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Pulse Pressure Impairs Cognition via White
Matter Disruption

Deborah L.O. King, Richard N. Henson®, Marta Correia(®, James B. Rowe, Cam-CAN Consortium, Kamen A. Tsvetanov

BACKGROUND: In older adults, elevated pulse pressure predicts cognitive decline, independent of overall blood pressure. It is
proposed to compromise cerebrovascular integrity, potentially leading to brain damage, though the underlying mechanisms
remain unclear. We hypothesized that pulse pressure affects cognition by disrupting white matter microstructure, and that it
does so independently of other cardiovascular risk factors.

METHODS: Latent indices of pulse pressure, overall blood pressure, and heart rate variability were estimated in a cross-
sectional, population-based cohort (n=708, aged 18-88 years). An indicator of white matter microstructure was derived
from diffusion-weighted imaging, termed the peak width of skeletonized mean diffusivity (PSMD). Cognitive function was
assessed using measures of processing speed.

RESULTS: In robust regression, pulse pressure was significantly associated with PSMD, with PSMD also being associated
with processing speed. Thus, higher pulse pressure was associated with greater white matter disruption, which in turn
was associated with slower processing. This motivated testing whether PSMD mediates the effects of pulse pressure on
processing speed using structural equation models. PSMD mediated this effect, accounting for 72% of the effect after
adjusting for age, and remained significant after adjusting for other cardiovascular factors. We then expanded the model to
show that vascular-related changes in processing speed also drive changes in higher cognitive functions.

CONCLUSIONS: High pulse pressure disrupts the microstructural integrity of white matterin the brain, leading to slower processing
speed. We propose that better management of pulse pressure could help to preserve white matter integrity and reduce
cognitive decline in later life. (Hypertension. 2025;82:1480-1491. DOI: 10.1161/HYPERTENSIONAHA.124.24543.)
e Supplement Material.
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ith increasing age, arteries lose elasticity and
Wstiffen, leading to increased pulse pressure, the

difference between systolic and diastolic blood
pressure. The resulting elevated pulse wave velocity and
augmented wave reflection allow pulsatile energy to pen-
etrate the cerebral microcirculation.” This pulsatile stress
is hypothesized to damage small cerebral vessels, trigger-
ing a cascade of events,? which leads to impaired cerebral
blood flow and hypoxia. White matter is particularly vulner-
able to hypoxia? due to its narrow, widely spaced arteri-
oles, which are less efficient at maintaining perfusion than
those in gray matter*” Hypoxia also impairs astrocytes

and oligodendrocytes, hindering white matter myelin. White
matter aging is associated with demyelination, cell death,
and macrostructural changes detectable as lesions and
hyperintensities on magnetic resonance imaging, which
are linked to cognitive impairment, including vascular
dementia. Studies have associated higher pulse pressure
with early white matter microstructure changes in middle
and old age® " suggesting that white matter microstruc-
ture mediates the relationship between pulse pressure and
cognition, independently of other cardiovascular factors.™

Diffusion-weighted imaging provides measures of
white matter microstructure, such as mean diffusivity
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King et al Pulse Pressure Impairs Cognition via White Matter
NOVELTY AND RELEVANCE
What Is New? What Is Relevant?

High pulse pressure is a commonly overlooked indica-
tor of cardiovascular health. It disrupts the microstruc-
tural integrity of white matter in the brain, leading to
slower processing speed, in otherwise healthy adults.
The effects of pulse pressure were independent of
other vascular factors and were consistent across dif-
ferent age groups.

The findings highlight how pulse pressure impacts
cerebrovascular and cognitive function, providing
insights into age-related cognitive decline and promot-
ing healthy cognition throughout the lifespan.

Clinical/Pathophysiological implications?

We propose that managing pulse pressure will help
preserve white matter integrity and reduce cognitive
decline in later life.

Nonstandard Abbreviations and Acronyms

Cam-CAN The Cambridge Center for Ageing and
Neuroscience

HRV heart rate variability

PSMD peak width of skeletonized mean
diffusivity

and fractional anisotropy, which reflect water movement.
Healthy tissues restrict water flow more than aging tis-
sues, where axonal integrity degrades and perivascular
spaces widen. However, averaging diffusion-weighted
imaging values across white matter voxels is a common
approach that sacrifices sensitivity to tissue heterogene-
ity. Individuals with a wide range of diffusion values may
have focal damage, for example, hyperintensities, even if
their mean mean diffusivity/fractional anisotropy values
are similar to others.

An alternative approach is to quantify the peak width
distribution of skeletonized mean diffusivity (PSMD),'®
representing the spread of values across the 90% of
voxels within the 5th and 95th percentiles.”® PSMD
increases nonmonotonically with age, accelerating after
60 years of age,'* suggesting it may be an early marker
of individual aging variations.'*'> PSMD associates more
strongly with markers of ischemic than neurodegen-
erative processes'®'® and is higher in individuals with
cerebrovascular disease than healthy controls.” While
PSMD has been linked to clinical status in diabetes
and hypertension, it has not been related to continuous
vascular health measures—such as pulse pressure—
in healthy aging.'"'® Understanding what drives the
increase in PSMD with age, and whether it mediates
the link between vascular factors and cognitive aging,
is important.’

