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Abstract

Background.—Resistant hypertension (RH) is associated with increased risk of cognitive
decline, stroke, and dementia. Lifestyle modification has been suggested to improve cognitive
function through its salutary effects on vascular function.

Methods.—Participants included 140 patients with RH participating in the TRIUMPH trial.
Participants were randomized to a cardiac rehabilitation-based lifestyle program (C-LIFE) or

a standardized education and physician advice condition (SEPA). Participants completed a 45-
minute cognitive test battery consisting of tests of Executive Functioning and Learning, Memory,
and Processing Speed. Biomarkers of vascular (flow mediated dilation of the brachial artery
[FMD]), microvascular, and cerebrovascular function were also collected, in addition to weight,
fitness, and ambulatory blood pressure.

Results.—Participants averaged 63 years of age, 48% female, 59% Black, and obese (mean
BMI = 36 kg/m? [SD = 4]). Cognitive performance improved across the entire cohort during the
4-montbh trial (t-scores pre = 48.9 [48, 50] vs. post = 50.0 [49, 51], P<.001). Post-intervention
Executive Function / Learning composite performance was higher for participants in C-LIFE
compared to SEPA (d = 0.37, P =.039). C-LIFE intervention effects on Memory and Processing
Speed were moderated by sex and baseline stroke risk, respectively (P =.026 and P = .043

for interactions), such that males and participants with greater stroke risk showed the greatest
cognitive changes. FMD (C-LIFE: +0.3 % [-0.3, 1.0] vs. SEPA: -1.4 % [-2.5, -0.3], P =.022), and
microvascular function (C-LIFE: 97 [65, 130] vs. SEPA: -25 [-75, 23], P<.001) were improved in
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C-LIFE compared to SEPA, whereas cerebrovascular reactivity was not (C-LIFE: -0.2 [-0.4, 0] vs.
SEPA: 0.1 [-0.2, 0.4], P =.197). Mediation analyses suggested that increased Executive Function /
Learning was associated with reduced ambulatory SBP levels secondary to weight loss (indirect
effect: B = 0.25 [0.03, 0.71]).

Conclusions.—L.ifestyle modification individuals with RH improves cognition, which appeared
to be associated with reduced ambulatory SBP changes through weight loss. Cognitive
improvements were accompanied by parallel improvements in endothelial and microvascular
function.

Introduction

Hypertension is a significant and increasingly prevalent public health concern, impacting
more than 1/3 of adults in the United States[1] and more than 1/2 of older adults

> 65 years of age.[2,3] An emerging body of evidence suggests that individuals with
resistant hypertension (RH), defined as inadequately controlled blood pressure (BP) despite
adherence to 3 or more optimally-dosed antihypertensive medications (including a diuretic),
represent an important and growing subgroup of hypertensive adults at elevated risk for
cardiovascular disease (CVD)[4] and stroke.[5] Because obesity and advancing age are

two of the strongest risk factors for the development of RH,[4,6] the prevalence of RH is
projected to continue increasing over the next several decades,[7] in parallel with increasing
levels of obesity and a relatively larger proportion of older adults within the population of
the United States .[8] Despite the increasing prevalence of RH and elevated risk of cognitive
decline and Alzheimer’s Disease and Related Dementias (ADRD),[9-11] few studies have
examined how lifestyle interventions among individuals with RH may enhance cognition.

Emerging evidence suggests that treatments to reduce BP among hypertensive patients may
mitigate risk of cognitive impairment[12,13] and improve biomarkers of cognitive risk.[14]
A number of randomized trials have demonstrated that lifestyle modifications targeting
behavioral weight loss, aerobic exercise, and dietary modification improve cognitive
outcomes.[15-17] The ENCORE study[18,19] demonstrated that the Dietary Approaches
to Stop Hypertension (DASH) diet combined with caloric restriction and aerobic exercise
conferred significant reductions in BP (~16/10 mm Hg),[19] improved CVD biomarkers,
[18] and better cognitive functioning.[20] Although the mechanisms by which reduced

BP improve cognition are not fully understood, improvements in endothelial[21,22] and
cerebrovascular functioning[23,24] have both been suggested. The present ancillary study
was designed to examine these additional hypotheses regarding cognitive performance in the
context of the TRIUMPH trial,[25] which examined the impact of a combined behavioral
weight loss intervention, using aerobic exercise, caloric restriction, and the DASH diet, on
cognitive function and associated mechanisms among adults with RH.

METHODS

The TRIUMPH study was a randomized clinical trial (RCT) designed to evaluate whether
an intensive, medically supervised lifestyle intervention, compared to an education and
advice condition, can achieve greater clinically significant BP reductions in patients with
RH.[25] Details of the primary trial have been reported previously and are described briefly
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below.[26] (NCT03001427 and NCT03001427) One hundred forty patients with RH were
randomized with 2:1 allocation to either a Center-based Lifestyle Intervention (C-LIFE)

or Standardized Education and Physician Advice (SEPA). The primary endpoint of the
TRIUMPH cognitive ancillary study was Executive Function. Secondary outcomes included
Memory and Processing Speed as well as both brachial artery and microvascular endothelial
functioning and cerebrovascular reactivity.

