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Editorial on the Research Topic
The heart-brain connection in emotions, cognition, and dementia

Introduction

The heart-brain axis to explain cognition, emotions, and the development of
dementia remains largely unknown. Conversely, the influence of the brain on the heart,
especially in old age also needs to be further explored.

Therefore, we initiated this Research Topic which includes six original and
four review papers. They complemented each other, showing the influence the
cardiovascular system has on the brain. Our goal was to provide insights into
the possible psychological, social, and biological factors involved in the heart-
brain interactions that can contribute to sickness and health. The manuscripts
examined the pathophysiological impacts of high blood pressure, arterial stiffness,
and the influence of heart function on brain and cognition. Two manuscripts
also examined the involvement of the autonomic nervous system on the
heart-brain connection. Studies presented in this Research Topic suggest that
hypertension might not be directly responsible for Alzheimers disease (AD),
but that cerebrovascular damage reduces resistance to cognitive impairment and
Alzheimer’s disease.

frontiersin.org


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://doi.org/10.3389/fnagi.2022.1074280
http://crossmark.crossref.org/dialog/?doi=10.3389/fnagi.2022.1074280&domain=pdf&date_stamp=2022-11-24
mailto:knut.hestad@inn.no
https://doi.org/10.3389/fnagi.2022.1074280
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fnagi.2022.1074280/full
https://www.frontiersin.org/research-topics/23708/the-heart-brain-connection-in-emotions-cognition-and-dementia
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

Hestad et al.

Blood and pulse pressures as risk
factors

It is well-known that blood pressure changes over time are
related to age, and that high blood pressure in people aged
50-70 is a risk factor for dementia later in life. Hypertension
is also the most important risk factor for stroke. Selback
et al. have evaluated blood pressure in older people over a
period of 35 years with four measurements [1984-86 (HUNT1
study), 1995-97 (HUNT2), 2006-08 (HUNT3), and 2017-19
(HUNT4)]. The aim of this study was to compare trajectories
of systolic blood pressure (SBP) in people with and without
a diagnosis of dementia at the time of the fourth SBP
measurement. At the 4th time point, 9,720 participants in a
community survey were assessed. Compared to those without
dementia, the participants with dementia had higher systolic
blood pressure (SBP) at the first and second measurement, but
lower SBP at the last measurement. The differences at first
and second measurement compared with the last measurement
were especially pronounced among women. Regarding dementia
subtypes, those with vascular dementia had a higher SBP than
those with the Alzheimer’s type of dementia at the second and
third measurement. Age trajectories in SBP showed that the
dementia group experienced a steady increase in SBP until about
65 years of age and a decrease from 70 to 90 years. SBP in
the group without dementia increased until 80 years before it
leveled off from 80 to 90 years. Thus, it might be “normal” to
have a steady raise in SBP until the age 80 before it levels off.
However, those who had the highest blood pressure earlier were
more likely to have a dementia diagnosis 10 years later. The
results point to the importance of treating high blood pressure
early in life. Earlier studies have indicated that the brain may
adjust to the raise in pressure, but if a subsequent fall in SBP is
too big, it may accelerate brain damage. A sudden and big SBP
drop itself may be harmful to the brain. However, the cause-
effect relationship is still uncertain. Does a significant drop
in blood pressure create the brain damage, or does the brain
damage create the blood pressure drop? With an increase in
vascular pathology in the brain, manifestations of Alzheimer’s
disease can increase. The brain of a person with longstanding
hypertension may therefore be more vulnerable to and have less
reserves to compensate for development of Alzheimer’s disease
pathologies. Hypertension does not cause Alzheimer’s disease,
but may reduce the brain reserves the individual needs to
function as a healthy person. Alzheimer’s disease develops over
years and does not manifest before the brain capacity is reduced
to a point where it cannot compensate for the underlying
pathology anymore.

Badji, Pereira et al. compared brain structure, cognitive
performances, and cerebrospinal fluid (CSF) biomarkers
of Alzheimer’s disease and neurodegeneration, between
normotensive and hypertensive (controlled, uncontrolled,
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and untreated) in a cohort of 70-year-old adults. The aim of
this study was to examine whether controlling hypertension
exerts beneficial effects on the brain. They found more white
matter pathology (lower fractional anisotropy, more white
matter hyperintensities, and enlarged perivascular space) in
hypertensive individuals compared to their normotensive
counterparts (highest in the uncontrolled participants). No
significant difference was found in MRI or CSF markers of
Alzheimer’s disease pathology when normotensives were
compared with hypertensive participants, nor among the
hypertensive groups. This supports the fact that hypertension is
not responsible for Alzheimer’s disease, but, highly responsible
for cerebrovascular damages leading to reduced brain reserves
to withstand development of plaques and tangles that are
responsible for dementia of the Alzheimer’s type.

To understand the pathomechanisms by which vascular
dysfunctions alter brain integrity, we need to know which
parameters in the vascular system impact the brain’s
function. In a second contribution to this Research Topic,
Badji, Cohen-Adad et al. studied the relationship between
arterial stiffness index (ASI) measured with infrared light
(photoplethysmography), pulse pressure (PP), and MRI
markers of white matter integrity in 17,984 participants aged
63.09 & 7.31 years from the UK Biobank. They concluded
that brachial PP is a better predictor of white matter integrity
than ASI. This was seen in those individuals younger than 75
years. No significant relationship was found between neither
peripheral PP nor ASI and white matter integrity in the
individuals older than 75 years of age. Comparing these findings
with those reported by Selback et al, there seems to be an
evidence for a shift at the age of about 75-80 regarding the
relationship between vascular dysfunctions and cognition. One
possible explanation is that a decline in blood pressure happens
as a result of brain damage after the age of 75. This important
decline in BP can further damage cerebrovascular integrity
leading to dementia.

Pathological mechanisms of the
heart impacts the brain

It is known that areas around the hippocampus usually are
the first ones to be involved in the neuropathological processes
in Alzheimer’s disease. It is also known that the hippocampus
is very sensible to oxygen deficiency due to circulation failure,
as often seen in overdoses of heroin. Niu et al. examined
neural connectivity by analyzing MRI degree centrality in the
hippocampus of patients with coronary artery disease (CAD).
They found, in the CAD patients, a reduced connectivity in
the right hippocampus, the right lingual gyrus and the left
middle frontal gyrus. These observations correlated with the
cognition scores. Niu et al. concluded that reduced cerebral
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neural connectivity may contribute to the cognitive impairment
in CAD patients. The next manuscripts also examined the
influence of heart pathology and cognitive deficits.

In a review, Myers et al. underline that atrial cardiopathy (a
structural and functional disorder of the left atrium that may
manifest as atrial fibrillation or heart failure) may contribute to
cognitive impairment. This is an important Research Topic that
has gained much interest in the literature and clinical practice
especially because arterial cardiopathy can cause stroke.

Hagberg et al. summarized knowledge regarding
consequences of out-of-hospital cardiac arrest (OHCA) on
the brain. This is clearly in line with how oxygen deficiency to
the brain may influence cognitive performance. After successful
resuscitation, concerns regarding acquired brain injury and its
sequels on cognitive functioning are relevant. Diffuse cortical
and deep gray matter lesions are the most common findings
with neuroimaging. Cognitive domains affected by OHCA
are specifically executive functions, memory, and processing
speed. Nevertheless, cognitive functions of OHCA survivors
are not routinely assessed, and there is a lack of consensus that
screening methods for cognitive changes should be applied.
However, the authors emphasize that there is a need for an
appropriate assessment as up to 50% of OHCA survivors
develop cognitive decline.

The autonomic nervous system: A
cornerstone in the heart-brain
connection

The autonomic nervous system is involved in the heart-brain
connection. The two next studies looked at different aspects of
the results of the autonomic nervous systems influence of the
heart. Dolphin et al. reviewed the research to date investigating
the cognitive effects of a non-invasive transcutaneous (t-VNS)
device, and its impact on neuro-cardiovascular stability. How do
t-VNS devices offer equivalent therapeutic potential as invasive
devices without the surgical risks? They conclude that t-VNS
shows promise as a neuro-modulatory technique in cognitive
decline, and this may be via its ability to regulate both cardiac
autonomic functions and to enhance cerebral perfusion.

Nicolini et al. studied heart rate variability as a predictor
of cognitive decline in subjects with normal cognition or Mild
Cognitive Impairment (MCI). This was a longitudinal study
with ~3-year follow-up of a previous cross-sectional study. The
participants were outpatients aged > 65 when enrolled. They
found that MCI patients had a greater response to a sympathetic
challenge at baseline, related to steeper decline in episodic
memory. A higher response to a parasympathetic challenge
predicted a lesser decline in executive functioning. Thus, these
intriguing results point to the impact of the autonomic nervous
system on cognition.
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Depression: The cardiovascular link

Hakim addressed interconnections between depression and
dementia. It is common knowledge that depression is related
to shorter life expectancy, and that older people who suffer
from depression have a higher risk than others to develop
dementia in the future. People with depression usually die from
the same diseases as others, mainly of cardiovascular diseases.
It is also known that several people with psychiatric illnesses,
including depression have an unhealthy lifestyle including
sedentary lifestyle and smoking. The conclusion of the review
is that depression may activate pro-inflammatory mediators,
which may lead to cerebral small vessels impairment, with a
consequent reduction in cerebral blood flow, causing cognitive
deficits. Inflammation is a Research Topic where a lot has been
done related to depression and heart disease. There are also data
indicating a role for inflammation in dementia.

Diabetes and sex-related brain
vulnerability

Thomas et al. examined how diabetes is associated with brain
structure and function in geriatric patients. They examined 893
patients (50% female) with MRI or CT scan and a thorough
neuropsychological examination. They found that diabetes was
associated with increased incidence of cerebral lacunes and
brain atrophy in women compared to men. Thus, this study
further supports differences in pathophysiological processes
between men and women as seen in the study of Selback
etal.

Taken together, the presented manuscripts bring further
evidence for a close connection between the cardiovascular
and the central nervous system and shed light on some
of the potential mechanisms. Knowledge gained from these
studies contributes to develop preventive approaches to
protect two vital systems, including the reduction of their
dysfunctional interactions.
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Background: Hypertension is an important risk factor for Alzheimer’s disease (AD).
The pathophysiological mechanisms underlying the relationship between AD and
hypertension are not fully understood, but they most likely involve microvascular
dysfunction and cerebrovascular pathology. Although previous studies have assessed
the impact of hypertension on different markers of brain integrity, no study has yet
provided a comprehensive comparison of cerebrospinal fluid (CSF) biomarkers and
structural brain differences between normotensive and hypertensive groups in a single
and large cohort of older adults in relationship to cognitive performances.

Objective: The aim of the present work was to investigate the differences in cognitive
performances, CSF biomarkers and magnetic resonance imaging (MRI) of brain
structure between normotensive, controlled hypertensive, uncontrolled hypertensive,
and untreated hypertensive older adults from the Gothenburg H70 Birth Cohort Studies.

Methods: As an indicator of vascular brain pathology, we measured white
matter hyperintensities  (WMHSs), lacunes, cerebral microbleeds, enlarged
perivascular space (epvs), and fractional anisotropy (FA). To assess markers of
AD pathology/neurodegeneration, we measured hippocampal volume, temporal
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cortical thickness on MRI, and amyloid-B42, phosphorylated tau, and neurofilament
light protein (NfL) in cerebrospinal fluid. Various neuropsychological tests were used
to assess performances in memory, attention/processing speed, executive function,

Results: We found more white matter pathology in hypertensive compared to
normotensive participants, with the highest vascular burden in uncontrolled participants
(e.g., lower FA, more WMHSs, and epvs). No significant difference was found in any MR
or CSF markers of AD pathology/neurodegeneration when comparing normotensive and
hypertensive participants, nor among hypertensive groups. No significant difference was

Conclusion: Our results suggest that good blood pressure control may help prevent
cerebrovascular pathology. In addition, hypertension may contribute to cognitive decline
through its effect on cerebrovascular pathology rather than AD-related pathology. These
findings suggest that hypertension is associated with MRI markers of vascular pathology

Badiji et al.
verbal fluency, and visuospatial abilities.
found in most cognitive functions between groups.
in the absence of a significant decline in cognitive functions.
Keywords: CSF (cerebrospinal fluid), hypertension, brain, MRI, white matter, aging
INTRODUCTION

Hypertension is considered to play an important role in
cognitive deficits, being mediated by microvascular dysfunction
and cerebrovascular pathology (Iadecola, 2014). Cerebral
small vessel disease has a constellation of clinical and
radiological manifestations among which white matter
hyperintensities (WMHs), lacunes, cerebral microbleeds
and enlarged perivascular spaces have been associated with
hypertension (Veglio et al., 2009; Brown et al., 2018). Advances
in neuroimaging techniques with diffusion tensor imaging
(DTI) have further improved our knowledge about the effects of
hypertension on brain microstructure (Maillard et al., 2014; de
Groot et al., 2015; Badji et al., 2019). For instance, high blood
pressure was found to be associated with reduced fractional
anisotropy (FA) in numerous white matter tracts in adults aged
46-100 years (mean 63.8) (de Groot et al., 2015). Interestingly,
DTI metrics can capture microstructural changes related to
hypertension before the appearance of irreversible white matter
damage. Indeed, these metrics can capture microstructural
changes within WMHs that are not yet visible on standard
T2 fluid attenuation inversion recovery (FLAIR) images
(Maillard et al., 2014).