White matter health is strongly linked to cogni-
tion," with PSMD outperforming established markers
of white matter injury in its association with cognitive
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performance.’®'6202" The cognitive domain that relates to
PSMD most consistently is processing speed.’29-23 This
may be due to the role of white matter tracts in transmit-
ting information rapidly. Processing speed is one of the
first cognitive domains to decline with age and is thought
to underlie declines in other cognitive domains.?*-2¢ Pre-
vious studies showed that individual differences in white
matter were associated with differences in processing
speed, which in turn linked to variance in fluid intelli-
gence.?” Fluid intelligence declines sharply with age and
is more strongly associated with elevated pulse pres-
sure than overall blood pressure or heart rate variability.'
These findings support the hypothesis that white matter
integrity mediates the relationship between pulse pres-
sure and cognition, particularly processing speed and
fluid intelligence.

Here, we tested whether pulse pressure affects cog-
nition through PSMD, using data from a large-scale,
lifespan population-based cohort of healthy adults. We
hypothesized that pulse pressure affects processing
speed via PSMD, even after accounting for other key
indicators of vascular health such as global blood pres-
sure levels and heart rate variability. Secondary hypoth-
eses included that (1) the mediation effect increases
with age and (2) it extends to fluid intelligence. To test
these hypotheses, we used 3 latent vascular factors—
pulse pressure, steady-state blood pressure and heart
rate variability'>—to better estimate underlying vascular
constructs. 3! We tested these hypotheses in a 3-step
process: (1) developing linear and mediation models; (2)
repeating these models across age subgroups; and (3)
expanding the models from processing speed to fluid
intelligence.

METHODS
Data Availability

To minimize the possibility of unintentionally sharing infor-
mation that can be used to re-identify private information, a
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subset of the data generated for this study are available at
https://github.com/DebsKing/Pulse_pressure_impairs_cog-
nition_via_white_matter_disruption.git and can be accessed at
https://camcan-archive.mrc-cbu.cam.ac.u/dataaccess/.

The raw data are available on request from https://camcan-
archive.mrc-cbu.cam.ac.uk/dataaccess/. Statistical analyses
were performed in R (version 4.0.2) and RStudio.®> PSMD
was calculated using the release 1.8.2 ( https://github.com/
miac-research/psmd/releases).'® All summary measures and R
code for regression models and SEMs are publicly available at:

Pulse Pressure Impairs Cognition via White Matter

https://github.com/DebsKing/Pulse_pressure_impairs_cog-
nition_via_white_matter_disruption.git.

Participants

We studied participants in the population-based Cam-CAN
(The Cambridge Center for Aging and Neuroscience) cohort,
which has deeply phenotyped data on =700 adults, aged 18
to 88 years, 3% (see also Supplemental Section A: Methods).
Figure 1 illustrates the analytical approach.

@CAN Blood ECG Diffusion Spotthe  Proverbs Cattell Reaction
2 L Pressure J MRI | Word Time
BMI Blood x3 HRV LF FA Spotthe  Proverbs  Cattelll  Simple p
Word
Pulse x3 HRV HF MD Cattell2  Simpleo
0o
g Heart R x3 Cattell 3 Choice p
§ l Cattell 4 Choice o
o 4 +
e
[ SSBP PP HRV PSMD Crystallized Fluid Speed
Q. n=668 n=626 n=678 n=664
|
Abilitiiiananey Figure 1. A schematic representation
e of the main stages in the data
1 processing and analysis pipeline,
) to investigate whether peak width
§ PSMD = ( SSBP  + PP +( HRV  + Age + Age? + Covariates + :=511 of skeletonized mean diffusivity
ﬁ | (PSMD), an indicator of white matter
7y disruption, mediated the relationship
2 Speed = PSMD  + Age + Age? + Covariates +& between pulse pressure (systolic-
l diastolic) and cognitive decline, in the
Cam-CAN data set (n <708).
1A Motion + Sex SO This includes regression models (middle)
PSMD and structural equation models (bottom)
/ \ sex with simple mediation models (1A-C)

PP Speed informing subsequent models (2A-B and
3A-B).For simplicity, the schematic does
not show the quadratic latent vascular

1B EEAET =570 factors. Squares represent manifest
—r Winning structure informs var!ables and circles represent latent

/ \sg,.m — subsequent models. variables. Symbols: y, mean; o, SD. BP
'—:, 5 indicates blood pressure; BMI, body
< PP Speed : . ; ;
° mass index; FA, fractional anisotropy,
2 Heart R, heart rate; HRV HF, heart rate
5 1C N n=570 variability high frequency; HRV LF, heart
® | 2A ) rate variability low frequency; MD, mean
g 1 PSMD \m.m.w Nochaneswith Ase diffusivity; PP, pulse pressure; and SSBP,
- ‘ 2B steady-state blood pressure.
o PP Speed i
=1 _ Changes across groups:
© * Young (18-44yrs)
B + Middle (44-65yrs)
wn * 0ld (65-87yrs)

fit 4
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Ability
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Latent Vascular Factors