Participants were considered for inclusion if they met criteria for RH, as defined by
treatment for > 2 weeks with 3 or more antihypertensive medications of different classes,
including a diuretic, with clinic systolic BP (SBP) = 130 mm Hg or diastolic B(P) =80 mm
Hg (previously 140/90 mm Hg), or the need for 4 or more drugs to achieve SBP < 130 mm
Hg and DBP < 80 mm Hg, with SBP = 120 mm Hg. Other inclusion criteria included BMI
> 25 kg/m?, lack of regular moderate or vigorous physical activity, and age 35-80 years;
exclusions included moderate-severe kidney or ischemic cardiac disease, major psychiatric
illness or substance dependence, or life-limiting comorbid medical conditions. High blood
pressure was established by averaging 9 BP measurements acquired over a 3-week period
following JNC 7 guidelines[27] and medication adherence was confirmed by self-report
and and the Medication Event Monitoring System.[28] The intensity of antihypertensive
medication burden was also quantified using the Daily Defined Dose (DDD).[29]

Treatment Conditions

Participants were randomized to one of two 4-month treatment arms using a 2:1
randomization and were encouraged to maintain their prescribed antihypertensive
medications at the discretion of their physicians. The C-LIFE intervention was delivered by
a registered dietitian and licensed clinical psychologist. The C-LIFE intervention consisted
of (i) Dietary Modification. Participants received instruction on the DASH diet with caloric
and sodium restriction (<2300 mg/day). The DASH dietary eating plan was used in both
the PREMIER [30] and ENCORE[19,31] studies; (7i) Behavioral Weight Management.
Participants were provided with a target weight and underwent weekly 45-minute counseling
sessions that emphasized changes in the initiation of eating behavior, individualized
problem-solving, and maintenance of long-term behavior change; (iii) Supervised Exercise:
Participants exercised at a state-certified CR facility 3 times per week for 30-45 min at

a level of 70-85% of their initial heart rate reserve; (iv) Maintenance: Participants were
coached to maintain all components that constitute the lifestyle intervention (See Appendix
1 for more details about the C-LIFE intervention).

Participants randomized to the medical management with Standardized Education and
Physician Advice (SEPA) received a 1-hr educational session on BP management delivered
by a health educator along with a workbook that outlined an individualized diet and exercise
program, including instruction in the DASH diet with caloric restriction and the same
exercise prescription received by C-LIFE.

Cognitive Performance.—We adopted a previously described neuropsychological
battery,[32] similar to that recommended by the Neuropsychological Working Group for
vascular cognitive disorders.[33] Assessments were selected to assess those domains most
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vulnerable to the effects of RH, including Executive Function / Learning, Processing
Speed, and Memory. Executive Function refers to skills mediated by frontal-subcortical
brain circuitry that are critical to the capacity of an individual to engage successfully in
independent, purposive, self-regulated behaviors. Because Executive Function encompasses
a broad range of skills, subdomains typically include self-monitoring, inhibitory control,
working memory, cognitive flexibility, planning, mental abstraction, and problem-solving.
[34] Assessments included tests of Executive Function (Trail Making Test Part B, Stroop
Color-Word Section,[35] Animal Naming,[36] Digit Span,[37] COWA, [38] CVLT-II
Discrimination Index,[39] BVMT-R Learning[40]), Processing Speed (Trail Making Test
Part A, Stroop Word Section,[36] Stroop Color Section, Digit Symbol,[37] Ruff 2&7
Test[41]), and Memory (CVLT-11 Total Recall, CVLT-1I Free Recall, and CVLT Delayed
Recall). The neuropsychological test battery took 45-60 minutes to complete and was
administered in a fixed order of subtests using alternative forms.

Cognitive Complaints.—Participants also completed the Cognitive Difficulties Scale
(CDS) to assess self-reported cognitive complaints.[42] The CDS is a 38-item self-report
measure assessing subjective cognitive complaints in memory (immediate and delayed),
attention / executive function, language, and psychomotor praxis. The CDS was obtained on
106 (76%) of participants at baseline.