Several studies have supported the vascular hypothesis of
Alzheimer’s disease (VHAD) throughout the years. It is now more
and more recognized that the critical steps that turn normal aging
into a cognitively dysfunctional vortex starts with the acquisition
of vascular risk factors such as hypertension (Baumgart et al.,
2015; de la Torre, 2018). Vascular risk factors are responsible
for the sustained cerebral hypoperfusion that follows (Baumgart
et al., 2015; de la Torre, 2018). Mechanistically, once reached
a critical threshold of cerebral hypoperfusion, hemodynamic
deterioration will damage endothelial cells, thereby cerebral
blood flow reactivity, vessel tone and vessel compliance as well as

affecting the signaling pathways between astrocytes and neurons
which in turns, ultimately lead to decline in brain metabolism and
cognitive function (de la Torre, 2018).

Midlife hypertension is particularly associated with an
increased risk of developing both Alzheimers disease (AD)
and vascular dementia. Neuropathological studies showed that
individuals with high blood pressure often have large areas of
white matter hyperintensity, ventricular enlargement and silent
infarcts, which can lead to cognitive dysfunction. A large autopsy-
based neuropathological study importantly revealed that 80% of
patients diagnosed with AD and no evidence of mixed dementia
has vascular pathology including cortical infarcts, lacunes, and
cerebral microbleeds (Toledo et al., 2013), supporting the concept
that cerebrovascular dysfunction is prominent in AD and lowers
the threshold for dementia for a given AD pathology burden
(dela Torre, 2018).

Moreover, hypertension increases pulsatile aortic stress which
promotes elastin fragmentation (Mitchell, 2014). These structural
arterial changes successively lead to functional changes in
CBF that have been associated with the rate of accumulation
of cerebral AB over time (Hughes et al, 2014; Avolio
et al, 2018). This means that overall there is a significant
overlap between hypertension, cerebrovascular lesions and
cerebral AB pathologies.

Because hypertension is a modifiable risk factor, blood
pressure control has become an important candidate for
the prevention of cerebrovascular pathology and cognitive
impairment (Gorelick et al., 2017). Although several studies
have assessed the impact of hypertension on markers of
cerebral small vessel disease, white matter integrity, AD
pathology or cognitive function, none have yet compared
these markers between normotensive vs. different hypertensive
groups (controlled, uncontrolled, and untreated hypertensives)
in a single cohort of older adults. The aim of the present
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work is to study the clinical, MRI and CSF differences
between normotensive, controlled hypertensive, uncontrolled
hypertensive and untreated hypertensive older individuals aged
70 years old. In particular, we hypothesized that uncontrolled
and untreated hypertensive participants have more vascular
pathology, AD pathology and poorer cognitive performance than
normotensive and hypertensive controlled participants.

MATERIALS AND METHODS

Study Participants

As part of the Gothenburg H70 Birth Cohort Studies, 1,203
participants (559 men and 644 women, mean age 70.5 years)
born in 1944 and registered as residents in Gothenburg agreed
to participate (Rydberg Sterner et al., 2019). This means that
all patients were assessed at ~70 years of age. A previously
published paper by Rydberg Sterner et al. (2019) contains all
procedures for the baseline examination of the Birth cohort 1944,
conducted in 2014-2016, represented in several key flow charts.
For the current study, participants were excluded if they had a
dementia diagnosis or mini-mental state examination score < 24
(n = 37), other neurological diseases (e.g., Parkinson and multiple
sclerosis) (n = 15), or missing data in MRI or neuropsychological
tests (n = 628). This left 523 individuals for the present study.
However, only a subset number of these participants (n = 322)
underwent CSF sampling via lumbar puncture. After removing
participants according to our exclusion criteria stated above and
the ones with missing variables, a total of 280 participants were
included in all CSF analysis.

A general health interview was performed by a research nurse
or a medical doctor, and consisted of questions about medical
history, including questions regarding hypertension, diabetes,
stroke, cardiac and neurological diseases, and present treatment.
The interviews also contained questions regarding educational
level, alcohol consumption and smoking. Physical examinations
were carried out by research nurses and included measurement
of blood pressure, anthropometry (i.e., height and weight), and
an ECG. Systolic and diastolic blood pressure (SBP and DBP,
respectively) were recorded in the right arm in the sitting position
after 5 min rest using a standard cuff (Umedico) (Rydberg Sterner
et al, 2019). The 12-lead ECG was coded according to the
Minnesota Code (MC) by a biomedical analyst working at the
cardiac laboratory at Sahlgrenska University Hospital.

Ethical approval was obtained from the Regional Ethical
Review Board in Gothenburg (Approval Numbers: 869-13, T076-
14, T166-14, 976-13, 127-14, T936-15, 006-14, T703-14, 006-
14, T201-17, T915-14, 959-15, T139-15), and by the Radiation
Protection Committee (Approval Number: 13-64) in accordance
with the 1964 Helsinki declaration and its later amendment.
Study participants provided written informed consent prior
to examinations.

Hypertension Classification
Participants were classified into four groups:

1) Normotensive (NT), n = 181.

i) No history of hypertension and normal blood pressure
with SBP <140 mmHg and DBP <90 mmHG at the
examination (n = 102).

ii) Previous history of hypertension but not taking
antihypertensive medication and SBP <140 mmHg
and DBP <90 mmHg at the examination (n = 79).

2) Hypertensive controlled (HTC), n = 46.

History of hypertension, currently on anti-hypertensive
treatment and SBP <140 mmHg and DBP <90 mmHg at
the examination.

3) Hypertensive treated uncontrolled (HTU), n = 63.

History of hypertension, currently on antihypertensive
medication and SBP >140 mmHg or DBP >90 mmHg at
the examination.

4) Hypertensive untreated (HU), n = 233.

i) History of hypertension, not taking antihypertensive
medication and SBP >140 mmHg or DBP >90 mmHg at
the examination (1 = 90).

ii) No history of hypertension and either SBP >140 mmHg or
DBP >90 mmHg at the examination (n = 143).

Blood Sampling

Blood samples were drawn by a research nurse after an overnight
fast. Level of total serum cholesterol, LDL, HDL and blood
glucose were analyzed at the laboratory of the Department
of Clinical Chemistry at Sahlgrenska University Hospital in
Gothenburg with the use of standard routine clinical laboratory
procedures as fully described by Rydberg Sterner et al. (2019).
DNA was extracted from individual samples of whole blood
according to standard procedures at LGC Genomics in Berlin
(Germany). All the DNA samples have been genotypes at the
University College London (UK) using the Neuro Consortium
Array (neurox2) from Illumina' as described in previous
publications (Rydberg Sterner et al., 2019; Najar et al., 2021).

Neurocognitive Assessments

Cognitive examination was performed by a psychiatric research
nurse, a psychiatrist, or a medical doctor under supervision
of a neuropsychologist. Participants underwent a series of tests
covering a broad range of cognitive domains including memory
(memory-in-reality + free recall, Thurston’s picture memory,
ADAS-Cog word memory list, and delayed recall), attention and
processing speed (figure identification, digit span forward, and
supra-span test), executive function (digit span backward and
SRBII - figure logic), verbal fluency (category fluency and letter
fluency), and visuospatial abilities (Koh’s Block test). A detailed
description of all cognitive tests and their respective scoring can
be found in Table 1.

Cerebrospinal Fluid Sampling

All CSF samples were collected through lumbar puncture by
a consultant neurologist/psychiatrist at the Neuropsychiatric
outpatient department at the Sahlgrenska University Hospital.
10 ml of CSF was collected in a polypropylene tube following
centrifugation at 1800 RCF (Relative Centrifugal Force) at

!www.illumina.com
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TABLE 1 | Description of neuropsychological tests.

Description

Score

Memory

Word List, free recall
shown five minutes previously

Thurstone’s picture memory

Memory-in-reality, delayed recall
recall the items in any order after 30 min

Attention/processing speed
Figure identification

The participants are asked to remember 12 objects
Participants are shown 28 pictures and are then asked

to recognize the correct picture among 3 others
Participants are shown objects and are prompted to

The participants are shown similar one figure and five

Total number of objects the participants remembered [0-10]

Total number of pictures the participants recognized [0-28]

Total number of words the participants remembered [0-10]

Total number of images the participants correctly identified [0-60]

additional ones and should mark the identical figures

among four others

Digit span forward
are asked to recall the sequence correctly

Supra-span test

Executive function

Digit span backward
are asked to recall the sequence backward
Figure logic
which one is different from the four others
Verbal fluency

Category fluency Participants should name as many animals as possible
within 1 min
Letter fluency Participants should produce as many words as possible

Participants hear a sequence of numerical digits and

Participants hear a 10-words list related to clothing and
are asked to recall as many words as possible

Participants hear a sequence of numerical digits and

Participants are shown five figures and need to say

Total number of “numbers” the participants were able to say [0-9]

Total number of words the participants were able to remember [0-10]

Total number of “numbers” the participants were able to say [0-10]

Total number of images the participants correctly identified [0-30]

Total number of animals the participants were able to say [0-]

Total number of object’s name the participants were able to say [0-]

that begin with the letters F, A, and S within 1 min

Visuospatial abilities
Koh’s block test

The participants are asked to assemble 4-16 blocks so

Total number of pattern the participant were able to reproduce [0-42]

that their upper surfaces replicate pattern as shown in

seven subsequent figures

20°C for 10 min and stored at —70°C pending experimental
use. CSF phosphorylated tau at threonine 181 (P-TAU) was
determined using a sandwich enzyme-linked immunosorbent
assay (ELISA) [INNOTEST® htau Ag and PHOSPHO_TAU
(P-TAU)], (Fujirebio, Ghent Belgium), as previously described
(Blennow et al., 1995; Vanmechelen et al., 2000). CSF amyloid-
B42 (AB42) was measured using a sandwich ELISA (INNOTEST®
B-amyloid 1-42), specifically constructed to measure amyloid-
B peptides starting at amino acid 1 and ending at amino
acid 42 (Sjogren et al, 2000). CSF Neurofilament light
protein (NFL) was determined using a sandwich ELISA
(UmanDiagnostics, Umed, Sweden). The limit of detection for
NFL was 125 ng/L. Laboratory procedures were accredited
by the Swedish Board for Accreditation and Conformity and
performed by board-certified laboratory technicians blinded
to clinical data.

Brain Magnetic Resonance Imaging
Analysis

Magnetic Resonance Imaging Acquisition

All participants were scanned on a 3.0T Philips Achieva system
(Philips Medical Systems) at the Aleris Clinic in Gothenburg. The
imaging protocol included a 3D T1-weighted Turbo Field Echo
(TFE) sequence to assess structural changes, a FLAIR sequence
for detection of cerebral small vessel disease (e.g., white matter

intensities and lacunes), a DTI sequence to assess white matter
microstructural integrity, a venus bold sequence (VenoBOLD)
for detection of microbleeds and a T2 weighted sequence for
detection of enlarged perivascular spaces.

The T1w acquisition was done with sagittal slices of 1.0 mm
isotropic resolution, Echo Time (TE) = 3.2 ms, Repetition Time
(TR) = 7.2 ms and field of view (FOV) = 256 mm x 256 mm,
flip angle = 9°, number of slices = 160. The FLAIR acquisition
was done with sagittal slices of 2.0 mm isotropic resolution,
TE =280 ms, TR = 4,800 ms and FOV =250 mm x 250 mm, flip
angle = 90°, number of slices = 140. DTI data were acquired with
axial slices of 3.0 mm isotropic resolution, encoded with 1 b-value
shell: 800 k s/mm?, along with 32 directions and 1 b = 0 image.
Other acquisition parameters were: TE = 83 ms, TR = 7,340 ms
and FOV = 224 mm x 224 mm, flip angle = 90°, 32 volumes.
The venus bold acquisition was done with 300 slices of 1.0 mm
isotropic resolution, TE = 20,59-24,99 ms, TR = 14,59-17,60 ms,
and FOV =220 mm x 220 mm and finally, the T2w acquisition
was done with transversal slices of 4.0 mm isotropic resolution,
TE = 80 ms, TR = 3,000 ms and FOV =230 mm x 230 mm.

Magnetic Resonance Imaging Data Processing
Magnetic  resonance imaging data management and
processing were done with our database system, the HiveDB
(Muehlboeck et al., 2014).
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T1w Processing

T1-weighted images underwent pre-processing with the
Freesurfer pipeline (version 6.0.0) which include several steps
described in the following link* including correction of motion
artifacts and spatial distortions, removal of non-brain tissue,
alignment to the Talairach standard space, field intensity
normalization, skull stripping, surface alignment, segmentation
of subcortical white matter and deep gray matter structures,
and cortical thickness estimation as the shortest distance
between each vertex on gray matter/white matter surface and
the gray matter/CSF (pial) surface (Fischl and Dale, 2000).
The Freesurfer output underwent manual visual QC to ensure
optimal estimation of thickness and volumes. For this study,
the right and left hippocampal volumes were averaged and then
adjusted for total intracranial volume. In addition, we calculated
a meta temporal ROI as the mean cortical thickness of the
entorhinal, inferior temporal, middle temporal and fusiform gyri
(Jack et al., 2017).