The vascular observations were processed following our pre-
vious methodology' to construct 3 latent vascular factors:
steady-state blood pressure, pulse pressure, and heart rate
variability, unless otherwise specified. For more details, see
Supplemental Section A: Methods and Figure 1. The pulse
pressure factor was the focus of the present theory-driven
analysis, but to explore whether pulse pressure acts indepen-
dently of other vascular signals, the factor scores for all 3 latent
vascular factors were extracted and input into the statistical
models outlined below. Sensitivity analyses examined whether
the results remained consistent when using observed mea-
sures of pulse pressure instead of latent vascular factors.

Cognitive Measures
Assessments of crystallized and fluid intelligence were also
outlined previously.'? In brief, 6 observed measures were con-
densed into 2 latent variables, representing crystallized and
fluid intelligence (n=678). The difference between these latent
cognitive factors was calculated to give the ability discrepancy
score.®® The ability discrepancy was based on 3 assumptions:
(1) fluid and crystallized intelligence measurements are age-
invariant; (2) the 2 are highly correlated in youth; and (3) crystal-
lized measures remain stable with age, as previously proposed.'?
Processing speed was captured through response times in
simple and choice tasks in a single latent factor of speed (see
Supplemental Section A: Methods).

Peak Width of Skeletonized Mean Diffusivity

The fractional anisotropy and mean diffusivity maps (see
Supplemental Material: Diffusion Tensor Imaging) were used
to calculate the global peak width of skeletonized mean dif-
fusivity (PSMD), following previous work'® and detailed in
Supplemental Section A: Methods.

Analytical Integration of Vascular, White Matter
and Cognitive Measures

Pairwise relationships between vascular, cerebral, and cognitive
measures were examined using Pearson’s product-moment
correlation coefficients. Since pulse pressure appeared to have
a quadratic relationship with PSMD (Figure S6), latent vascular
factors were additionally considered in their quadratic forms in
the subsequent regression and SEM models. All variables were
standardized (mean=0, SD=1) before input into regression and
SEM models.

Outliers with undue influence motivated the use of robust
linear regression, using the MASS package with default set-
tings.?®%” We performed a series of regression models from
simple to complex, only retaining variables that benefited model
fit. Model fit was investigated using the Akaike Information
Criterion, Bayesian Information Criterion, and proportion of
variance explained. Results were deemed significant if A<0.05.
Predictor P values were adjusted with Bonferroni corrections
for the larger models with over 20 predictors.

Regression models established evidence for relationships
between pulse pressure and PSMD, and between PSMD
and processing speed (see Supplemental Section A: Linear
Regression Models). This motivated formally testing whether

Hypertension. 2025;82:1480-1491. DOI: 10.1161/HYPERTENSIONAHA.124.24543
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the effects of pulse pressure on PSMD drive individual dif-
ferences in processing speed, that is, whether an association
between pulse pressure and processing speed is mediated by
PSMD.28 This was tested in a series of SEMs using the lavaan
package.®® Schematic representations of mediation models are
shown in Figure 1. The base model directly connects the pre-
dictor (green) on the left to the dependent variable (blue) on
the right. The diagonal paths are referred to as a and b, which
together form the indirect mediating pathway (axb). The total
modeled effect of the predictor on the outcome is denoted as c,
while after accounting for the mediating pathway, the remaining
variance in the direct path is denoted as c”.

To calculate the proportion of the total effect that is explained
by the indirect pathway, we divided the indirect path estimate by
the total effect, that is, (axb)/(axb+c’). This was complicated
by instances where the direct and indirect effects counteracted
one another—so-called suppressor effects—such that the total
effect was less than the sum of the absolute effects. To over-
come this, we used absolute values.*°

The SEMs included linear and quadratic forms of age and
pulse pressure, for completeness. In this case, the total media-
tion effect was reported as the sum of the absolute linear and
quadratic pulse pressure mediation pathways: (a,xb)-+(a,xb).

Model structure was based on theory and results of regres-
sion models. Model fit was assessed for the initial model using
root mean square error of approximation and its Cl, comparative
fit index, and standardized root mean square residual. Good fit
was defined as root mean square error of approximation <0.05,
comparative fit index >0.97, and standardized root mean square
residual <0.05.*' Statistical inferences on subsequent adap-
tations to model structure were made by comparing nested
models via the likelihood ratio y? difference test (F<0.05).
Model paths were considered significant if the bootstrapped
(n=b5000) Cls did not cross zero.*2

SEM 1A explored whether the relationship between pulse
pressure and processing speed (direct path, ¢’) was medi-
ated by PSMD (indirect path, axb), above the covariates of
sex, handedness, and head motion (see Figure 1). Both linear
and quadratic expressions of pulse pressure were used as
mediators.