Assessment of Brachial Artery and Microvascular Endothelial Function

Flow Mediated Dilation (FMD) of the brachial artery was obtained as a marker of conduit
vessel endothelial function.[25] Microvascular Endothelial Function was assessed using
hyperemic blood flow velocity change during the first 10 seconds following deflation of the
forearm occlusion cuff that was inflated for 5-minutes as a part of the standardized FMD test
protocol.[43,44]

Cerebrovascular Reserve was assessed non-invasively using functional Near Infrared
Spectroscopy (fNIRS) using the NIRO-200NX (Hamatsu Inc., Japan). Our primary fNIRS
measure of interest was cerebrovascular changes in tissue oxygen saturation during a
standardized breath holding index (BHI).[45] Secondary outcomes included changes in
oxy-Hb and total-Hb. The BHI has been used extensively as a marker of cerebrovascular
reserve (CVR), has been shown to decrease with age,[46] is impaired among individuals
with cerebrovascular disease[47,48] and cognitive impairment,[49] and is predictive of
subsequent stroke.[50] Cerebrovascular changes were quantified as changes in tissue oxygen
saturation (TOS) from baseline to BHI, divided by baseline TOS and total BHI time (BHI =
[TOSBH - TOSBAS] x 100/ TOSBAS/DBH).[51] Voluntary breath holding was performed
with a duration of 20 to 30 seconds, with subjects who were unable to hold their breath for at
least 20 seconds excluded.

Fitness, Diet, and Obesity. Assessments of fitness, dietary patterns, and weight have been
previously described in detail.[25,26] Assessment of aerobic fitness was obtained using a
standard exercise treadmill test. DASH dietary patterns were assessed using a DASH diet
score. Weight was assessed using a standard balance scale, which was used to calculated
body mass index.
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DATA ANALYSIS

Analyses were carried out using SAS 9.4 and R 4.1.2. Before modeling changes in
cognition, subtests were first combined within domains of function following factor
analyses of both pre and post-treatment test batteries to ensure a consistent factor structure.
Factor analysis was accomplished using PROC FACTOR in SAS 9.4, residualized for

age and education and an oblique rotation (Promax). Results revealed a three factor
solution corresponding to Executive Function / Learning (TMT-B, Stroop Color-Word and
Interference sections, Animal Naming, Ruff 2&7 Accuracy, Digit Span, CVLT Distraction,
and BVMT Learning), Memory (CVLT-II Total, Immediate Recall, Delayed Recall, and
Recognition, and BVMT Total, Recall, and Recognition), and Processing Speed (DSST,
Stroop Word, COWA, TMT-A, TMT-B, and Ruff 2&7 speed). Clinical interpretation

of baseline cognitive performance was characterized by using demographically-corrected
t-scores, in which age, education, biological sex, and race are accounted for. Analyses

of changes in cognition were examined using general linear models, controlling for age,
education, race, creatinine, the Framingham Stroke Risk Profile score, and the pre-treatment
level of the respective outcome. We also explored potential treatment moderation by age,
education, biological sex, pretreatment stroke risk, and pretreatment cognitive function in
all analyses of cognitive changes. In addition to our a prioritesting of between group
differences, we also examined longitudinal changes in cognition from pre-to-post treatment
across the cohort. Time effects were tested using a repeated-measures, mixed model with
mean, demographically-corrected t-scores across domains of function. A parallel analytic
approach was utilized for the CDS.

Examination of secondary analyses included microvascular endothelial function (hyperemic
blood flow response, expressed as percent change from resting baseline) and CVR. For these
analyses, we controlled for the same covariates above as well as baseline resting level of

the outcome (e.g. baseline arterial diameter and flow rate, or tissue oxygenation index).
Tests of treatment mediation were examined using the PROCESS MACRO (template Model
6) within SAS for a priori identified mediators, including improvements in aerobic fitness,
weight loss, ambulatory SBP reductions, improved FMD, and microvascular function. We
also examined potential variations in treatment mechanisms between subgroups exhibiting
differential improvements in cognitive function following treatment (i.e. biological sex and
baseline cerebrovascular risk) (PROCESS MACRO template 14).

RESULTS

Demographic and Clinical Characteristics

As shown in Table 1, participants tended to be older, highly educated, and African-
American. Cognitive performance was generally in the Average range, with approximately
20% of participants exhibiting performance that fell consistently below expectation based
on demographic norms. Similarly, the average MoCA score for the sample fell at the
conventional threshold (MoCA = 26) for identifying mild levels of cognitive impairment
(mean MoCA = 25.4 [SD = 2.6]). Examination of baseline cognitive performance revealed
variable levels of function across different domains.
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Treatment group differences in weight, diet, and BP have been previously reported.[25]
Briefly, C-LIFE participants showed substantial weight loss (-15.3 Ibs [95% CI, -17.2 to
—13.3]) compared with modest weight loss in SEPA (-8.5 Ibs [95% CI, —11.4 to -5.6]). Both
groups showed modest improvements in DASH eating plan scores (C-LIFE: 0.6 [95% ClI,
0.3 t0 0.8]; SEPA: 0.3 [95% CI, —0.1 to 0.6]). Clinic SBP changes were observed in both
groups (C-LIFE: -12.5 [95% CI, —14.9 to —10.2] mm Hg; SEPA: -7.1 [95% CI, -10.4 to
—3.7] mm Hg), with similar reductions in clinic DBP (C-LIFE: -5.9 [95% CI, —-7.2 to -4.7]
mm Hg; SEPA: -3.7 [95% CI, 5.6 to —1.8] mm Hg) (P=0.034). Substantial ambulatory BP
reductions were also observed across both SBP (C-LIFE: —7.0 [95% CI, -8.5 to —4.0] mm
Hg; SEPA: 0.3 [95% CI, -4.0 to 3.4] mm Hg) and DBP (C-LIFE: -3.9 [95% CI, -5.3 to
—2.5] mm Hg; SEPA: 0.3 [95% CI, -2.4 to 2.8] mm Hg) (Supplemental Table 1).