Diffusion Tensor Imaging Processing

Diffusion-weighted images were analyzed using the FMRIB’s
Diffusion Toolbox from FSL (Behrens et al., 2007). First, the data
was corrected for distortions caused by eddy currents and head
motion using the b0 non-diffusion data as a reference volume
(Andersson and Skare, 2002). The resulting images were skull-
striped and a diffusion tensor model was fitted at each voxel
to obtain FA maps for each subject (Beaulieu and Allen, 1994).
The FA maps were then submitted to a Tract-Based Spatial
Statistics (Smith et al., 2007) analysis, which aligned these maps to
standard space using non-linear registrations and merged them
into a single 4D file. The mean of all FA images was fed into a
skeletonization procedure to obtain a mean FA skeleton, which
was thresholded with a FA value of 0.2. This skeleton represents
the centers of all white matter tracts common to the group.
Finally, all FA images were projected onto the thresholded mean
FA skeleton, assigning the maximum FA value of the FA images
to the skeleton voxel, and obtaining an image that contains the
projected skeletonized FA data. Then, the mean FA values for
each participant was computed within the FA skeleton mask and
used in our analyses. As such the FA measure in the white matter
included in our study is the mean FA of all voxels included in
the FA skeleton and can be considered as a measure of global
FA. The mean FA in the cingulum was also obtained directly
from the ICBM-DTI-81 atlas (Mori et al., 2008) containing the
right and left ventral aspect of the cingulum, referred to as the
parahippocampal cingulum bundle.

Fluid Attenuation Inversion Recovery, T2w, and Venus Bold
Processing

All MRI images were analyzed according to the recently proposed
Standards for Reporting Vascular Changes on Neuroimaging
and standardized scales (Gregoire et al.,, 2009; Wardlaw et al,,
2013) by a trained radiologist (S.S). WMHs were classified
from 0 to 3 (none or single punctate; multiple punctate; early
confluent; and large confluent), according to the Fazekas scale
(Fazekas et al,, 1991). Lacunes were defined as having CSF

Zhttp://surfer.nmr.mgh.harvard.edu/fswiki/FreeSurfer AnalysisPipelineOverview

signal on FLAIR (hypointense), T2 (hypertensive), and T1
(hypotensive), and be 3-15 mm in size. Cerebral microbleeds
were rated according to the microbleed anatomical rating scales
(MARS) and were defined as round hypointense dots on the
venoBOLD acquisition. Microbleeds were only rated as present
or absent (Gregoire et al., 2009). Care was taken to avoid cerebral
microbleeds mimics (e.g., mineralization in the globus pallidus,
hemorrhage, partial volume artifact etc.). Enlarged perivascular
spaces were rated on T2 sequences in the centrum semiovale and
basal ganglia as follows: 0 = none, 1 = 1-10, 2 = 11-20, 3 = 21-
40, and 4 =>40, according to the validated enlarged perivascular
space rating scale (MacLullich et al., 2004; Doubal et al., 2010;
Potter et al., 2015).

Statistical Analysis

To detect potential outliers, we visualized the histograms of
all variables and computed their mean and median. Using the
1.5 interquartile rule, 26 outlier participants were excluded
from all CSF analysis. To assess differences in demographics,
clinical, MRI, neuropsychological and CSF variables between our
four groups [(i) normotensive, (ii) hypertensive controlled, (iii)
hypertensive uncontrolled, and (iv) hypertensive untreated], the
Wilcoxon test was used for non-normally distributed variables.
Chi-squared tests were used for binary variables.

Prior to analysis, the hippocampal volume where detrended
for sex and intracranial volume, the neuropsychological variables
were detrended for sex and education and the CSF variables were
detrended for sex as done previously (Voevodskaya et al., 2014;
Falahati et al., 2016). The detrending algorithm fits a generalized
linear model (GLM) to each cognitive (CSF or MRI) variable
in the control group (normotensive) to measure the effects of
the covariates (education, sex, or intracranial volume) on the
outcome in the absence of the group effect. This allows us
to model the covariates-related changes as linear drift. Then,
the regression coeflicient of the resulting GLM model (linear
drift) is used to remove the covariates-related changes from
all participants and obtain corrected values. In order to do
that, the detrended variable was first computed by summing
the residual of the model with the mean of the prediction.
Finally, a linear regression was performed on the detrended
outcome over the group variable using the whole dataset. Age
was not covaried for any of the variables since all subjects were
assessed at around 70 years old. Before running the detrending
algorithm, a preliminary GLM was performed to determine
which covariates should be included. The sex was not found
to predict hippocampal volume (p = 0.439) in our cohort and
was therefore not included as covariate in the algorithm. In
contrast, sex predicted 7 out of 12 specific tests for different
cognitive functions and was therefore added to the detrending
algorithm (p < 0.05). All statistical tests were implemented
in R version 3.5.2. Correction for multiple comparisons was
performed using the false discovery rate (FDR) procedure as
described in Benjamini and Hochberg (1995) in SPSS (IBM SPSS
25 Statistics, Chicago, IL, United States). Since the p-threshold
adjustment for significance under the Benjamini-Hochberg
procedure not only depends on the number of tests but also on
the calculated p-value for each test, original/uncorrected p-values
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were reported and only the significant ones after correction
were highlighted in bold. The adjusted threshold under which
a p-value is declared significant after the FDR correction is
shown in caption legend. The FDR correction was based on
the number of cognitive assessments within each cognitive
domain, and the number of MRI metrics within each type of
markers/sequences.

RESULTS

Table 2 shows the demographic and clinical characteristics of
participants of the four groups (NC, HTC, HTU, and UT). As
expected, SBP and DBP differed between the groups (Table 2).
However, no significant differences were found in disease
duration between the HTC and HTU groups. In general HTC,
HTU, and HU had higher BMI and lower HDL cholesterol
than NT. Interestingly HTC was found to have lower cholesterol
than NT which could be explained by the fact that 43.5% of
participants in HTC were on anti-cholesterol medication.

Normotensive Versus Hypertensive
Participants
Magnetic Resonance Imaging Markers of Alzheimer’s
Disease, Neurodegeneration and Vascular Pathology
Hypertensive participants were found to have more white matter
pathology than NT (Table 3). For instance, HTC had more
lacunes (p = 4.45e-4) than NT. HTU had more lacunes than
NT, but also lower FA (p = 3.08e-4). HTU had more WMHs
and epvsCS than NT (p = 1.29¢-4 and p = 0.026, respectively),
however, the latter was not significant after FDR corrections.
In contrast, no differences were found between NT and HU
regarding any MRI markers. HTU had more lacunes (p = 3.03e-
4), more WMHs (p = 0.022) than HU. HTU was also found to
have lower FA (p = 0.02) and more microbleeds (p = 0.037) than
HU, although these results were not significant after FDR.

No significant differences were found in MRI markers of
AD/neurodegeneration pathology between normotensives and
the hypertensive groups.

Cerebrospinal Fluid Markers of Alzheimer’s Disease
Pathology and Neurodegeneration

Hypertensives groups had comparable levels of P-TAU, NFL, and
AB42, compared to NT (Table 4), and their were no differences
in any CSF variables between the hypertensive groups.

Cognition

The cognitive performance between NT and hypertensive
participants was in general comparable (Table 5). However, HTC
performed significantly worse than HU in MMSE (Table 5,
p = 0.008). Interestingly, HTC was also found to perform worse
than HU in the Supra-span test (Table 5, p = 0.012) and Koh’s
Block test (Table 5, p = 0.011), which assess attention/processing
speed and visuospatial performance, respectively. However, the
former results were not significant after FDR correction. In
addition, HT'U participants had lower performance than HU in

delay recall memory test (p = 0.047), although this result was not
significant after FDR correction.

DISCUSSION

We examined the clinical, neurochemical and radiological
differences between normotensives and those with controlled,
uncontrolled or untreated hypertension, using MRI markers
of vascular pathology (WMHs, lacunes, microbleeds, enlarged
perivascular space, and FA), MRI and CSF markers of AD
pathology/neurodegeneration, as well as cognitive tests in a
cognitively healthy population-based sample of 70-year-olds.

Firstly, we observed a higher vascular burden in uncontrolled
hypertensive participants compared to the other groups.
Secondly, participants with treated but uncontrolled
hypertension had more vascular pathology than those
with untreated hypertension. This suggests that treatment
of hypertension may not be enough to prevent further
cerebrovascular pathology, good control of blood pressure
may also be necessary. Thirdly, CSF and MRI markers of
AD pathology/neurodegeneration did not differ between
normotensive and hypertensive participants, nor between
hypertensive subgroups, suggesting that hypertension may
be associated with cognitive changes in late life through
cerebrovascular pathology rather than AD related pathology.
Finally, in this sample of dementia-free participants, cognitive
function did not differ between normotensive and hypertensive
participants, nor between the hypertensive groups, suggesting
that MRI markers of vascular pathology can capture
cerebrovascular changes that have not yet translated into
cognitive symptoms.

Pathogenesis of Hypertensive Brain

Damage

The negative effects of hypertension on cognitive function are
best understood in terms of the brain’s need for a certain
constant perfusion threshold for optimal function. Indeed,
the brain is a highly vascularized organ, making continuous
regulation of blood flow critical to meet its high metabolic
demand (Cipolla, 2009). A high blood pressure can alter
the structure and molecular composition of cerebral blood
vessels, which ultimately compromises oxygen and glucose
delivery for proper neural function as well as removal of
metabolic waste and toxin protein such as amyloid-f plaques
and P-TAU (Iadecola, 2010; Pires et al., 2013). These alterations
render the brain more vulnerable to ischemic injury, small
vessel disease, and the development of neurodegenerative
pathologies, such as AD (Faraco and Iadecola, 2013; S6r6s et al.,
2013).

Cerebrovascular Pathology

Normotensive vs. Hypertensive Treated Controlled
Cerebral WMHs are more common and extensive in patients
with cardiovascular risk factors such as hypertension, diabetes
mellitus and heart disease (Pantoni and Garcia, 1995; Skoog,
1998; Debette and Markus, 2010; Habes et al., 2018). WMHs have

Frontiers in Aging Neuroscience | www.frontiersin.org

January 2022 | Volume 13 | Article 777475


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Badiji et al. Hypertension and Brain Integrity

TABLE 2 | Demographic and clinical characteristics.

Characteristic Normotensive NT Hypertensive treated (n = 115) Hypertensive P-value

(n=181) Controlled HTC uncontrolled HTU untreated

(n = 46) (n = 63) HU
(n =233)

Female 94 [51.93%) 18 [39.13%] 26 [41.26%) 126 [64.07%)] /
Age (y) 70.54 +£0.27 70.54 £+ 0.231 70.51 £ 0.266 70.53 £ 0.245 /
Education (elementary 170 [93.92%) 41 [89.13%] 52 [82.53%] 209 [89.69%)] NT vs. HTU (p = 0.01383)
school)
SBP (mmHg) 124.34 + 8.63 125.56 + 8.13 152.03 + 14.52 152.34 + 14.68 NT vs. HTU (p = 2.2e-16).

NT vs. HU (p = 2.2e-16).
HTC vs. HTU (p = 2.2¢-16).
HTC vs. HU (p = 2.2¢-16).

DBP (mmHg) 74.01 + 6.99 74.54 + 5.91 84.28 £ 10.52 83.467 + 8.019 NT vs. HTU (p = 7.34e-16).
NT vs. HU (p = 2.2e-16).

HTC vs. HTU (p = 3.82¢-16).

HTC vs. HU (p = 2.31e-16),

Hypertension DD (y) 0 13.85 + 10.57 11.66 + 10.37 NA /
APOE-¢4 status /
One allele 55 [30.38%] 16 [34.78%] 13 [20.63%] 71 [30.47%] /
Two alleles 2[1.10%)] 2 [4.34%)] 6[9.52%)] 6 [2.57%)] NT vs. HTU (p = 4.36e-4).

HTU vs. HU (p = 0.023)
Vascular risk factors

Diabetes 18 [9.94%] 6 [13.04%)] 14 [22.22%)] 27 [11.58%] NT vs. HTU (p = 0.023).
HTU vs. HU (p = 0.050).

Current smoking 18 [9.94%] 5[10.86%)] 2[3.17%] 12 [56.15%] /

Alcohol risk consumption 93.41 +£92.31 104.39 £+ 100.48 72.85 £+ 69.71 87.82 +96.16 /

(grams per week)

BMI (km/m?) 24.84 +3.87 26.74 £ 3.26 28.17 £4.75 26.01 + 4.20 NT vs. HTC (p = 3.92e-5).