SEM 1A was next expanded to account for linear age in
SEM 1B. The need to include linear age was assessed by
comparing SEM 1B to a version in which the path between
Speed and age was constrained to be equal to zero. Age was
taken forwards only if it improved model fit. This process was
repeated for the inclusion of quadratic age in SEM 1C.

The winning model version from SEM 1B to c informed
the specification of an additional checking step, SEM 1D. This
model investigated whether the mediation pathway was spe-
cific to pulse pressure, over and above other vascular signals.
SEM 1D included linear and quadratic steady-state blood pres-
sure and heart rate variability factors.

Next, we used multigroup SEM (SEM 2A-B) to investigate
whether the mediation effects (in the winning model from the
SEM 1 models) varied with age. It is possible that the strength
of the entire mediation pathway changed across the lifespan in
this broad sample (18-87 years of age). In our previous study,'?
pulse pressure had unique effects on cognitive ability discrep-
ancy (the difference between crystallized and fluid intelligence)
only in older adults. Here, the cohort was categorized into 3
equally sized subgroups (n=190) of young (18-44 years),
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middle-aged (44—65 years), and old (65-87 years) adults.
The structure of SEM 1A was repeated, now additionally using
the lavaan argument for multiple subgroups. In SEM 2A, all
model paths were constrained to be equal across age groups,
whereas in SEM 2B, the a, and a, paths connecting pulse pres-
sure linear and quadratic to PSMD, were allowed to vary across
the 3 age groups. SEM 2A to b were then compared.

In the third set of models (SEM 3A-B), the mediation path-
way was expanded to test whether the effects of pulse pressure
on processing speed contribute to cognitive ability discrepancy,
which is an approximation of longitudinal decline in fluid intel-
ligence, as outlined previously.'? This tested whether individual
differences in processing speed underpin downstream differ-
ences in fluid intelligence?” The model expansion was also
motivated by previous findings that the ability discrepancy was
significantly associated with pulse pressure interacting with
age.'? By including ability discrepancy, SEM 3A became a dual-
mediation model (a,xb,xb,; see Figure 1). To check replica-
tion of Kievit et al?” SEM 3B was also run on fluid intelligence
alone, rather than ability discrepancy. In an attempt to move
closer to understanding the causal sequence of events, the final
model was compared with a version where the order of pro-
cessing speed and fluid intelligence (or ability discrepancy) was
reversed, that is, pulse pressure to PSMD to fluid intelligence to
processing speed (but covariates were again unchanged).

RESULTS

Participants

Characteristics of the 708 participants, aged 18 to 88
years, in the Cam-CAN Phase 2 are outlined in Supple-
mental Material, Participants and Supplementary Table
S1, suggesting the cohort is cognitively healthy and free
from dementia.

Peak Width of Skeletonized Mean Diffusivity

PSMD values are illustrated in Figure S3. PSMD and
linear pulse pressure correlated strongly and positively
(~=0.43, A<0.001), with a relationship that appeared to
be nonlinear (Figure S3). This motivated including qua-
dratic vascular factors in analyses. Quadratic vascular
effects are visualized in Figure S6.

Pulse Pressure Impairs Cognition via White Matter

Structural Equation Models

The relationships between pulse pressure and PSMD,
and between PSMD and processing speed, were sig-
nificant in the linear regression models (Supplemental
Section B: Results). This motivated exploring whether
the relationship between pulse pressure and process-
ing speed is mediated by PSMD. We investigated this
using a series of structural equation models of increas-
ing complexity (see Methods section: Analytical Integra-
tion of Vascular, White Matter and Cognitive Measures).
SEM 1A modeled linear and quadratic pulse pressure
contributions to processing speed, via PSMD, with a
good fit (Table S12). In SEM 1A, the total absolute effect
of linear and quadratic pulse pressure on processing
speed was significant (c=0.41, Cls=[0.33-0.52]). This
relationship was significantly mediated by PSMD (indi-
rect absolute effect: [(a,xb)+(a,xb)]=0.29, Cls=[0.22-
0.37]), accounting for 70% of the variance in the pulse
pressure-speed relationship. This mediation was partial,
meaning that the combined direct effects of linear and
quadratic pulse pressure on speed remained significant
(c,+c,/=0.12, Cls=[0.04-0.25]). SEM 1B expanded
the model to remove linear effects of age on processing
speed (Figure 2; Table S13). The total absolute effect of
linear and quadratic pulse pressure on processing speed
remained significant (c=0.14, Cls=[0.09-0.28]), as did
the mediation effect ([a,xb]+[a,xb])=0.10, Cls=[0.04—
0.17]), accounting for 72% of the variance. This media-
tion was partial, in that the combined direct effects of
linear and quadratic pulse pressure on speed remained
significant (c,’+c,’=0.04, Cls=[0.01-0.16]). To assess
the validity of including Age, SEM 1B was compared
with a model where the path to Age was constrained to
be equal to zero; the unconstrained model fit best (Table
S14), showing the importance of adjusting for age.