Inspection of demographically corrected normative performance revealed that 102
participants (73%) exhibited at least one subtest score falling at or below -1.5 standard
deviations compared to normative levels (‘Borderline / Impaired’ range). Compromises were
most commonly observed on tests of Processing Speed (53% with = 1 impairment) followed
by Memory (31% with = 1 impairment) and Executive Functioning / Learning (29% with >
1 impairment). Across all domains, 38 individuals (27%) were free from any impairment, 46
(33%) exhibited one impairment, 22 exhibited two impairments (16%), and 34 individuals
(24%) exhibited = 3 impairments.

Cognitive Changes

Examination of longitudinal changes in cognition revealed that cognition improved from
pre-to-post treatment across the cohort (pre overall t-score: 48.9 [47.9, 49.8], post overall
t-score: 50.0 [49.0, 51.0], P<.001) (Supplemental Table 2). Examination of changes within
each cognitive domain revealed improvements within each, including Processing Speed (pre
t-score: 46.4 [45.4, 47.4], post t-score: 47.6 [46.6, 48.7], P<.001), Memory (pre t-score: 49.9
[48.5, 51.2], post t-score: 51.2 [49.9, 52.7], P=.011), and a trend for Executive Function /
Learning (pre t-score: 50.3 [49.2, 51.4], post t-score: 51.0 [49.9, 52.2], P=.075).

Examination of treatment group comparisons are presented in Table 2. Results demonstrated
that the C-LIFE group showed larger improvements in Executive Function / Learning
compared to SEPA (d = 0.37, P =.039) but did not show improvements in Memory (P =
.478) or Processing Speed (P = .763). Although we did not observe treatment improvements
in Memory or Processing Speed, examination of potential treatment moderation revealed
that treatment effects on Processing Speed were moderated by baseline stroke risk (P =
.043), such that the C-LIFE group showed better Processing Speed compared to SEPA
among those with higher baseline stroke risk (Figure 2a). In addition, the effects of treatment
on Memory were moderated by sex (P = .026), such that males in C-LIFE experienced
greater improvements in Memory relative to SEPA, with equivocal changes in females
(Figure 2b). In contrast, we found no evidence to suggest this pattern of findings was
moderated by baseline levels of cognitive function, age, or education.
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Vascular Function Changes

As reported previously[25] C-LIFE showed improvements in FMD relative to SEPA, (C-
LIFE: 0.3 % [-0.3, 1.0] vs. SEPA: -1.4 % [-2.5, -0.3], P = .022). Microvascular flow also
improved in C-LIFE compared to SEPA (C-LIFE: 104 [69, 139], SEPA: -27 [-79, 25],
P<.001).

Cerebrovascular Changes

Examination of cerebrovascular function changes focused on CVR during a breath holding
challenge. Results suggested that tissue oxygenation index (TOI) changes tended to decrease
from pre-to-post treatment across the cohort and did not differ between groups (-0.2 [-0.4, 0]
vs. 0.1 [-0.2, 0.4], P = .197). Similar results were demonstrated for changes in oxygenated
Hb and total hemoglobin index (THI), both of which decreased from pre-to-post treatment
across the cohort (P =.004 and P = .019, respectively). Although both CVR indices
decreased during the treatment period, neither oxygenated Hb (-0.3 [-0.4, -0.1] vs. 0.1 [-0.4,
0.0], P =.384) nor THI (-0.3 [-0.4, -0.1] vs. 0.1 [-0.4, 0.0], P = .615) differed between
groups. Examination of treatment group differences in the Framingham Stroke Risk Profile
score revealed reductions in stroke risk across both groups, with greater improvements in
C-LIFE compared to SEPA (-1.8 [-2.2, -1.5] vs. -1.2 [-1.7, -0.7], P = .034).

Subjective Cognitive Complaints

C-LIFE participants also exhibited reduced subjective cognitive complaints in Attention /
Executive Function (d = 0.27, P = .045) and Psychomotor Praxis (d = 0.28, P = .015),
without improvements in Memory (P =.299).