NT vs. HTU (p = 4.42e-07).
NT vs. HU (p = 2.94e-4).
HTU vs. HU (p = 1.02e-4).

Medical conditions

Ischemic heart diseases 19 [10.49%)] 7 [15.21%) 9 [14.28%] 14 [6.00%] /

Heart failure 2 [1.10%)] 2 [4.34%)] 2 [3.17%] 2[0.85%)] /

Atrial fibrillation 14 [7.73%] 7 [156.21%] 3[4.76%] 13 [6.57%] HTU vs. HU (p = 0.030)
Stroke

Lipid profile

Tot cholesterol, mmol/L 557 £1.18 499 +£1.25 523+1.05 5.68 +£1.20 NT vs. HTC (p = 3.70e-4).

NT vs. HTU (o = 0.035).
HTC vs. HTU (p = 7.50e-5).
HTU vs. HU (p = 6.840e-4).

LDL cholesterol, mmol/L 3.53+1.06 3.16+1.05 3.27 +£0.92 3.63 + 1.04 NT vs. HTC (o = 0.039).
HTC vs. HU (p = 8.3%-4).
HTU vs. HU (p = 0.015).

HDL cholesterol, mmol/L 1.74 £0.55 1.50 £ 0.43 1.51 £ 0.40 1.76 £ 0.52 NT vs. HTC (p = 6.89e-4).
NT vs. HTU (p = 3.38e-4).
HTC vs. HTU (p = 1.80e-4).
HTU vs. HU (p = 3.01e-5).

Anti-cholesterol medication, 33 (18.2%) 20 (43.5%) 34 (53.96%) 39 (16.7%) NT vs. HTC (p = 6.28e-4).

number, and (%) NT vs. HTU (p = 1.097e-7).
HTC vs. HU (p = 1.129e-4).
HTU vs. HU (p = 3.265e-09).

Data are presented as means =+ standard deviations or number [proportion%]. y, years; SBF, systolic blood pressure; DBR, diastolic blood pressure; DD, disease duration;
APOE-¢4, apolipoprotein ¢4 allele; Tot, total; LDL, low-density lipoprotein; HDL, high-density lipoprotein. Ischemic heart diseases are defined by either myocardial infarction
or angina pectoris. Information about diabetes was ascertained based on self-report medical history, use of hypoglycemic medications (diet, oral hypoglycemic agents,
or insulin), or fasting blood glucose > 7.0 mmol/L or non-fasting blood glucose (noFBG) > 11 mmol/L as suggested by the American Diabetes Association’s (American
Diabetes Association, 2019). Only results with uncorrected p < 0.05 are shown. Significant results after FDR are in bold. Adjusted threshold with FDR are p = 0.008 for
education, APOE-¢4, diabetes and atrial fibrillation, p = 0.033 for SBP, DBF, BMI, and HDL cholesterol, p = 0.016 for LDL cholesterol and p = 0.025 for total cholesterol.
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TABLE 3 | Differences in MRI variables among normotensive and hypertensive participants (treated controlled, uncontrolled, or untreated).

Normotensive Hypertensive treated (n = 115) Hypertensive P-value
NT Controlled HTC uncontrolled HTU untreated
(n=181) (n = 46) (n = 63) HU
(n =233)
Gray matter
Temporal thickness 291 +0.14 2.89+£0.13 292 +£0.14 2.92 £0.12 /

Hippocampal volume

Microstructure
FA cingulum
FA white matter

cSVD markers
Microbleed
WMHSs

epvsCS
epvsBG
Lacunes

3951.373 + 384.478

0.23+0.05
0.40 4+ 0.06

0.24 + 1.04 [0-12]
0.99 + 0.57 [0-3]

1.95 + 0.74 [1-4]
1.24 £ 0.52 [1-3]
0.05 & 0.28 [0-3]

3792.429 + 431.198

0.22 +£0.02
0.39 4 0.06

0.24 + 0.97 [0-6]
1.06 & 0.71 [0-3]

NA
NA
0.17 + 0.44 [0-2]

3926.912 + 454.671

0.23 4+ 0.02
0.39 4+ 0.05

0.81 + 3.04 [0-22]
1.30 + 0.73 [0-3]

2.21 +0.81 [1-4]
1.35 + 0.63 [1-4]
0.25 + 0.59 [0-2]

3898.623 + 417.834

0.23+0.05
0.40 +0.05

0.18 + 0.83 [0-8]
1.08 + 0.63 [0-3]

1.97 + 0.82 [0-4]
1.25 + 0.56 [0-3]
0.073 + 0.32 [0-3]

NT vs. HTC (p = 0.0308).
HTC vs. HU (p = 0.0405).

/

NT vs. HTU (p = 3.08e-4).
HTU vs. HU (o = 0.020).

HTU vs. HU (o = 0.037)

NT vs. HTU (p = 1.29e-4).
HTU vs. HU (o = 0.022).

NT vs. HTU (o = 0.026).
/
NT vs. HTC (p = 4.45e-4).

NT vs. HTU (p = 3.35¢-5).
HTC vs. HU (o = 0.03).
HTU vs. HU (p = 3.02e-4).

Data are presented as means =+ standard deviations [range] is added for non-continuous variables. FA, fractional anisotropy; cSVD, cerebral small vessel disease; WMHs,
white matter hyperintensities; epvs, enlarged perivascular space; CS, centrum semiovale; BG, basal ganglia. Only results with uncorrected p < 0.05 are shown. Significant
results after FDR are in bold. Adjusted threshold with FDR are p = 0.008 for white matter microstructure and cerebral microbleeds and p = 0.011 for all cSVD markers.

TABLE 4 | Differences in CSF variables among normotensive and hypertensive participants (treated controlled, uncontrolled, or untreated).

Normotensive Hypertensive treated (n = 60) Hypertensive untreated P-value
NT Controlled HTC uncontrolled HTU HU
(n=81) (n=22) (n =38) (n=113)
P-tau 44.41 £12.02 48.95 + 15.24 44.37 £12.07 47.80 £ 12.48 /
NFL 723.69 + 270.94 702.38 +224.34 724.70 £271.42 728.20 +219.70 /
AB42 717.87 +280.68 721.84 +229.71 731.19 £281.78 726.39 + 226.15 /

Data are presented as means =+ standard. P-TAU, phosphorylated TAU; NFL, neurofibril, AB42. Only results with uncorrected p < 0.05 are shown. Significant results after

FDR are in bold.

been characterized by different pathologies, including axonal
and myelin loss, astrogliosis, reduction of oligodendrocytes,
microglial activation and white matter infarction (Braffman et al.,
1988; Fazekas et al, 1993). This explains why the different
mechanisms contributing to the heterogeneous pathology within
WMHs have not been completely elucidated yet (Joutel
and Chabriat, 2017). Cerebral hypoxia due to stenosis or
occlusion of vessels caused by hypertension is considered as
the major contributor of WMHs (Iadecola, 2013; Badji et al,,
2019). However, we found no differences in WMHs load
between normotensives and treated controlled hypertensives.
This suggests that at least some of the WMHs may reflect benign,
age-associated changes, such as partial loss of the ependymal
lining (Mito et al., 2019).

Elevated blood pressure is associated with microatheromatosis
and atherosclerosis, giving rise to thickening of the vessel wall or,
in severe cases, to vessel wall necrosis, which may lead to rupture
(Alistair, 2002; Marti-Vilalta et al., 2011). These morphological

alterations facilitate the appearance of lacunes, which were more
common in participants with controlled hypertension compared
to the normotensives as also found by others (Dozono et al., 1991;
Kombate et al., 2012).

Normotensive vs. Hypertensive Treated Uncontrolled
Previous studies reported that hypertension is associated with
reduced microstructural integrity in most white matter tracts,
as assessed by DTI metrics in both younger and older adults
(Maillard et al., 2012; Rosano et al., 2015). We found that
uncontrolled hypertensive participants had more lacunes than
normotensives, but also a lower FA, suggesting that uncontrolled
blood pressure leads to further microstructural damage. A recent
study assessed the microstructural integrity of 9 white matter
tracts in a cohort of middle-aged adults with hypertension (age
range 56,7-65.6 years) (McEvoy et al, 2015). In contrast to
our findings, this study reported that white matter alterations
were more often observed in both controlled and uncontrolled
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TABLE 5 | Differences in cognitive performances among normotensive and hypertensive participants (treated controlled, uncontrolled, or untreated).

Normotensive Hypertensive treated (n = 115) Hypertensive untreated P-value
NT Controlled HTC uncontrolled HTU HU
(n=181) (n =46) (n = 63) (n = 233)

General cognition

MMSE score 29.16 £ 1.14 28.62 + 1.31 29.16 + 1.17 29.14 £+ 1.06 NT vs. HTC (p = 0.001).
HTC vs. HTU (p = 0.013).
HTC vs. HU (p = 0.008).

Memory

Word list and free recall 8.44 +1.51 8.30 £ 2.00 8.51+1.62 8.70 £1.39 /

Thurstone’s picture memory 21.60 + 4.34 21.92 £4.73 22.57 £3.79 22.59 £ 3.27 /

Memory-in-reality and delay 7.41£1.77 7.54 £1.71 7.20 +1.81 7.61+£1.89 HTU vs. HU (p = 0.047)

recall

Attention/processing

speed

Figure identification 28.82 £+ 8.06 2715+ 7.21 26.84 £ 7.94 28.07 £ 7.60 /

Digit span forward 6.05+1.13 592 +1.16 5.75+£1.09 598 £1.15 /

Supra-span test 7.54 +£1.48 7.28 £1.21 752 +1.44 7.69 +£1.36 HTC vs. HU (p = 0.012)

Executive function

Digit span backward 4.43+£1.13 419 +0.87 438 +1.23 4.40 £1.22 /

Figure logic 20.23 + 4.16 19.564 £ 4.23 19.87 £ 4.50 20.07 + 3.98 /

Verbal fluency

Category fluency 24.45 + 6.01 24.20 £ 6.13 24.65 + 7.55 23.93 + 5.55 /

Letter fluency 40.99 £+ 13.32 40.65 + 14.93 38.23 +£ 12.95 40.27 + 11.99 /

Visuospatial abilities

Koh’s block test 7.45+217 7.04 £1.85 7.59 +2.34 7.80 £2.18 HTC vs. HU (p = 0.011)

Data are presented as means =+ standard deviations. Only results with uncorrected p < 0.05 are shown. Significant results after FDR are in bold. Adjusted threshold with
FDR is p = 0.025 for general cognition, p = 0.002 for memory and attention/processing speed, and p = 0.008 for visuospatial abilities.

hypertensives compared to normotensives. However, this study
only examined men, who may be more vulnerable to the effect
of hypertension (Reckelhoff, 2001). The Third National Health
and Nutrition Examination survey (NHANES III) reported that
despite an increased prevalence of hypertension in middle-aged
men compared to woman, men seems to receive less treatment
for hypertension compared to woman (Burt et al., 1995; August,
1999). Thus, only 19% of men had their blood pressure controlled
compared to 28% of women (McEvoy et al., 2015).

We even found that uncontrolled hypertensive participants
had more WMHs and more enlarged perivascular spaces
than properly controlled treated hypertensive participants.
However, this result was not significant after corrections
for multiple comparisons. Similar findings have been found
in the literature. For instance, Kuller et al. (2010) found
that woman above age 65 vyears, who were treated for
hypertension, but had uncontrolled blood pressure, had the
greatest amount of total WMHSs volume and number of regions
containing WMHs than women with controlled hypertension
(with or without treatment). This suggests that uncontrolled
blood pressure may trigger mechanisms responsible for the
appearance of WMHs. For instance, increased blood brain

barrier permeability in hypertension may lead to water shift
and vasogenic edema (Farrall and Wardlaw, 2009; Maclullich
et al., 2009). Fluid stagnation may further lead to enlargement
and distortion of perivascular spaces (Brown et al, 2018),
in line with our results. Future studies using more advanced
diffusion models, such as the single-shell 3-Tissue CSD (SS3T-
CSD) methodology, available in MRtrix3Tissue’, a fork of
the MRtrix3 software framework), proposed by Dhollander
and Connelly (2016) and Dhollander et al. (2017) may
help us better understand the impact of hypertension on
the micro-structural properties of normal-appearing WM as
well as other tissues and fluids (free water). Our result
further suggests that treatment of hypertension may not be
enough to slow down WMHs progression and additional
cerebrovascular pathology. Blood pressure may need to be
efficiently controlled as well, for adequate cerebrovascular
protection. Future studies may combine measures of blood
pressure variability of 24 h and the SS3T-CSD methodology to
better understand the impact of uncontrolled hypertension on
white matter integrity.