SEM 1C included quadratic effects of age on pro-
cessing speed (Table S15). The total absolute effect
of linear and quadratic pulse pressures on processing
speed was still significant (c=0.14, Cls=[0.08-0.27]),
as was the mediation effect ([a,xb]+[a,xb])=0.09,
Cls=[0.03-0.16]), accounting for 68% of the variance

Motion + Sex

|
PSMD

Total Absolute Effect: ¢ = 0.11, Cls = 0.04 - 0.17

Figure 2. Structural equation model
1B (n=570) with standardized betas.
Dashed lines represent insignificant
results. Squares represent manifest
variables and circles represent latent
variables. Cls=95% bootstrapped Cls.

PP indicates pulse pressure; and PSMD,
peak width of skeletonized mean diffusivity.
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in the pulse pressure-speed relationship. SEM 1C was
compared with a model where the path to Age? was con-
strained, and the constrained model fit best (Table S16),
consistent with regression analysis findings where Model
2B (excluding Age?) fit the data better than Model 2c
(including Age?). Therefore Age? was not taken forward
into SEM 1D. In a specificity analysis, SEM 1D investi-
gated whether the mediation pathway was specific to
pulse pressure, over and above other vascular signals.
SEM 1D included the steady-state blood pressure and
heart rate variability (HRV) factors, in linear and qua-
dratic forms (Figure S7; Table S17). The total absolute
effect of all vascular factors on processing speed was
significant (c=0.31, Clss=[0.24-0.62]). Pulse pres-
sure to processing speed was significantly mediated by
PSMD (indirect absolute effect: [(a,xb)+(a,xb)]=0.08,
Cls=[0.03-0.13]), accounting for 24% of the vari-
ance in the pulse pressure-speed relationship. HRV to
processing speed was also significantly mediated by
PSMD (indirect absolute effect: [(a,xb)+(a xb)]=0.07,
Cls=[0.03-0.12]), accounting for 23% of the variance
in the pulse pressure-speed relationship. The results
observed in SEM 1A to 1d remained consistent when
replacing the latent vascular estimates with observed
measures of pulse pressure and steady-state blood
pressure (Tables S18 through S23).It was possible that
the strength of the entire mediation pathway changed
with age, such that the effects of pulse pressure on
white matter and cognition vary across the lifespan. To
test this, we specified SEM 2A, where all model paths
were constrained to be equal across 3 age groups, of
young (18-44 years), middle (44-65 years), and old
(65-87 years) adults. This model was compared with
SEM 2B, where the paths connecting pulse pressure to
PSMD were allowed to vary across the 3 age groups.
SEM 2A fit the data best (Table S24), indicating that
the strength of the mediation pathway is stable across
the adult lifespan.The third set of models, motivated
by the Watershed model, tested whether the effects of
processing speed had downstream effects on higher
cognition. SEM 3A tested whether the effects of pulse
pressure on PSMD related to the ability discrepancy

Pulse Pressure Impairs Cognition via White Matter

score, a proxy for longitudinal decline in fluid intel-
ligence. To test whether the ability discrepancy was
required, SEM 3A was compared with a version where
the b, path from processing speed to the ability discrep-
ancy was constrained to zero, and the full model fit best
(Table S25), suggesting that speed did relate to ability
discrepancy. In SEM 3A (Table S26), the total absolute
effect of pulse pressure on the ability discrepancy was
significant (¢=0.03, Cls=[0.02-0.04]). However, evi-
dence for dual mediation of this relationship by PSMD
and speed was borderline (indirect absolute effect:
[(a,xb)+(a,xb)]=0.01, Cls=[0.00-0.02]). As the Water-
shed model was originally established using measures
of fluid intelligence rather than discrepancy scores,?” we
further examined whether the effects were significant
when applied to fluid intelligence itself by testing SEM
3B. Again, we first confirmed that the b, path from pro-
cessing speed to the fluid intelligence in SEM 3B was
needed, in that a model where it was constrained to zero
was worse (Table S27). The total absolute effect of pulse
pressure on fluid intelligence was significant (c=0.13,
Cls=[0.06-0.21]) (Figure 3; Table S28), as was dual
mediation of this relationship by PSMD and speed (indi-
rect absolute effect: [(a,xb)+(a,xb)]=0.04, Cls=[0.01~
0.07]), accounting for 31% of the variance in the pulse
pressure-fluid intelligence relationship. The mediation
was partial, in that the combined direct effects of lin-
ear and quadratic pulse pressure on fluid intelligence
remained significant (c,"+c,”=0.09, Cls=[0.02-0.17]).

Finally, to get closer to causality, SEM 3B was com-
pared with a model in which the direction of paths was
reversed—such that fluid intelligence came before pro-
cessing speed—using the watershed logic of Kievit et
al?” The expected order of variables fit best, independent
of the inclusion or exclusion of covariates (Tables S29
and S30).

