or rTBV may also be less
sensitive, either due to resiliency in FC or our ability to quantify
small changes. Furthermore, the apparent difference in FC decline
between treatment groups was small, and the study may have had
insufficient power to detect such a small change. It is possible that
studies across a longer time interval or in a larger sample may pro-
vide different results. Despite the lack of a beneficial effect of inten-
sive therapy on DMN FC, these results provide some reassurance
that intensive lowering of blood pressure does not result in an accel-
erated decline in connectivity within this network.

Limitations of this study include the longitudinal fMRI cohort
being slightly different from the overall SPRINT study, including
having less cardiovascular disease but a higher proportion of chronic
kidney disease, potentially affecting generalizability. Although hyper-
tension may theoretically impact neurovascular coupling, there was
no group difference in resting-state fluctuation of amplitude; thus,
group differences in neurovascular coupling are unlikely to have sys-
tematically affected the treatment group comparison.

There was a greater rate of loss to follow-up imaging in the
standard group and a greater number of exclusions in the intensive
group, which could introduce bias. Such bias is difficult to predict;
however, if participant losses were due to poorer cognitive function,
effects would likely be of small magnitude given the small cognitive
differences detected in other SPRINT studies. SPRINT observed lit-
tle change in domain-specific cognitive score measures” and adju-
dicated cases of dementia and mild cognitive impairment in the
MR imaging group,* reducing the power to evaluate associations
between cognitive and imaging measures. Finally, because the trial
intervention was stopped early due to a significant cardiovascular
benefit, this decision likely reduced the magnitude of longitudinal
changes in FC, given the shorter time interval, and may have
reduced the power to detect group differences.

This last point emphasizes a notable gap in the literature:
Despite the well-established role of hypertension as a risk factor for

cognitive impairment, cognitive outcomes have primarily been
investigated only as a secondary end point in studies of hyperten-
sion. Our results are in accord with the results of prior cognitive
studies from SPRINT, which found no clinically relevant differen-
ces between treatment groups in memory or processing speed,”
no significant difference in incident dementia, and only a small dif-
ference in mild cognitive impairment.* Combined with the results
from additional trials, there is mounting evidence that intensive
blood pressure management is not harmful and may be beneficial
for cognition, even in the elderly.”® However, there remains uncer-
tainty regarding the optimal treatment thresholds with regard to
cognitive outcomes, whether those goals may change across the life
span, and optimal strategies specific to patients with pre-existing
cognitive impairment, who were largely excluded from these tri-
als.*” A recent trial designed with executive function as the primary
outcome found that in older adults with mild cognitive impair-
ment, treatment with candesartan was superior to lisinopril.*®
There remains a need for additional long-term trials designed and
powered to assess the role of blood pressure management in pre-
venting cognitive decline, particularly given the increasing world-
wide prevalence of hypertension and the aging population.

CONCLUSIONS

In patients with hypertension, intensive lowering of blood pres-
sure results in preservation of FC in the ASLN, particularly in
older subjects and those with greater WMH at baseline. Greater
accumulation of WMH is related to a greater decline in the MCS
of the DMN; however, intensive blood pressure lowering did not
significantly impact longitudinal change in the DMN MCS com-
pared with standard treatment.
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