3https://3Tissue.github.io
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Hypertensive Treated Uncontrolled vs. Hypertensive
Untreated
Our finding of an overall better white matter integrity in
untreated hypertensives compared with those treated but
uncontrolled may seem contradictory. One explanation could be
that misclassification occurred in the untreated group. Some of
these participants did not receive a diagnosis of hypertension
by a physician and were classified as “untreated hypertensive”
based on a single measurement of office blood pressure. In some
participants, blood pressure could have been elevated due to a
white coat effect. Another possibility is that hypertension disease
duration may be shorter in the untreated group. Consequently,
the untreated hypertensive participants enrolled in this study may
not exhibit the accompanying white matter changes because they
are either not truly hypertensive or do not have significant white
matter damage yet due to a shorter disease duration.
Nevertheless, such discrepancy is also found in other studies.
For instance, Gons et al. (2012) reported a higher structural
integrity of the corpus callosum in untreated hypertensive
participants compared with treated controlled and uncontrolled
individuals, which is in line with our findings. These results
emphasize that both treatment and optimal control of blood
pressure may be critical for efficient cerebrovascular protection.

Magnetic Resonance Imaging and
Cerebrospinal Fluid Biomarkers
Reflecting Alzheimer’s Disease

Pathophysiology and Neurodegeneration
Few studies have examined the association between hypertension
and MRI manifestations of AD in non-clinical populations
(Skoog and Gustafson, 2006). For instance, Lane et al. (2019)
showed that increased SBP in middle age (age 36-43) was
associated with smaller hippocampal volumes at age 69-
71 years. In addition, in the Honolulu-Asia Study and the
Rotterdam study, participants with untreated hypertension had
an increased risk for hippocampal atrophy (Korf et al., 2004;
den Heijer et al, 2005). However, we found no significant
differences in hippocampal volumes between normotensive
and hypertensive individuals (controlled, uncontrolled with
medication or untreated). A recent study also showed no
significant hippocampal atrophy in treated but uncontrolled
hypertensive older adults compared to normotensive individuals
(Wiseman et al., 2004), which is in agreement with our findings.
Differences in MRI protocol, means of hippocampal delineation
(manual vs. automatic) and hypertensive group characterization
may explain these discrepancies. Another potential explanation
is that hippocampal atrophy could be a later sign of cognitive
decline. In contrast, white matter pathology may represent
the underlying factor associated with cognitive decline when
hypertension occurs. This hypothesis is strengthened by results of
longitudinal studies showing that although long-term exposure
to high blood pressure predicts the appearance of markers of
cerebral small vessel disease, it does not predict hippocampal
atrophy (Allan et al., 2015).

In addition, we did not find a relationship between
hypertension and the pathological CSF hallmarks of AD. A few

evidence exists to support that hypertension is associated to
amyloid plaques and neurofibrillary tangles in the brain (Roberts
et al., 2008; Gottesman et al., 2010; Shah et al., 2012; Lane et al.,
2019), however, no consensus has yet been reached.

Cognition

Hypertension has been associated with mild cognitive deficits
in many studies (Longstreth et al, 1996; Harrington et al,
2000). However, most studies assessed cognitive performance in
older adults by comparing normotensive individuals to untreated
hypertensive individuals (Asmar et al., 1995; Harrington et al.,
2000; Wysocki et al., 2012; Desjardins-Crépeau and Bherer,
2016). Although several reports suggest that the use of
antihypertensive drugs may reduce the incidence of cognitive
decline and AD (Skoog et al.,, 1996; Guo et al.,, 1999; Hajjar
et al., 2005; Khachaturian et al., 2006), the positive impact of
antihypertensive medications on the risk of cognitive decline and
dementia has not yet reached a consensus. It is thus important
to compare the cognitive performance of normotensive and
different hypertensive groups (controlled, uncontrolled, and
untreated) in older adults. Our study suggests that, in general,
the cognitive performance of normotensive and hypertensive
groups were similar in 70-year-olds which suggest that MRI
markers of cerebral small vessel disease are able to identify
white matter changes that do not yet translate into a decline in
cognition. A recent study compared cognitive performance in
controlled hypertensive and normotensive individuals aged 60-
75 years, who were free from dementia (Noriega de la Colina
et al,, 2019). In that study, controlled hypertensives participants
had a lower performance in immediate and delayed recall and
total number of words in the Rey Auditory Verbal Learning test
compared to normotensives. This is consistent with similar other
findings in the literature (Swan et al.,, 1998; Fitri and Rambe,
2018). After dividing the hypertensive groups into controlled and
uncontrolled hypertensive patients in individuals who received
antihypertensive medication for at least 6 months, Spinelli
et al. (2014) found that uncontrolled individuals performed
worse in tests evaluating attention and executive function. One
should consider the fact that such an effect may be due to the
antihypertensive drugs themselves which can affect mood or
attention, in particular when combined, or withdrawn abruptly,
resulting in orthostatic hypotension and decline in cognitive
function (Johansen et al., 2012; Moonen et al., 2016). However,
results from the SPRINT-MIND study showed that intensive
SBP control to reduce SBP to 120 mmHg in comparison to
standard antihypertensive protocol aiming to control the SBP
to 140 mmHg significantly reduced the rate of mild cognitive
impairment by 19% (Sprint Mind Investigators for the Sprint
Research Group et al., 2019). This means that not only treatment,
but treatment protocol has an impact on cognitive function.
Further studies are needed to demystify not only the relative
contribution of treatment and treatment regimen but also should
include other factors such as age and duration of hypertension.

Strengths and Limitations
To our knowledge, this is the first large study investigating
clinica, CSE, MRI, and cognitive differences between
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normotensive and controlled, uncontrolled and untreated
hypertensive individuals in a population-based sample of 70-
year-olds. A strength of our study is the use of several MRI
markers (WMHs, lacunes, microbleeds, enlarged perivascular
space, FA, hippocampal volume, and temporal thickness),
which captures a broad range of AD-related cerebrovascular
pathology. In addition, we used various neuropsychological tests
(Table 1) sensitive to different cognitive functions (memory,
attention/processing speed, executive function, verbal fluency,
and visuospatial abilities). As mentioned above, a strength of
this study is the inclusion of CSF measures, though relatedly,
a limitation is that the sample size for the CSF analyses
was much smaller.

An important limitation of this study is the use of static
rather than 24-h ambulatory blood pressure measurements,
which are more closely related to end-organ damage. Another
limitation is the use of a single blood pressure measurement,
which is less reliable than multiple measurements. Thus,
the hypertensive untreated group contains 90 true untreated
hypertensive participant (with a previous history of hypertension,
but not taking antihypertensive drugs and with SBP >140 mmHg
or DBP >90 mmHg), and 143 potential previously unknown
hypertensive participants (no history of hypertension and either
SBP >140 mmHg or DBP >90 mmHg). The reason to merge
the two groups is that a single blood pressure is not a
reliable estimate of hypertension disease therefore this sub-group
cannot be considered as a reliable hypertensive unknown group.
Moreover, as mentioned in the discussion, misclassification could
have occurred in this group. A third limitation is the cross-
sectional design, which limits conclusions regarding directions
of associations. Comparing subgroups based on hippocampal
atrophy, pathological results in cognition or CSF changes
suggestive of AD would have been interesting, however, due the
limited sample size in certain groups (i.e., 46 participants in HTC)
and its associated statistical caveat, we refrained from doing
such comparison. Nevertheless, we provided a Supplementary
Table 1 presenting qualitative information on such comparisons.
However, a follow-up study using a much larger sample size, will
focus on the cerebrovascular differences between HTC and HTU
using the SS3T-CSD methodology mentioned in the manuscript
and will also include the comparisons mentioned above. Finally,
differences in APOE4 have not been discussed considering the
difficulty to draw any accurate conclusion from our results.

CONCLUSION

This study is the first to provide a comprehensive investigation
of the clinical, MRI and CSF differences between normotensive,
controlled hypertensive, uncontrolled hypertensive and
untreated hypertensive older individuals aged 70 years old.
Using several different markers of cerebrovascular pathology,
this work provides evidence that hypertensive participants
controlled with medication have more subcortical infarcts, such
as lacunes, than normotensives. Uncontrolled blood pressure
despite medication seems to trigger additional mechanisms
that translate into changes in the white matter microstructure,

fluid stagnation and enlargement of perivascular spaces. These
results stress that not only treatment, but good control of blood
pressure is essential for efficient cerebrovascular protection.
Considering the strong interplay between hypertension and
decline in cerebrovascular integrity, the present work further
emphasizes the need for novel interventions aiming to preserve
the white matter and cerebrovascular integrity. Finally, our
results show no differences in any MRI or CSF markers of
AD and neurodegeneration between the normotensive and
hypertensive groups. This suggests that the general hypertensive
population, including the one that is uncontrolled despite
medication, does not translate into differences in AD-related
neuropathology in 70-year-olds.
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Out-of-hospital cardiac arrest (OHCA) is a leading cause of mortality worldwide. With
better pre- and inhospital treatment, including cardiopulmonary resuscitation (CPR) as
an integrated part of public education and more public-access defibrillators available,
OHCA survival has increased over the last decade. There are concerns, after successful
resuscitation, of cerebral hypoxia and degrees of potential acquired brain injury with
resulting poor cognitive functioning. Cognitive function is not routinely assessed in
OHCA survivors, and there is a lack of consensus on screening methods for cognitive
changes. This narrative mini-review, explores available evidence on hypoxic brain injury
and long-term cognitive function in cardiac arrest survivors and highlights remaining
knowledge deficits.

Keywords: cardiac arrest, cognition, dementia, hypoxic brain injury, cognitive impaiment

INTRODUCTION

Cardiac arrest, defined as sudden cessation of cardiac activity with loss of consciousness, breathing,
and no signs of circulation, is a leading cause of mortality worldwide. The condition rapidly
progresses to sudden death if untreated with immediate cardiopulmonary resuscitation (CPR)
and defibrillation (if indicated) (Kuller, 1980). The exact global burden, meaning mortality and
morbidity, of out-of-hospital cardiac arrest (OHCA) to public health is unclear, due to the
variability of emergency medical services (EMS) presentations, and regional variations in both
systems and survival (Myat et al., 2018; Dyson et al., 2019). The estimated incidence is 275 000
people in Europe and 356 000 in the United States, with approximately 10% surviving to hospital
discharge. Incidence increases with age and more commonly occurs in men. The etiology is
predominantly cardiovascular in nature, with ischemic heart disease accounting for 60-80% of
cases (Benjamin et al,, 2018).

Scandinavian registry data including data from 2001 to 2010, show an increased survival
in patients with OHCA from 10 to 30%, especially in patients with diagnosis suitable for
defibrillation, such as ventricular fibrillation and pulseless ventricular tachycardia. Improvement
in survival rates is likely attributable to the application of widespread CPR training and public-
access defibrillators (Wissenberg et al., 2013). Additionally, the adoption of standardized post-
resuscitation care, including goal-directed therapy with therapeutic hypothermia and increasing
access to percutaneous coronary intervention for OCHA presentations of acute coronary
syndromes, has also been shown to improve overall survival (Lund-Kordahl et al., 2010). The
Norwegian Cardiac Arrest Registry (NorCAR) was established in 2002 and received status as
a mandatory national health registry in 2013 (Tjelmeland et al, 2020), as the worlds first
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mandatory population-based cardiac arrest registry. According
to this register, of the 3,405 attempted resuscitations in 2018,
1018 were brought to the hospital, and 405 survived (12%)
more than 30 days.

Hypoxic brain injury is the major cause of death and disability
in admitted patients post-OHCA after successful resuscitation
(Dragancea et al., 2013). To improve the neurological prognosis,
guidelines recommend targeted temperature management
(TTM) after return of spontaneous circulation (Nolan et al.,
2021). The Cerebral performance category (CPC) (Mak
et al., 2016), adapted from the Glasgow coma Scale, is the
predominantly employed score to assess neurological outcomes
in OHCA survivors. The score consists of a five-point scale
describing different functional statuses, where a score of 1 or
2 is considered a good outcome, indicating independence in
activities of daily living. In 2018, 80% of the survivors in NorCAR
had a good neurological outcome (CPC score 1-2) (Tjelmeland
et al., 2020). However, the CPC score does not assess cognitive
function, a relevant domain form a patients perspective. In
parallel, functional disability after stroke are evaluated with the
modified Rankin scale (mRS) (Wilson et al., 2005), and in cases
with excellent clinical recovery at 3 months (mRS = 0-1, no
disability), the occurrence of cognitive impairment is prevalent
(Jokinen et al., 2015). Eemphasizing the importance of long-term
outcomes after OHCA, there is a need for good prediction
models including cognition.

The majority of patient prognostication takes place in
intensive care units, especially regarding the decision to
withdraw from life-sustaining treatment in unconscious patients.
Prognostication strategy algorithms exist; however, their utility in
predicting poor outcome in patients suffering OHCA is uncertain
(Cronberg et al., 2020; Nakstad et al., 2020). In the Norwegian
Cardio-Respiratory Arrest Study (NORCAST) study, 54% out of
the 259 comatose patients survived to discharge. Only 3 (absence
of pupillary reflexex, bilateral absent N20 somato-sensory evoked
potentials and increased neuron-specific enolase later than 24 h
to >80 pg/L) out of 15 clinical, neurological, and biochemical
predictors predicted poor outcomes with no false-positive rates
(Nakstad et al., 2020).