DISCUSSION

Using a multivariate approach, we confirmed the hypoth-
esis that the effects of pulse pressure on cognition are
at least partly explained by the integrity of white matter

Motion + Sex Sex+ Age
! b, =-0.20, /
Cls =-0.29 - 0.0
PSMD Speed Figure 3. Structural equation model
: 3B (n=564).
% 6 Shows standardized betas. Dashed
\%\,%@ lines represent insignificant results.
2% sex + Age Squar.es represent manifest var.lables
: - and circles represent latent variables. PP
S s T T T T T T T T T T Ability indicates pulse pressure; and PSMD,
' ‘ Discrepancy peak width of skeletonized mean diffusivity.
PPZ2. e e e e e e - ——— -
Total Absolute Effect: c = 0.04, CIs = 0.01-0.17
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microstructure. There were 3 key findings. First, white
matter microstructure significantly and substantially
mediated the effect of pulse pressure on processing
speed. Second, the strength of this mediation was sta-
ble across the adult lifespan. Third, the effects of pulse
pressure on processing speed had downstream conse-
quences for fluid intelligence.

These findings suggest that better management
of pulse pressure, through addressing its vascular and
hemodynamic contributors, may help reduce the risk of
cognitive decline and dementia.** We suggest that there
is now sufficient evidence to motivate longitudinal and
interventional studies to test whether better managing
pulse pressure by targeting its vascular causes helps
maintain white matter microstructure and preserve cog-
nitive abilities in later life.

PSMD and Processing Speed: A Sensitive
Marker of Neurocognitive Aging

The PSMD values in Cam-CAN were similar to those in
comparable population-based cohorts,'*'® and showed
a similar profile of continuous increase with age, accel-
erating after 60 years of age.'*'® Here, the spread of
PSMD values also increased substantially with age. This
reinforces previous suggestions that PSMD may reflect
individual differences in early brain aging.

Here, we replicated previous studies showed that
increased PSMD is associated with reduced processing
speed.’®2°°23 Moreover, the association remained after
adjusting for linear and quadratic effects of age, sug-
gesting that white matter integrity is similarly important
for processing speed across the adult lifespan. Process-
ing speed has special status in studies of cognitive aging
because it is thought to be the foundation for age-related
differences in higher cognitive abilities.?*=2® Our findings
reinforce evidence that PSMD is a sensitive marker of
neurocognitive aging, with additional potential relevance
for dementia.

Pulse Pressure and White Matter Microstructure

Pulse pressure correlated strongly and positively with
PSMD, with a curvilinear relationship. The curve was
relatively flat for low levels of pulse pressure, where
incremental increases in pressure corresponded to
only marginal increases in PSMD. The curve steepened
almost exponentially at higher pressures. This could sug-
gest that, while small fluctuations of normal levels in pulse
pressure can be managed—for example, through vessel
elasticity and the Windkessel effect—pressures beyond
the limits of compensatory mechanisms penetrate the
microcirculation, and drive cerebral damage with conse-
quences for white matter integrity. Exponentially increas-
ing damage could result from positive feedback loops
driven by high pulse pressure, such as high pressure
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causing vessel calcification and remodeling, which in turn
raises the pressure further?*® Alternatively, the expo-
nential rise may reflect 2 distinct processes: a steady
increase in systolic pressure from arterial stiffening and a
biphasic trajectory in diastolic pressure—increasing dur-
ing mid-life before gradually decreasing in later life***6—
together widening pulse pressure over time. In addition,
blood pressure variability, which also increases with age
and relates to both stiffness and pulse pressure,*”~*° may
further contribute by adding hemodynamic stress and
accelerating damage.

In regression models, PSMD was uniquely associ-
ated with quadratic pulse pressure, over and above other
vascular factors. A relationship between pulse pressure
and white matter is consistent with previous studies on
vascular factors and white matter hyperintensities.%%
Pulse pressure may impair white matter microstructure
by damaging and remodeling the microvasculature, lead-
ing to hypoperfusion and in turn diffuse axonal loss,
demyelination, and inflammation.?

Independently of pulse pressure, the steady-state
blood pressure factor was also related to PSMD, although
not as strongly. It highlights the multivariate nature and
complexity of vascular aging, as previously argued.®’
Pulse pressure and steady-state blood pressure were
related to PSMD, independent of medications, support-
ing the idea that pulse pressure affects white matter
beyond antihypertensive medications.® Here, while the
linear model fit is best without medications, there were
significant interactions. Pulse pressure interacted with
beta-blockers and diuretics, while steady-state blood
pressure interacted with antihypertensives. While some
of these could be false positives, given the number of
terms (tests) in these models, they should be explored
in future work aimed at understanding the underlying
mechanisms and developing interventions for cerebro-
vascular aging.