Mechanisms of Lifestyle Change and Cognitive Function

Examination of associations between putative mechanisms of interest and improvements

in Executive Function revealed that reductions in ambulatory SBP were associated with
improved Executive Function / Learning (B = -0.18, P = .032). In contrast, we found no
association between improvements in peak VO, (B = 0.05, P =.336), weight loss (B = 0.01,
P =.886), FMD (B = -0.06, P = .350), nor microvascular endothelial function (B = 0.03,

P =.662) and changes in Executive Function. Results from sequential mediation analyses
demonstrated that reductions in ambulatory SBP secondary to weight loss were most closely
associated with higher post-treatment Executive Function / Learning scores (indirect effect:
B =0.25[0.03, 0.71]) (Figure 3).

In addition to our analyses of treatment mechanisms, we also conducted explanatory
analyses of mechanisms that differential affected changes in Memory and Processing

Speed across subgroups that moderated treatment improvements. Examination of Memory
demonstrated that improvements were differentially associated with changes in clinic SBP
based on biological sex (P =.021 for interaction), which resulted in differential treatment
improvements (test for equality of conditional indirect effect: B = 1.41 [0.10, 3.86]). Follow-
up analyses revealed that reductions in clinic SBP associated with improved Memory in
males (B =-0.18, P =.019) but not in females (B = 0.03, P = .717). Parallel explanatory
analyses were conducted for changes in Processing Speed, which did not reveal any
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significant evidence that mechanistic associations varied consistently across levels of stroke
risk.

DISCUSSION

Results from the present study suggest that a structured cardiac-rehabilitation-based lifestyle
modification program, including aerobic exercise, weight loss, and dietary modification
improve executive functioning and learning among individuals with RH. Our results
demonstrated that the effects of lifestyle modification on cognitive function were explained
by reductions in SBP and that these effects were most pronounced among men with
greater levels of vascular risk. These results extend prior studies by demonstrating the
efficacy of lifestyle treatments for improving cognitive functioning, particularly executive
function,[52] among individuals with RH, who are at risk of CVD events,[53,54] as well
as cognitive decline. Our results extend these prior studies by demonstrating that reduced
ambulatory SBP due to weight loss may be an important mechanism of improved cognitive
function. Our results also demonstrated that improvements in cognition were paralleled

by improvements in endothelial and microvascular endothelial function, although these
improvements did not appear to mediate treatment-related improvements in cognition.

Previous RCTs have demonstrated that lifestyle modification using behavioral weight

loss can improve cognition among adults with hypertension. In the ENCORE trial, we
previously demonstrated that a 4-month behavioral weight loss intervention improved
cognitive performance on tests assessing executive functioning, memory, and learning.[20]
Similarly, the ENLIGHTEN trial showed similar improvements in an aerobic exercise

and dietary modification trial among older adults with cognitive impairment and CVD

risk factors, many of whom had hypertension.[54] Collectively, these observations suggest
that the lifestyle interventions improved executive functioning, without improvements

in memory. In addition, improvements in executive functioning were associated with
improvements in aerobic fitness, CVD risk profiles, dietary salt reduction, [54] and

insulin sensitivity.[53] The FINGER trial previously demonstrated that a 2-year intervention
utilizing a comprehensive intervention including exercise, diet, cognitive training, and
vascular risk reduction improved a global marker of cognitive functioning, again especially
executive function.[55] The present results therefore largely confirm prior study findings,
by demonstrating that a 4-month intervention confers small-to-moderate improvements in
cognition, especially for tests of frontal-subcortical functioning.

In addition to corroborating prior lifestyle trials, our study demonstrated that several
important biobehavioral mechanistic markers were improved in parallel with cognition. Our
findings that endothelial functioning within both conduit vessels and the microvasculature

is potentially important, as hypertension has been widely associated with endothelial
dysfunction, which occurs early over the course of hypertension development and typically
precedes target organ damage. Endothelial cells are also among the most common cell types
in the human brain,[56] constitute critical structural elements of the blood-brain-barrier,

and are uniquely sensitive to the effects of cerebral hemodynamic perturbations.[57] Brain
endothelial cells also have a prominent role in age-related neurogenesis, neuroinflammation,
and cognition within animal models.[56]
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Our finding that improvements in cognition were related to reduced ambulatory SBP but not
to other treatment mechanisms is notable and warrants further exploration. This finding is
consistent with recent results from the SPRINT-MIND trial,[13] which demonstrated that
intensive pharmacological therapy to reduce BP was protective against the development

of mild cognitive impairment,[13] despite a lack of domain-specific improvements on
cognitive testing.[58] In our prior trials of lifestyle modification for cognition, treatment
improvements have associated most closely with reductions in weight,[20] improved fitness,
[20,54] and insulin sensitivity.[53] While endothelial functioning has been associated with
cognition cross-sectionally,[59,60] it has been inconsistently improved in prior trials and
not suggested to mediate observed improvements. There are several possibilities that may
explain the lack of association between changes in aerobic fitness, weight loss, and cognitive
changes in the current study. First, in contrast to prior studies, participants in the SEPA
control condition in the present study were encouraged to alter their diet, exercise, and lose
weight, but were not provided with a supervised training regimen. Individuals in the control
group therefore differed from prior control groups in that they exhibited improvements in
aerobic fitness (3.4% [-2.3, 9.2] VO,) and weight loss (-8.5 Ibs [-11.4, -5.6]), although