The brain is vulnerable to hypoxic injury, and neuronal cell
areas are more susceptible (Cronberg et al., 2020). The total
burden of brain lesions after OHCA is unclear, largely due to
the technical challenges in performing diagnostic neuroradiology
in critically ill patients and hence, these are often limited to
patients without neurological recovery after sedation. In small
imaging and autopsy studies, the severity of findings is highly
individual and depends on several factors, including the time
to reperfusion and imaging. Magnetic resonance imaging (MRI)
assessment on recovery has historically been limited due to
pacemakers as a contraindication to an MRI scan (Muttikkal
and Wintermark, 2013). Most registries, including NorCAR, do
not routinely register neuroimaging findings or standardized
cognitive assessments. Recent guidelines suggest using brain
imaging for prognostication only in centers where specific
experience is available (Nolan et al., 2021).

As survival rates from OHCA improve, there are increasing
concerns regarding the impact on cognitive function following

successful cardiopulmonary resuscitation and more data are
needed. To “save the heart but lose the brain,” a patient’s ability
to learn, think and reflect, can have significant consequences
longer term. We aim to explore the currently available evidence
on the long-term cognitive function and hypoxic brain injury in
survivors after cardiac arrest and further identify the remaining
knowledge gaps. This narrative mini review will focus on OHCA
and long-term cognitive outcomes defined as longer than three
months post-arrest.

COGNITIVE FUNCTION AFTER CARDIAC
ARREST

Global or domain-specific cognitive test can be used when
assessing cognition. There are numerous tests and test batteries,
some generic other disease-specific. The most sensitive areas
to hypoxic injury are the cortex and basal ganglia, followed
by the hippocampus, thalamus, and brainstem. These areas are
linked to cognitive domains, shown in Figure 1. Cognitive
functions are dependent on complex interactions between
cortical and subcortical sites across different brain networks.
These networks are widely distributed across the brain, frequently
intersecting, and overlapping, so that one lesion could affect
multiple networks (Nakstad et al., 2020). By that, a global
screening tool, including most cognitive domains, might be
feasible.

Current evidence available on cognitive function after cardiac
arrest is summarized in Table 1.

We identified only one systematic review from 2009 based on
28 papers from 1980 to 2006, describing the current evidence on
the measured frequency and nature of cognitive impairments in
OHCA survivors. Both design, participant, quality, and cognitive
measures varied considerably in the studies included in the
review. Only three studies with a small sample size (range 45-
58) assessed cognitive function using a neuropsychological test
battery. Cognitive problems were common and present in 42—
50% of the participants (Moulaert et al., 2009).

Two substudies (Cronberg et al, 2015; Lilja et al, 2015)
based on a large randomized controlled trial (RCT) (Nielsen
etal., 2013), with prespecified secondary outcomes on cognition,
randomized OHCA survivors to different temperature regimes
(33 vs. 36°C), during the first 36 hours, with six months follow-
up. Cognitive function did not differ in the two temperature
management groups. In the first study, both OHCA groups
performed worse than the age-matched control group, with
known cardiovascular disease on tests for attention and mental
speed (Lilja et al, 2015). In the other study (Cronberg et al.,
2015), relatives reported a minor reduction from previous
level in cognition using a modified version of the Informant
Questionnaire on Cognitive Decline in the Elderly (IQCODE)
(Jorm et al., 1991).

In another RCT comparing 48 h of hypothermia with 24 h
of hypothermia in patients post cardiac arrest, the subgroup of
patients with CPC score <2 at 6 months, demonstrated a longer
duration of hypothermia (48 h) was associated with a lower risk
of cognitive impairment (Evald et al., 2019).
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Five small cohort studies with 79, 30, 33, 79, and 139
participants respectively, ranging from one to four years of
follow-up, and using different global cognitive screening tools,
reported some degree of cognitive impairment in 25-55% of the
OHCA survivors (Qrbo et al., 2014; Buanes et al., 2015; Caro-
Codén et al., 2018; Byron-Alhassan et al., 2021; Peskine et al.,
2021). Caro-Codén et al. (2018) used a set of outcome measures
often used in dementia diagnostic workup and compared their
findings with the functional score CPC and mRS. Half of the
patients scored below the usual limit for the diagnosis of mild
cognitive impairment (MCI) and mRS did not detect these
impairments (Caro-Codon et al., 2018). Orbo et al. (2014)
identified memory impairments as the most common symptom,
and the impairments were stable from three to 12 months.
Buanes et al. (2015) reported that more than one-quarter of
the patients had cognitive impairment with short-term memory
predominantly affected during a four-year follow-up. Byron-
Alhassan et al. (2021) compared OHCA survivors to patients
who had experienced a myocardial infarction and found a
six times higher rate of cognitive impairment in the OHCA
group. Peskine et al. (2021) report that 20% of OHCA survivors
(with GCS > 12 in the 2 weeks post arrest) had cognitive
impairment at 18 months, but observed in general improvement
from 3 to 18 months.

Most studies highlight the lack of guideline recommendations
on how to perform cognitive screening post-resuscitation.

BRAIN PATHOLOGY ON IMAGING AFTER
CARDIAC ARREST

Neuroradiology is so far not an established part of the diagnostic
assessment after cardiac arrest. Different patterns of injury have
been reported in advanced imaging, depending on modality

and timing of the assessment. Computed Tomography (CT)
scan showing signs of edema; diffuse graying of the cerebral
hemispheres, and loss of gray-white matter differentiation, are
known predictors of poor outcomes after cardiac arrest (Nolan
etal.,, 2021). Isolated cerebral edema, however, may not be a bad
prognostic sign even if accompanied by late status epilepticus
(Sunde et al., 2006). Ischemic lesions in the border zones
between two major arterial territories are usually associated with
hypoperfusion and described as watershed infarction on MR and
CT. Diffuse hypoxic-ischemic changes involving gray matter in
both cerebral hemispheres are a frequent finding after cardiac
arrest of unknown duration (Keijzer et al., 2018).

A small case-control study (n = 12) on cardiac arrest survivors
showed an extensive reduction of gray matter volumes on MRI
compared to age- and sex-matched controls (Horstmann et al.,
2010). A retrospective study including 50 cases with cardiac
arrest, reviewed imaging findings of MRI reports concluding
hypoxic-ischemic brain injury, and identified diffuse cortical
and deep gray matter pattern of injury as the most common
radiologic finding in those with poor outcomes. Lesions in
the cerebellum and brainstem were seen in 30 and 7% of
cases, respectively. In general, most patients had a poor
clinical outcome (mRS 4-6) regardless of the observed pattern
of injury, however a basal ganglia pattern without cortical
involvement and watershed pattern could be an exception
(Muttikkal and Wintermark, 2013).

A review published in Resuscitation 2018 aiming to value
CT, MRI, and Positron Emission Tomography (PET) as an early
prediction method of neurological outcome of comatose cardiac
arrest survivors, identified 51 articles, 21 using CT, 27 MRI,
one with both CT and MRI and two with PET imaging. CT or
MRI with diffusion weighted imaging (DWI) within 1-3 days
of cardiac arrest, demonstrating involvement of more than 10%
of the brain with cytotoxic edema, may offer early prediction
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TABLE 1 | Excerpts from relevant studies according to level of evidence.

Systematic Reviews

References Population size Measurement and outcome Conclusion/interpretation
Resuscitation 3 studies Different battery of neuropsychological tests. There are few good studies.
(Moulaert et al., n =45, 57 and 58 Cognitive problems were found in 42, 48, and Cognitive problems, in particular memory
2009) 50% of participants. problems, seem common in survivors of

out-of-hospital cardiac arrest.

Randomized control trials and their substudies

Circulation (Lilja

n =652

6 months—follow-up, domain-specific

No gold standard tests, or combination of tests

etal., 2015) The study also included an cognitive tests. currently exists.
age-matched control group, 50% of the OHCA obtained a normal score at Cognitive function was comparable in the two
with known cardiovascular the memory assessment. temperature management groups. Cognitive
disease. Both OHCA groups performed worse than the impairment detected in cardiac arrest survivors
50% were alive at follow-up, control group on test for attention and mental was also common in matched control subjects
90% attended in the structured speed. with known cardiovascular disease.
examination at 6 months.
JAMA n =950 6 months—follow-up. MMSE, IQCODE. Need of tests and scales that can improve the
(Cronberg 50% were alive at follow-up, Mean MMSE score was 28, which is discrimination of the degree of neurologic
etal., 2015) 90% attended in the structured considered normal compared to an age recovery.
examination at 6 months. matched control group. Relatives report a Cognitive function was similar in both
minor reduction from previous level in cognition intervention groups, but many patients and
using the IQCODE. observers reported impairment not detected
previously by standard outcome scales.
Resuscitation n=79 6 months follow-up. TTM48 was associated with reduced memory
(Evald et al., Rey Auditory-Verbal Learning Test (RAVLT) and retrieval deficits and lower relative risk of
2019) Rey-Osterreith cognitive impairment six months after
Complex Figure Test (ROCFT) for learning and OHCA compared to standard TTM24.
memory; WAISIV Digit Span17 and Trail
Making Test A & B (TMT-A & B) for attention;
and D-KEFS Verbal Fluency for executive
functions.
TTM48 was associated with a significant better
performance on three of 13 cognitive tests
specific to memory, namely the RAVALT and
immediate and delayed ROCFT tests.
Cohort Studies
Resuscitation n=79 1-year follow-up. There is a high prevalence of long-term
(Caro-Codon MoCA, TMT-B, modified IQCODE, Zarit cognitive deficits and functional limitations in
etal., 2018) Caregigiven Burden interview, CPC, mRS. OHCA survivors.
54.4% scored below the usual cut-off for the CPC or mRS, are crude and lack sensitivity to
diagnosis of MCI. detect most of these deficits.
Resuscitation n=30 3 months and 1 year follow-up. While systematic, early screening of cognitive
(@rbo et al., Neuropsychological tests for memory, performance has been recommended in recent
2014) executive function, and psychomotor speed. p ost-resuscitation guideline, these concepts
Memory impairments were the most common are not implemented in most places.
symptom, and stable from 3 to 12 months.
Resuscitation n=33 4-year follow-up. Cambridge Cognitive impairment four years after cardiac
(Buanes et al., Neuropsychological Test Automated Battery. arrest affected more than one-quarter of the
2015) 25% had cognitive impairment. Short-term patients.
memory was predominantly affected.
Resusitation n=79 Neuropsychological Assessment Battery OHCA survivors - even those with seemingly
(Byron- (NAB). 43% s were good neurological recovery are at risk for
Alhassan et al., Cognitively impaired (in the lowest decile on a cognitive impairment. Cognitive rehabilitation
2021) global measure of cognitive functioning). may be an important consideration
Attention, memory, language and executive post-OHCA.
function were affected.
Chest (Peskine n=139 3-, 6-, 12- and 18-month follow-up. MMSE, OCHA have good long-term prognosis, some
etal.,, 2021) Repeatable Battery for the assessment of patients improved until 18 moths post OHCA.

Neuropsychological Status (RBANS) and the
Frontal Assessment Battery. At 18 moths 20%
had cognitive disabilities (MMSE < 25).

Whether specific rehabilitation programs for
these patients could improve outcome remains
to be determined.

MMSE, Mini-Mental State Exam; MoCA, Montreal Cognitive Assessment; TMT-B, Trail-making test-B; IQCODE, Informant Questionnaire on Cognitive Decline in the
Elderly; CPC, Cerebral Performance Category; mRS, modified Rankin Scale.
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TABLE 2 | Ongoing trials registered at clinicaltrials.gov.

Study and design NCT Planned Primary aim Cognitive tests Neuroimaging Follow-up
number population
size

Brain Function After Cardiac 60 Whether cognitive function is affected CANTAB functional MRI 12 months
Arrest (Measured With FMRI after cardiac arrest and whether it MoCa (fMRI)
and Cognitive Tests) changes over time
BRAINNHEART, cohort study,
NCT03579498
Cracking Coma, cohort study, 100 To estimate the additional value of early ~ Cognitive functioning as MRI of the brainat 12 months
NCT03308305 MRI monitoring for the prediction of defined by professional day 3, 7, and three

neurological outcome of comatose Neuropsychological months after

patients after cardiac arrest examination at 12 months cardiac arrest
The MOCHA Study: Multimodal 2500 Develop an accurate and reliable Cerebral Performance Neuroimaging at 5 years
Outcome CHAracterization in assessment algorithm for determining Category- Extended (CPC-E) standardized time
Comatose Cardiac Arrest neurologic prognosis in patients initially ~ MoCA points — not
Patients Data Registry and unconscious post-cardiac arrest, using specified
Tissue Repository, multiple prognostic modalities at
NCT03261089 standardized time points
Influence of Cooling Duration 1800 Determine if increasing durations of NIH Toolbox Crystallized unknown 90d

on Efficacy in Cardiac Arrest
Patients (ICECAP), RCT,

NCT04217551 neurological outcomes

induced hypothermia are associated
with an increasing rate of good

Cognition Composite

NIH Toolbox Fluid Cognition
Composite Score processing in
novel situations

for adverse outcomes (Keijzer et al., 2018). Similarly, a more
recent meta-analysis (Lopez Soto et al., 2020) and retrospective
single center observational study (Schick et al, 2022) have
demonstrated the utility of both CT findings of loss of gray-white
matter differentiation and MRI with DWTI and fluid attenuated
inversion recovery (FLAIR) sequencing in neuro-prognostication
post-cardiac arrest. No long-term prediction data are included
in either study.