Relating All 3: Pulse Pressure to White Matter to
Cognition

The effects of pulse pressure on PSMD, and of PSMD
on processing speed, were examined simultaneously in
mediation models. In the first model, PSMD accounted
for 70% of the direct relationship between pulse pres-
sure and processing speed. This is in line with previous
work associating pulse pressure with white matter micro-
structure®'" and white matter with cognitive perfor-
mance.'®1620-23 The mediation effect remained significant
and substantial when covarying age, and the strength of
the mediation was stable across groups of young, middle,
and old-aged participants. The importance of this result
is best considered in the context of the cohort in which it
was studied: the biggest risk factor for increasing pulse
pressure is age,**? and here, pulse pressure was studied
in an adult cohort with a broad age range (18-88 years).
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For the mediation effect to be significant over and above
age, in this cohort, suggests that there will be an even
stronger effect when it is studied in a large sample with
a smaller age range, such as in a group of middle-aged
individuals in an interventional study.

A further analysis confirmed that pulse pressure
affects white matter and cognition independently, over
and above other vascular factors. However, there was
additional significant and substantial mediation of HRV
to processing speed. Low HRV has been linked to
declines in processing speed in prior studies.?®%° This
further highlights the multifactorial nature of vascular
aging on brain health and cognitive function. Future work
should explore whether pulse pressure and HRV con-
tribute to loss of white matter integrity through similar or
different mechanisms.

The model was next expanded to include the ability
discrepancy, following the logic of the watershed hypoth-
esis, namely that age-related declines in processing speed
underpin downstream differences in higher cognition.?’
Mediation of pulse pressure on the ability discrepancy was
borderline significant. Given that the watershed hypothesis
was originally established using measures of fluid intelli-
gence,?” without adjusting for crystallized intelligence (as
in the ability discrepancy score), we repeated this dual-
mediation model with fluid intelligence as the outcome
variable instead. Mediation of pulse pressure onto fluid
intelligence, through PSMD and processing speed, was
significant, even above age. The mediation pathway
accounted for 31% of the total variance in fluid intelligence
that was related to pulse pressure. Furthermore, revers-
ing the paths (from fluid intelligence to pulse pressure)
resulted in worse model fit. These results together sup-
port the watershed hypothesis,?” and further highlight the
importance of pulse pressure in cognitive aging processes.

Avenues to Treat Pulse Pressure

We speculate that better awareness and control of pulse
pressure would slow the development and progression of
white matter damage. Evidence from the regression mod-
els here suggests that -blockers and diuretics interact
with pulse pressure, changing its effect on white matter
microstructure. Further work is needed to explore how
different interventions—including lifestyle modifications,
combination therapies, and pharmacological treatments—
can mitigate these effects. In clinical practice, combining
drugs can be more effective than doubling single-drug
dosage and reduce side effects.®® For instance, vasodila-
tors may reduce pulse pressure, and be combined with
[B-blockers to mitigate reflex tachycardia.®” Interventions
that are currently being tested include: reducing arterial
stiffness with aerobic exercise®®; lowering systolic blood
pressure with antihypertensives, to improve cardiovascular
and cognitive health, in the Systolic Blood Pressure Inter-
vention Trial (SPRINT) trial,*®-%" and several multidomain
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interventions,®? including the Finnish Geriatric Interven-
tion Study to Prevent Cognitive Impairment and Disability
(FINGER) trial, which aims to lower systolic blood pres-
sure to benefit cognition in older adults.%36*

Strengths and Limitations

Cardiovascular, cerebral, and cognitive aging have often
been studied in isolation. A key strength of this study is
that we used an integrated, multivariate approach. To do
this, we prioritized analyzing high-quality data. The Cam-
CAN cohort offers an unusual combination of multiple
vascular and brain measures with high-quality observa-
tions across multiple cognitive domains. This makes it an
excellent test bed to develop new hypotheses about the
multivariate effects of vascular aging. Developing ideas
in this way is a necessary precursor to rigorous testing in
complex and resource-demanding longitudinal and inter-
vention studies. However, it should be kept in mind that
inferences drawn from our current findings could be lim-
ited by the cross-sectional design of currently available
Cam-CAN data, in which age effects are confounded by
the effects of generational changes across people born
in different years. When there is no temporal informa-
tion, it is possible that the hypothesized direction—of x
causes Yy via the mediator—is in fact reversed.?’ Ideally,
reverse causation would be theoretically implausible for
any model developed in cross-sectional data. However,
in our models, it is possible that instead of declines in
cardiovascular health impairing cognitive abilities like
processing speed, higher cognitive abilities in fact allow
individuals to make lifestyle choices that improve their
cardiovascular health. It is also possible that a unidirec-
tional relationship in either direction is overly simplistic.
For example, regarding blood pressure, it was thought
that hypertension caused secondary endothelial dam-
age. However, there is some evidence that endothelial
dysfunction happens first, and further evidence that both
converge into a reinforcing and bidirectional relation-
ship.%5€% A similarly complex relationship may exist for
pulse pressure and cognitive abilities, which would be
difficult to untangle in cross-sectional data.