not to the extent observed in the structured intervention provided in C-LIFE group (14.8%
[11.0, 18.6] VO, and -15.3 Ibs [-17.2, -13.3], respectively). This may partly explain why
performance across the entire cohort improved, which was not observed in our prior trial
among older adults with CVD risk factors.[54] In addition, multivariate regression analyses
of changes in normative performance conducted across the entire cohort (irrespective of
group) demonstrated that improvements in Executive Function and Processing Speed were
indeed associated with improved fitness (B = 0.11, P =.049 and B = .09, P = .045,
respectively), but not Memory (B = -.06, P = .744). Similarly, greater weight loss (B
=-0.24, P = .022) and greater reductions in ambulatory SBP were strongly associated

with reduced cerebrovascular oxygenation changes during our breath holding paradigm,
which may suggest that both groups experienced compensatory relaxation in cerebrovascular
reactivity indices in association with lifestyle changes.

Our findings that treatment group improvements in Memory and Processing Speed

were moderated by baseline individual differences is also novel and warrants additional
replication in other clinical trials. Sex differences in both the prevalence and rate

of cognitive decline and dementia have been widely documented,[61] with women
demonstrating a greater incidence and more rapid progression of ADRD. In addition, both
sex and stroke risk have been shown to influence the efficacy of lifestyle modification on
cognitive functioning.[62,63] Specifically, many studies have suggested that males[63,64]
and individuals with modestly elevated stroke risk may experience the greatest cognitive
gains.[65] Several mechanisms have been suggested for potential differential treatment
responses by sex, including neurohormonal function, variations in sensitivity to central
neurotrophins (e.g. BDNF), inflammatory function,[63,66] and lower small vessel disease
burden.[67] Taken together, these individual differences have led some investigators

to advocate for precision medicine approaches to tailor intervention training based on
background characteristics.[68,69] In the present findings, we found that reductions in SBP
associated with improvements in Memory among men but not women. It is possible that
this difference was influenced by baseline differences between males and females in their
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vascular risk profiles, as we found that women had higher levels of stroke risk (FSRP score:
11.3[SD =3.2] vs. 9.1 [SD = 3.1], P<.001), although differential treatment effects were
observed even after adjusting for baseline stroke risk. Moreover, male participants tended
to exhibit larger SBP reductions compared to female participants, including ambulatory
(C-LIFE males: -9.2 [-12.6, -5.8] vs. SEPA males: = +1.7 [-3.4, 6.8]; C-LIFE females:

-4.3 [-7.8, -0.8] vs. SEPA females: -0.3 [-5.0, 4.3]) and clinic SBP (C-LIFE males: -14.7
[-18.1, -11.3] vs. SEPA males: -7.2 [-12.4, -1.9]; C-LIFE females: -10.5 [-14.0, -7.1] vs.
SEPA females: -4.7 [-9.4, -0.1]), although weight loss was comparable across male and
female participants (C-LIFE males: -14.6 [-19.3, -13.7] vs. SEPA males: -9.5 [-13.7, -5.4];
C-LIFE females: -13.7 [-16.6, -10.7] vs. SEPA females: -7.4 [-11.3, -3.6]). Future studies
should attempt to expand upon our examination of individual differences to further delineate
moderators of treatment response, particularly among individuals with elevated levels of
vascular risk.

The present study had must be interpreted with its limitations in mind. First, cognitive
improvements were observed over a relatively short time period of just 4-months. It is likely
that the observed improvements may wane over time, particularly because most intensive
lifestyle programs report a decline in behavioral compliance following the initial treatment
period. The durability of the observed improvements will therefore need to be examined

in future studies. Second, the present study is limited in its use of two active treatment
groups, without the use of a ‘no lifestyle modification’ control. Third, our assessment of
cerebrovascular mechanisms is somewhat limited in that measures were obtained entirely
from peripheral and non-invasive techniques, which were prioritized to reduce participant
burden. Future studies would therefore benefit from incorporating neuroimaging and/or
cerebrospinal fluid assessments in order to delineate the effects of lifestyle modification
and reductions in BP on central nervous system mechanisms linked with ADRD pathways
of risk. This is particularly important as changes in our peripherally-assessed measures of
cerebrovascular reactivity (oxygenation assessed by fNIRS) may have been confounded by
restricted blood flow and reduced vasomotor tone, thereby constricting regional blood flow
indices within the frontal lobe. Third, endothelial function was quantified by peripheral
measures of both conduit and microvascular vessel functioning (brachial artery FMD and
hyperemic flow indices). While these indices have been associated with global measures of
small vessel disease obtained from neuroimaging, few studies have attempted to quantify the
concordance between peripheral measures like microvascular endothelial function with the
validated CNS measures of endothelial functioning.