Small cohort studies have examined the association
between brain atrophy and cognition in OHCA survivors.
The hippocampus and cortical volume were smaller in
OHCA survivors than in healthy controls at three months,
corresponding to observed cognitive impairments, mostly
memory deficits. They conclude that neuroimaging studies
of long-term OHCA survivors are warranted to guide the
development of diagnostic and treatment options (Orbo et al,
2018, 2019).

DISCUSSION

Up to 50% of OHCA survivors have cognitive impairments,
often mild, but largely undetected by contemporary functional
outcome measurements, notably the Cerebral Performance
Category. Understanding of neuroradiologic findings after
cardiac arrest and their relationship to longer term neurological
outcomes still in its infancy. Observed patterns of injury, such as
diffuse cortical and deep gray matter injury are noted and may
related to later clinical findings in cognitive domains involved in
executive functions, memory, and processing speed.

Cardiac arrest trials have traditionally reported outcomes that
focus on survival and crude functional impairments. In addition,
there is lack of consistency in outcome reporting. Recommended

primary outcomes for resuscitation science studies, published
in a consensus statement from the American Heart Association
(AHA) 2011 (Becker et al., 2011), include global and domain-
specific cognitive tests. Mini-mental state examination (MMSE)
(Folstein et al., 1975) at discharge and follow-up is recommended
as standard in clinical practice. MMSE is a global screening
tool and has shown limited value in mild cognitive impairment
(MCI) and does not assess executive function or complex
attention, including processing speed and may not be the test
of choice in patients with hypoxic brain injury (Dong et al.,
2010). Further, AHA recommends TMT-A and B (Rm, 1958), and
specific testing for memory (Rey Auditory Verbal Learning Test
(RAVLT)(Ryan and Geisser, 1986) and attention (Digit Symbol
Substitution Test (DSST) (Bettcher et al., 2011). The European
Resuscitation Council and the European Society of Intensive Care
Medicine have collaborated to produce post-resuscitation care
guidelines (Nolan et al.,, 2021). The specific recommendations
are screening for cognitive impairments using the Montreal
Cognitive Assessment (MoCA) (Nasreddine et al., 2005) test and
screening for emotional problems using the Hospital Anxiety
and Depression Scale (HADS) (Snaith and Zigmond, 1986).
Referral to a neuropsychological assessment or psychologist or
psychiatrist if necessary are also recommended. The guidelines
reflect the heterogeneity of the evidence.

Diagnostic criteria can be used to define the severity
of cognitive symptoms and identify patients in need of
cognitive rehabilitation. Some general, other disease-specific
diagnostic criteria exist, including biomarkers such as MRI to
include proposed etiology. As no disease-specific criteria exist
after cardiac arrest, general criteria could be used, and the
Diagnostic and Statistical Manual of Mental Disorders, DSM-
5, is often used in clinical settings (Sachdev et al., 2014). No
study identified used diagnostic criteria, making comparison
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difficult and prevalence estimates uncertain. According to
DSM-5, there must be evidence of modest cognitive decline
from a previous level in one or more domains, preferably
documented by standardized neuropsychological testing. The
distinction between mild and major neurocognitive disorder
is the interference with independence in everyday activities.
No specific tests are recommended in the DSM criteria, but
test performance in mild neurocognitive disorder should fall
in the range of 1-2 SD below the normative mean and below
2 SD for major. The symptoms must also be present for longer
than six months.

In general, there is no linear relationship between changes
on imaging and cognitive function. However, chronic changes
like periventricular white matter changes, caused by small vessel
disease, and atrophy or neurodegeneration, are associated with
cognitive decline (Barber et al,, 1999; Wardlaw et al., 2013).
Cognitive decline and dementia are also common after stroke.
A proposed model of mechanisms in post-stroke dementia
includes the severity of the vascular insult itself and the patient’s
total burden of brain pathology and cognitive reserve, together
called resilience, prior to the insult. A patient’s cognitive reserve
is highly dependent on age, education, and lifestyle factors.
The total burden of pathological brain changes includes chronic
vascular changes, atrophy, and prior stroke. A patient with high
brain resilience, suffering stroke will only result in a diagnosis of
dementia if the infarct is strategic (Mok et al., 2017). A similar
model could be applied to cardiac arrest survivors; patients
with cardiac arrest and high brain resilience will probably only
develop dementia if global ischemia is severe. The median age
in OHCA is 65 years, with ischemic heart disease accounting for
60-80%, implying a high vascular risk factor burden and chronic
brain changes are also likely to be prevalent in a cardiac arrest
population (Myat et al.,, 2018). As seen in the RCT from Lilja
et al. (2015), cognitive impairment is as prevalent in an age-
matched control group as in cardiac arrest survivors, but the
OHCA survivors do worse on specific tests for attention and
mental speed. This is in line with our knowledge that the most
common pattern on MRI after hypoxic-ischemic include diffuse
cortical and deep gray matter lesions, areas linked to different
cognitive domains like executive functions and attention and
processing speed (Figure 1).

Long-term data on cognition is needed to make good
prediction models, and incorporate pre-arrest factors likely to
influence cognition (such as cognitive impairments, genetics,
education, comorbidities, or prior brain pathology). Imaging and
cognitive assessment data are scarce and not included in national
registries, and currently, data beyond six months is limited to
small cohort studies.

REFERENCES

Barber, R., Gholkar, A., Scheltens, P., Ballard, C., McKeith, I. G., and O’Brien, J. T.
(1999). Medial temporal lobe atrophy on MRI in dementia with Lewy bodies.
Neurology 52, 1153-1158.

Becker, L. B., Aufderheide, T. P., Geocadin, R. G., Callaway, C. W., Lazar,
R. M., Donnino, M. W,, et al. (2011). Primary outcomes for resuscitation
science studies: a consensus statement from the American Heart Association.
Circulation 124, 2158-2177. doi: 10.1161/CIR.0b013e3182340239

FUTURE PERSPECTIVES

National Cardiac Arrest Registries need to include cognitive
assessments and long-term follow-up. The cognitive test
battery needs a domain-specific test, including attention,
processing speed, learning, and memory. MoCA is a brief
screening tool covering all these domains, and by adding a
well-known screening tool for anxiety and depression, the
most likely cognitive impairments after cardiac arrest will
be covered. This screening could be done during the initial
stay if possible, and if deficits are revealed repeated in a
follow-up visit. In younger patients planning to return to
work, more extensive neuropsychological testing might be
necessary even if the initial screening is normal. Neuroimaging
is a promising marker for long-term cognitive prognostics
and should be a part of a throughout evaluation. Several
ongoing trials with cognitive measurements, neuroimaging,
and planned at least 3 months follow-up are registered at
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CONCLUSION

Cognitive impairments after OHCA are common and affect
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The vagus nerve is the longest nerve in the human body, providing afferent
information about visceral sensation, integrity and somatic sensations to the CNS via
brainstem nuclei to subcortical and cortical structures. Its efferent arm influences Gl
motility and secretion, cardiac ionotropy, chonotropy and heart rate variability, blood
pressure responses, bronchoconstriction and modulates gag and cough responses
via palatine and pharyngeal innervation. Vagus nerve stimulation has been utilized
as a successful treatment for intractable epilepsy and treatment-resistant depression,
and new non-invasive transcutaneous (t-VNS) devices offer equivalent therapeutic
potential as invasive devices without the surgical risks. t-VNS offers exciting potential
as a therapeutic intervention in cognitive decline and aging populations, classically
affected by reduced cerebral perfusion by modulating both limbic and frontal cortical
structures, regulating cerebral perfusion and improving parasympathetic modulation
of the cardiovascular system. In this narrative review we summarize the research
to date investigating the cognitive effects of VNS therapy, and its effects on
neurocardiovascular stability.

Keywords: vagus nerve stimulation, cognition, neurocardiovascular control, cerebral blood flow, LC-NE system,
inhibitory control, executive function

INTRODUCTION

Vagus nerve stimulation (VNS) as a neurostimulation technique and has received renewed
attention in recent years. Traditionally invasive VNS (iVNS) devices were sutured under the skin
of the chest with a lateral left neck dissection undertaken to expose the left cervical vagus nerve
and wrap a stimulating electrode around it. Each iVNS device is costly and up to 30% of patients
have side effects post implantation (Morris and Mueller, 1999). Since the development in the early
2000s of peripheral stimulating devices that harness the vagus nerve’s innervation of the skin of the
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external ear demonstrating efficacy in treating epilepsy,
depression and headaches, interest in wider therapeutic
potentials of this treatment have grown (Yap et al., 2020).

Declining cognition associated with aging is a burgeoning
global health crisis, with at least 152.8 million persons projected
to have dementia worldwide by the year 2050 (Nichols et al.,
2022). There are few effective treatments for cognitive decline
and dementia, with no current cure (Cummings et al.,, 2021)
and although the first disease modifying anti-amyloid agent has
been licensed by the FDA (Steinbrook, 2021), more therapies
are urgently needed to help alleviate the personal, societal and
economic cost of increasing dementia diagnoses (Xu et al,
2017). Impaired cognition is associated with impaired autonomic
function, specifically impaired parasympathetic measures of
heart rate variability (HRV) (Forte et al., 2019; Cheng et al.,
2022; Liu et al,, 2022) likely reflective of the complex interplay
between cognition and cardiac modulation, via the central
autonomic network.

Studies of patients with intractable epilepsy and treatment
-resistant depression treated with iVNS devices showed
signals indicating increased alertness and potentially cognitive
improvements (Ghacibeh et al.,, 2006a; McGlone et al., 2008;
Schevernels et al.,, 2016; Sun et al., 2017; van Bochove et al,
2018) and a small pilot study investigated iVNS devices in
patients with Alzheimer’s Disease with overall positive results
(Sjogren et al., 2002; Merrill et al., 2006). Recent meta-analysis
of t-VNS in young healthy adults has found an overall moderate
effect especially for improved cognitive performance especially
executive function (Ridgewell et al., 2021). However the
neuroanatomical substrates of persons with treatment-resistant
depression or epilepsy are likely both widely variable, and
grossly different to both a young cognitively healthy adult and a
person with mild cognitive impairment (MCI) or dementia and
dedicated larger studies are required to investigate if t-VNS has
therapeutic potential in this population.

The purpose of this narrative review will be to outline the
research to date investigating both cognitive outcomes of VNS in
healthy and clinical populations, and the effect VNS has on HRV
as a measure of autonomic tone. The mechanisms of action of
VNS including neurotransmitter release, local increased cerebral
blood flow and modulation of peripheral hemodynamics are
discussed and future research recommendations outlined.

ANATOMY AND PHYSIOLOGY OF THE
VAGUS NERVE

The longest nerve in the body, the vagus nerve derives its name
from the Latin for ‘straying’ or ‘wandering.’ Aptly named, the
nerve has an extensive course, traveling from the medulla to the
gut. The vagus nerve’s function is to transmit information to
and from the central nervous system (CNS) regarding control
of the gastrointestinal, cardiovascular, and respiratory systems.
It is comprised of approximately 80% afferent and 20% efferent
fibers (Foley and Dubois, 1937; Agostini et al., 1957) including
A, B and C fibers classified by conduction velocity (Erlanger
and Gasser, 1937). Vagus neurons may involve visceral (cardiac,

bronchopulmonary, gastrointestinal) or somatic (soft tissues,
muscles of palate, pharynx) modulation. Afferent fibers are
further sub classified as general visceral afferent, general somatic
afferent, or special visceral afferent. Two efferent fiber types
are recognized, namely special visceral efferent and general
visceral efferent (see Table 1). Fibers connect centrally to four
vagal nuclei; the nucleus of the solitary tract (NTS) and spinal
trigeminal nucleus which contain vagal afferent fibers and the
nucleus ambiguous and dorsal motor nucleus of the vagus
(DMN) from where vagal efferent fibers leave (Rutecki, 1990;
Berthoud and Neuhuber, 2000).

Afferent vagus fibers enter the medulla at the level of the
olive, and terminate primarily in the NTS (Beckstead and
Norgren, 1979; Kalia and Sullivan, 1982). Each vagus nerve (VN)
synapses bilaterally in the NTS; so vagal afferent information
is processed bilaterally in the CNS (Henry, 2002). Second
order afferent fibers from the NTS project most densely to
the parabrachial nucleus of the pons (PBN) with the NTS also
projecting to noradrenergic (locus coeruleus) and serotonergic
(raphe nuclei) neuromodulatory systems (Rutecki, 1990; Saper,
2000). From here vagal information is relayed to a number
of mostly subcortical structures, including the hypothalamus,
the central nucleus of the amygdala, the bed nucleus of the
stria terminalis, and the intralaminar thalamic nucleus. Vagal
afferent information is also sent to the anterior insular cortex
which communicates with more rostral regions of the cortex
(orbital and ventrolateral prefrontal cortex) and also indirectly
with the medial prefrontal cortex (Ongiir and Price, 2000;
Saleem et al., 2008).