To try to address the possibility of reverse causation,
we compared model fit with alternative orders of vari-
ables. The expected order—namely, pulse pressure to
PSMD to processing speed—fit the data best. However,
this comparison is not conclusive about the true causal
direction, and future work should extend this with longi-
tudinal and interventional study designs. It is also pos-
sible that age drives changes in pulse pressure, which in
turn drive changes in white matter and cognition. In this
case, age could be modeled on the left of the vascular-
brain-cognition triangle. Investigating this in future work
will require longitudinal cohorts.

The latent vascular factor which we refer to as pulse
pressure here was created using factor analysis, as in
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our previous study,'> where it was primarily driven by the
observed measures of pulse pressure, with a smaller,
negative contribution from resting heart rate. Importantly,
the sensitivity analysis revealed that the results remained
consistent when observed measures of pulse pressure
were used instead of the latent vascular measures, fur-
ther supporting this terminology. While pulse pressure
may only be a proxy for arterial stiffness, our approach
of using a latent factor of pulse pressure may provide a
more accurate representation of arterial stiffness. This
is relevant given evidence that blood pressure estimates
from the brachial artery—as in this study—can differ sig-
nificantly from central aortic pressure.f”®® There is evi-
dence that more direct measures, such as pulse wave
velocity, explain greater variance in white matter hyper-
intensities.?® Latent variable modeling is widely used in
medical™" and psychological™™ research to improve
construct validity when direct measurement is difficult.
Currently, the Heart and Brain study is collecting mul-
tiple measures of pulse pressure, alongside ultrasound
metrics of vessel stiffness, white matter lesions and
cognitive abilities.™ The latent representation of these
detailed multimodal measures of vascular pathology may
contribute to better understanding the observed effects
on brain and cognitive aging. However, interpreting these
associations requires consideration of downstream
mechanisms that may influence the brain’s vulnerability
to pulsatile signals, independent of arterial stiffness itself.
This includes myogenic contraction,”® endothelial dys-
function,” and structural differences in intracranial arter-
ies™—such as reduced media thickness and absence of
the external elastic lamina—which may make the brain’s
microcirculation particularly vulnerable to damage from
high pulse pressure. Thus, future work should establish
whether measuring only systolic and diastolic pressures
is sufficient, or if a more comprehensive consideration of
multiple vascular factors and modeling of their multifac-
torial nature, as proposed here, is required. This includes
accounting for additional comorbidities such as hyper-
lipidemia, diabetes, and chronic kidney disease. This will
be an important step in translating the findings into clini-
cal practice, where systolic and diastolic pressures (and
heart rate) are more routinely measured.

This study took an integrated approach to vascular,
cerebral, and cognitive aging. However, the rate of bio-
logical aging may differ between organs within the same
individual.” Indeed, it is possible that individuals with high
pulse pressure and accelerated vascular aging may have
comparatively slower—and healthier—rates of cerebral
aging, for other reasons. Future research should aim to
better understand the nuances of cerebrovascular aging.

The calculation of global PSMD, as used here, sacri-
fices detail on regional specificity. This may be important
in light of evidence that some brain regions are more
vulnerable to pulsatile forces. Future work could investi-
gate tract-specific estimates of PSMD or other derived
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diffusion metrics, such as microstructural complexity,”
and more conventional white matter hyperintensities that
are routine in clinical magnetic resonance imaging,#°
and their relation to measures of cerebrovascular health,
including perfusion and cerebrovascular reactivity.5'8'82

Conclusions

This study shows that white matter microstructure
impairment mediates the effect of pulse pressure onto
cognition. We propose that better managing pulse pres-
sure by addressing vascular pathology—through lifestyle
and therapeutic approaches—may help protect cerebral
vessels and preserve cognitive abilities throughout life.

Perspectives

We show that high pulse pressure—the difference
between systolic and diastolic pressure—disrupts the
microstructural integrity of white matter in the brain,
leading to slower processing speed. The effects of pulse
pressure were over and above other vascular factors.
These findings suggest that pulse pressure is a dis-
tinct contributor to cognitive aging. Efforts to promote
lifelong cognitive health could specifically target pulse
pressure. An advantage of targeting pulse pressure is
that it is relatively simple to assess with standard equip-
ment available in routine clinical practice, or at home.
Pulse pressure could be incorporated into the routine
health screening for adults from middle age onwards.
We propose that early monitoring would be most effec-
tive because vascular-mediated injury accumulates over
a long time. Individuals with high pulse pressure could
be guided by the evidence that it can be managed with
lifestyle changes, exercise, nutrition and weight loss, and
medications. New pharmaceutical interventions which
specifically target pulse pressure are also now being
developed. In general terms, there has been a lack of
vascular therapeutic targets for dementia, due in part to
limited understanding of the multivariate nature of vas-
cular pathology. This is an area where research invest-
ment is overdue, and with broad potential benefits for
global populations. Public health policies and clinical
practice can be updated in the coming decade to target
better managing pulse pressure to preserve cognition in
old age. The first steps are to validate our findings in lon-
gitudinal cohorts and with complementary techniques.
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