Conclusions.

The present findings extend previous studies by demonstrating that lifestyle modification
can not only reduce blood pressure, but also improve cognition among individuals with
RH. Results also suggest that improvements in endothelial functioning and reductions

in ambulatory SBP may be informative when delineating the role of lifestyle change in
improving cognitive functioning. Future studies should examine cognitive changes from
lifestyle using CNS mechanistic markers from either neuroimaging or CSF indices in order
to more adequately delineate the causal associations between lifestyle interventions and
improved cognitive outcomes.
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Consort chart showing participant flow.
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(A) Group differences in Processing Speed by baseline stroke risk (P =.043 for interaction).
Using the Framingham Stroke Risk Profile, groups are subset into those with low (<8%),
moderate (9-11%), and high (=12%) risk of stroke from baseline assessments. (B) Group
differences in Memory by biological sex. Male participants in C-LIFE appeared to show
greater Memory improvements compared to those in SEPA, with equivocal changes in
female participants (P =.026 for interaction). Data are presented as a mean rank score within
each cognitive domain.
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Figure 3.
Mediators of higher post-treatment Executive Function / Learning. As shown, we found that

reductions in ambulatory SBP through weight loss were the only pathway demonstrating
a significant indirect effect by which treatment resulted in higher post-treatment Executive
Function / Learning.
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Table 1.

Background and clinical characteristics of the sample. Values in parentheses represent % for categorical
variables and standard deviations for continuous variables. Due to rounding, some category percentages do not
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1duosnuen Joyiny

sum to 100%.

Variable C-LIFE SEPA Total Cohort
(n=90) (n =50) (n = 140)
Age, years 62 (9) 63 (9) 63 (9)
Biological Sex
Female Sex, n (%) 43 (48%) 24 (48%) 67 (48%)
Male Sex, n (%) 47 (52%) 26 (52%) 73 (52%)
Race / Ethnicity, n (%)
African American 47 (52%) 35 (70%) 82 (59%)
White / Caucasian 39 (43%) 11 (22%) 50 (36%)
Asian 1 (1%) 1 (2%) 2 (1%)
Native American 0 (0%) 2 (4%) 2 (1%)
Hispanic 1(1%) 1(2%) 2 (1%)
Other 2 (2%) 0 (0%) 2 (1%)
Education, years 16.1 (2.3) 15.7 (2.4) 159 (2.4)
Education Level, n (%)
< High School 0 (0%) 1 (2%) 1 (1%)
High School Degree or Equivalent 6 (7%) 5 (10%) 11 (8%)
Some College 30 (33%) 13 (26%) 43 (31%)
College Degree 25 (28%) 17 (34%) 42 (30%)
Graduate Degree 29 (32%) 14 (28%) 43 (31%)
Stroke History, n (%) 6(4) 5(4) 11(8)
Clinic SBP (mm Hg) 139 (10) 140 (10) 139 (10)
Clinic DBP (mm Hg) 79 (9) 80 (8) 79 (9)
Body Mass Index (kg/m?) 36 (6) 36 (5) 36 (6)
Creatinine, umol/L 81 (33) 90 (45) 84 (38)
Diabetes 33 (37%) 11 (22%) 44 (31%)
Current smoker 1(1%) 5 (10%) 6 (4%)
Antihypertensive Medication Daily Defined Dose Sum 5.1(2) 49(2) 5.0 (2)
Number of Antihypertensive Medications 3.5(0.7) 3.4(0.8) 35(0.7)
Vascular / Cerebrovascular Function
Flow Mediated Dilation, % 2.0(24) 21(2.1) 2.0(2.3)
Microvascular Endothelial Velocity, % Change 220 (157) 251 (159) 231 (158)
Microvascular Endothelial Flow, % Change 238 (178) 269 (176) 249 (177)
Intima Medial Thickness, mm 0.77 (0.16) | 0.75(0.14) 0.76 (0.15)
Framingham Stroke Risk Profile Score 10.0 (3.4) 10.6 (3.2) 10.2 (3.4)
Breath Holding Index, TOI 1.7(11) 1.6 (1.3) 1.7(1.2)
Breath Holding Index, 02 1.1(0.8) 1.0 (0.8) 1.0 (0.8)
Breath Holding Index, THI 2.7 (6.8) 3.4 (6.7) 2.9 (6.8)
Cognitive Performance
Montreal Cognitive Assessment Battery Score 25.6 (2.4) 25.0 (3.0) 25.4 (2.6)
Executive Function/Learning, Normative t-score, mean | 46.7 (5.7) 45.9 (6.4) 46.4 (5.9)
> Normal Range 66 (73%) 37 (74%) 103 (74%)
Low Average Range 19 (21%) 8 (16%) 27 (19%)
Borderline / Impaired Range 5 (6%) 5 (10%) 10 (7%)
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Variable C-LIFE SEPA Total Cohort
(n =90) (n =50) (n = 140)
Processing Speed, Normative t-score, mean 46.6 (6.0) 45.9 (6.4) 46.4 (6.2)
= Normal Range 63 (70%) 36 (72%) 99 (71%)
Low Average Range 22 (24%) 9 (18%) 31 (22%)
Borderline / Impaired Range 5 (6%) 5 (10%) 10 (7%)
Memory, Normative t-score, mean 50.9 (7.8) 49.3 (7.8) 50.4 (8.5)
> Normal Range 77 (86%) 39 (78%) 116 (82%)
Low Average Range 9 (10%) 6 (12%) 15 (11%)
Borderline / Impaired Range 4 (4%) 5 (10%) 9 (6%)

Page 19

Total antihypertensive medication burden was quantified using the World Health Organization’s Daily Defined Dose (https://www.who.int/tools/
atc-ddd-toolkit/about-ddd). This allows for the standardization of antihypertensive dosages across a diverse array of medications. Scores therefore
correspond to the number of antihypertensive medications of a ‘typical’ dose that a participant was taking at the time of baseline assessments.
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Post-treatment levels of vascular and cerebrovascular function. Values for cognitive performance are presented

Table 2.

Page 20

as mean rank scores across subtests. Cognitive function scores are presented as model adjusted, mean rank

scores within each outcome domain. Data for both baseline and posttreatment estimates were derived from the

full, fitted regression models and may therefore differ slightly from raw values provided in Table 1.

Outcome Measure
(Primary / Secondary)

C-LIFE

SEPA

Baseline

Post-Treatment

Baseline

Post-Treatment

Executive Function / Learning, mean rank score (Primary) *

64.2 (60.5, 67.8)

66.8 (64.2, 69.4)

65.1 (60.3, 70.0)

62.6 (58.6, 66.6)

Memory, mean rank score (Secondary)

63.9 (58.6, 69.3)

66.3 (62.5, 70.0)

66.1 (58.8, 73.3)

65.5(59.7, 71.2)

Processing Speed, mean rank score (Secondary)

65.8 (60.8, 70.8)

66.0 (63.9, 68.2)

63.2 (56.4, 70.0)

66.7 (63.4, 70.0)

Vascular and Microvascular Function

Flow Mediated Dilation, % (Primary) *

2.0 (1.5, 2.5)

27(2.1,3.2)

2.1(15,2.8)

1.7 (0.8, 2.6)

Microvascular Flow (Secondary) **

233 (195, 270)

359 (320, 398)

279 (228, 330)

234 (174, 294)

Cerebrovascular Functi

on

TOI, % Oxygenation Change (Primary)

1.68 (1.42, 1.94)

1.44 (1.25, 1.64)

1.64 (1.29, 2.00)

1.64 (1.35, 1.93)

02-Hb (Primary)

1.04 (0.88, 1.21)

0.80 (0.66, 0.94)

1.05 (0.82, 1.27)

0.91(0.71, 1.10)

Framingham Stroke Risk Profile *

10.1 (9.6, 10.5)

8.3(8.0,8.7)

10.4 (9.8, 11.0)

9.0 (8.5, 9.5)

Subject

ive Cognitive Complaints

Attention / Executive Function (Secondary) *

1.91 (1.77, 2.04)

1.88 (1.77, 1.99)

1.84 (1.66, 2.01)

2.04 (1.89, 2.19)

Psychomotor Praxis (Secondary) *

1.34 (1.91, 1.48)

1.41 (1.31, 1.50)

1.48 (1.30, 1.66)

1.56 (1.43, 1.69)

Memory (Secondary)

2.05(1.91, 2.19)

2.02 (1.92, 2.12)

2.00 (1.82, 2.17)

2.15(2.01, 2.28)

P<.05 for adjusted, post-treatment comparisons of C-LIFE and SEPA

Ak
P < .01 for adjusted, post-treatment comparisons of C-LIFE

and SEPA.

TOI = tissue oxygenation index from functional near infrared spectroscopy assessments; O2-Hb = oxygenated hemoglobin from functional near

infrared spectroscopy assessments.

J Hypertens. Author manuscript; available in PMC 2023 July 01.




	Abstract
	Introduction
	METHODS
	Treatment Conditions
	Cognitive Performance.
	Cognitive Complaints.

	Assessment of Brachial Artery and Microvascular Endothelial Function

	DATA ANALYSIS
	RESULTS
	Demographic and Clinical Characteristics
	Cognitive Changes
	Vascular Function Changes
	Cerebrovascular Changes
	Subjective Cognitive Complaints
	Mechanisms of Lifestyle Change and Cognitive Function

	DISCUSSION
	Conclusions.

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Table 1.
	Table 2.