These central structures are part of the central autonomic
network (CAN) which is thought to be the origin of autonomic,
behavioral, cognitive, and endocrine responses, capable of
modulating the functioning of the autonomic nervous system
(ANS) via descending pathways projecting onto sympathetic
pre-ganglionic neurons in the spinal cord and onto the
DMN at the origin of vagal efferents (Benarroch, 1993). The
central connections of the DMN are considerable, with afferent
projections arising from sites including the NST, magnocellular
paraventricular nuclei and several medullary nuclei (Roges
et al., 1980; Hansen, 2019). Whilst a minority of efferent fibers
connect centrally, most DMN fibers project to GI organs via
parasympathetic ganglia located close to or in the walls of viscera.
Further efferent fibers originate from the nucleus ambiguous
(NA), a motor nucleus located in the reticular formation of the
medulla which gives rise to preganglionic neurons innervating
the heart and lungs (Llewellyn-Smith and Verberne, 2011) which
exert a cardio-inhibitory effect mediated via the sinoatrial and
atrioventricular ganglia (Massari et al., 1995; Gatti et al., 1996).
The right vagus nerve mostly innervates the sinoatrial node
(involved in the pacemaker function of the heart) whereas the
left vagus is mostly thought to innervate the atrioventricular node
(regulating the force of contraction of the cardiac myocytes with
less influence over heart rate) however comprehensive human
studies confirming this precise delineation are needed (Coote,
2013). The dorsal branchiomotor division of the NA is the site of
origin of efferent fibers innervating striated muscle of the palate,
pharynx, larynx and upper esophagus.
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TABLE 1 | The constituent fibers of the vagus nerve.

FIBER
Ac AB Ad B Cc
Fiber diameter 13-20 mm 6-12 mm 1-6mm 1-6mm 0.4-2 mm
Gross anatomical Large Large Large Small Small
structure
Main function afferent Somatic touch pain Somatic touch Visceral: pain stretch Visceral Visceral: pain stretch
temperature chemical, temperature chemical, temperature
Main function efferent Muscle tone Muscle preganglionic preganglionic preganglionic preganglionic
Myelin + + + + -
Threshold mA 0.02-0.2 mA 0.02-0.2 mA 0.02-0.2 mA 0.04-0.6 mA 0.3-6 mA
Conduction velocity ms 8-120 ms 35-75ms 3-30 ms 3-15ms 0.5-2 ms
Purported effect of VNS Synchronization Synchronization Synchronization Synchronization Desynchronization

on EEG

Adapted from Groves et al. (2005).

See Figure 1 for a schematic representation of the VN fibers
and central projections.

HISTORY OF VAGUS NERVE
STIMULATION

Vagus nerve stimulation was initially proposed as a therapeutic
intervention in 1871 (Neftel, 1871) and a device was designed to
stimulate bilateral vagus nerves in the late 19 century (Lanska,
2002). Preclinical studies in the 1930-1950s demonstrated via
EEG signaling that VNS had cortical stimulating activity (Bailey
and Bremer, 1938; Zanchetti et al., 1952), and could terminate
canine seizures (Zabara, 1985, 1992).

Invasive VNS (iVNS) received United States regulatory
approval for the adjunctive treatment of refractory seizures in
1997 and for use in treatment resistant depression in 2005
(O’Reardon et al., 2006). However, given the invasive nature
of iVNS (requiring general anesthesia, thoracic implantation of
a battery generator, and neck dissection to attach stimulating
electrodes to the left cervical vagus nerve), the concept of
non-invasive VNS was proposed in 2000 whereby, drawing on
evidence from studies of auricular acupuncture, it was postulated
that transcutaneous vagal stimulation could represent a valuable
tool in epilepsy treatment (Ventureyra, 2000). Non-invasive VNS
involves using stimulating electrodes on the skin to excite afferent
vagal fibers and can be performed via the ear (transcutaneous
auricular VNS: t-VNS) or the neck (transcutaneous cervical VNS:
tcVNS). For the purposes of this narrative review non-invasive
VNS will refer to auricular t-VNS.

The technique of t-VNS exploits the peripheral anatomy of
the vagus nerve, activating vagal afferent projections through
stimulation of the auricular branch of vagus nerve (ABVN)
at the ear (Peuker and Filler, 2002; Mercante et al., 2018)
see Figure 2 for a schematic representation of the anatomy
of the ABVN and central structures it modulates. Anti-seizure
efficacy equivalent to iVNS was demonstrated in preclinical
studies before the feasibility and therapeutic significance of this
technique in humans were demonstrated (Stefan et al., 2012)

and evidence from multiple functional brain imaging studies
confirms significant activation of central vagal projections via
this non-invasive method (Kraus et al., 2013; Frangos et al., 2015;
Yakunina et al., 2017; Badran et al., 2018a).

Transcutaneous auricular vagus nerve stimulation waveforms
can be delivered at a variety of different parameter settings which
vary frequency (Hz), amplitude (mA), pulse width (ps-msec)
and duration of stimulation. It is currently being investigated
as a therapeutic intervention for a variety of medical disorders
including epilepsy, migraine and cluster headaches, tinnitus,
atrial fibrillation, Parkinson’s disease, schizophrenia, impaired
glucose tolerance, obesity, and pain (Goadsby et al., 2014; Huang
et al., 2014; Laqua et al, 2014; Hasan et al, 2015; Hyvarinen
et al,, 2015; Nesbitt et al., 2015; Stavrakis et al., 2015; Cakmak
et al., 2017; Obst et al., 2020). There is particular interest in
the evolving literature reporting the use of t-VNS in cognitive
disorders (Broncel et al., 2020; Lam et al., 2021). Potential
mechanisms of action include modulation of HRV, impacts on
cerebral perfusion, and noradrenergic neuromodulation. The
complementary role of vagus nerve stimulation in modulating
neuro-cardiovascular and cognitive performance is explored
in detail below.

See Figure 2 for a schematic diagram of the area of innervation
of the ABVN and its central projections.

COGNITIVE PERFORMANCE AND
VAGUS NERVE STIMULATION

Brain imaging during t-VNS demonstrates strong activation of
vagal projections to subcortical nuclei and frontal brain regions,
i.e,, superior frontal gyrus and medial frontal gyrus during
stimulation (Kraus et al., 2013) (See below in “Mechanisms
of Action” for further detailed discussion regarding the
neuroanatomical structures modulated during VNS). Cognitive
effects of both iVNS and t-VNS in both clinical populations
and healthy volunteers will be examined under the following
themes: Cognitive control, i.e., the non-automatic regulation
of behavior to achieve a goal (Gonthier, 2014) a primarily
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executive function that involves suppression of goal-irrelevant
stimuli via response and attention-inhibition (Tiego et al.,
2018) and it primarily involves the lateral prefrontal cortex
(Dixon, 2015); Language, both assessing categorical fluency a
semantic memory language task involving the temporal lobe,
and word recognition and retrieval which mostly involves
episodic working memory, involving prefrontal cortex and
medial temporal structures (Squire and Zola, 1998; Camina and
Giiell, 2017); Associative memory, a subcategory of declarative
episodic memory and involves the ability to link disparate
novel stimuli (Naveh-Benjamin, 2000); Emotion recognition as
a subtype of cognition involves areas of the brain involved in
perceiving social information including the medial prefrontal
cortex and the orbitofrontal cortex (Bachmann et al., 2018)
and regions implicated in emotional processing, including
the cortical orbitofrontal cortex and the anterior cingulate
cortex but also subcortical structures including the amygdala,
hypothalamus, basal ganglia and the periaqueductal gray matter
(van den Stock et al., 2011).

Interest in the potential role of VNS as a cognitive enhancer
started following a preclinical rodent study of an inhibitory-
avoidance task. Subjects received a single exposure to a foot shock
followed immediately by VNS or sham. Those undergoing true
VNS stimulation had longer step times demonstrating enhanced
avoidance and this effect was modulated by the intensity of the
stimulus, with 0.4 mA being an effective level of stimulation and
0.2 and 0.8 mA having no significant effect (Clark et al., 1995).
Subsequent in-human trials tested word recognition in patients
with intractable epilepsy who had iVNS devices implanted 2-
24 weeks prior to testing. The stimulation parameters were 30Hz,
0.5 mA at 0.5 ms pulse width compared to an amplitude of
0.75-1 mA, and improved word recognition was only found in
the group stimulated at the lower amplitude (Clark et al., 1999).
These results paved the way for further investigation in this area
as detailed below.

VAGUS NERVE STIMULATION AND
COGNITIVE CONTROL, i.e., EXECUTIVE
FUNCTION IN HEALTHY VOLUNTEERS

Inhibitory control is commonly measured using performance
on tasks such as the Stroop, Eriksen Flanker (Flanker), and
Simon tasks, i.e., forced-choice reaction time tasks that require
participants to selectively attend and respond to target stimuli
whilst ignoring goal-irrelevant distracting stimuli (Kornblum
et al., 1990; MacLeod, 1991; Eriksen, 1995).

Enhanced response times, as reflected by participants™ ability
to stop a process and change to another response simultaneously
and sequentially, and increased post error slowing were
demonstrated during t-VNS (Sellaro et al., 2015; Steenbergen
et al.,, 2015). Post error slowing refers to appropriate slowing
after negative feedback or unforeseen errors and is linked to
the activity of the locus coeruleus-norepinephrine (LC-NE)
system and therefore postulated to be enhanced by VNS. As
with the above trials, there were fewer false alarms during a
more challenging paradigm with t-VNS when working memory

processes were simultaneously engaged (Beste et al., 2016)
and improved response selection and control performance was
demonstrated with t-VNS in a serial reaction time test in
young volunteers (Jongkees et al., 2018). In a sequence learning
paradigm, the presentation of so-called reversal trials is associated
with longer response latencies as compared to non-reversal
trials, a result attributable to the ‘inhibition of return’ type
phenomenon. Inhibition of return refers to an inhibitory after-
effect of attention whereby, following exogenous orientation of
attention to a stimulus, processing of stimuli at this location is
first facilitated and then inhibited (Wang et al., 2018). Jongkees
et al. (2018) demonstrated that active t-VNS, as compared
to sham stimulation in the context of a serial reaction time
test, reduced reaction time for reversal trials, eliminating the
inhibition of return like effect described above.

In a similar experimental set up, increased attention,
globally enhanced accuracy and reduced performance costs
were demonstrated in a Stop-Change paradigm with t-VNS
(Keute et al., 2020).

Results in this area have not been uniformly positive. In a
testing paradigm in healthy volunteers using higher than average
amplitude settings (see Table 2) there were no improvements in
a Stroop test, Modified Flanker test or a number/letter working
memory task with t-VNS. Improved accuracy in a dimensional
change card sorting task was however noted (Borges et al., 2020).
Similar previous studies failed to show improved behavioral
performance with t-VNS (Fischer et al., 2018; Ventura-Bort et al.,
2018) however non-performance parameters, namely a frontal
EEG signal (P3 amplitude) thought to change with response
inhibition and higher salivary amylase levels, were noted in
the intervention group (Ventura-Bort et al, 2018). Further
studies investigating EEG amplitudes affected by t-VNS and
cognitive control paradigms included one involving an acoustic
rather than visual oddball paradigm. In this context, t-VNS
augmented the P3 amplitude, and with random noise stimulation
with t-VNS reaction times were reduced (Rufener et al., 2018).
There are myriad potential reasons for replication challenges
in this newly expanding area of research and may include
stimulation parameter differences including lack of pre-testing
active stimulation.

The most recent studies in this area have involved a spatial
stimulation and response inhibition multitask, with notable
improved results in accuracy with 25 min pre-assessment t-VNS
stimulation (Sun et al., 2021) and improved objective attention,
arousal and multitasking ability in sleep deprived military
personnel (Mclntire et al., 2021).

VAGUS NERVE STIMULATION AND
LANGUAGE IN HEALTHY VOLUNTEERS

Fluency scores in healthy volunteers during a convergent and
divergent thinking task were significantly higher during active
t-VNS at the left conchae, and categorical flexibility (i.e.,
participants’ ability to think of more and varied categories of
nouns) was also significantly improved (Colzato et al., 2018).
However, an experimental design investigating the difference in
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FIGURE 1 | Schematic representation of afferent and efferent fibers of the vagus nerve and central projections.

effect of t-VNS on word recognition memory in young compared
to older volunteers (average age 22.2 and 55.1) whereby t-VNS
was delivered for 30 s during the consolidation phase of a word
recognition memory task showed no improvement in accuracy
scores for immediate recall or delayed recognition in both age
groups (Mertens et al., 2020). Possible reasons for this may
be that 30 s of t-VNS may be insufficient for a non-invasive
device to effectively stimulate the vagal afferent pathway, that
longer and more repetitive stimulation of the vagus nerve might
be required to effectively modulate hippocampal processes via
synaptic plasticity. A recent investigation of word retention,
stimulating the left tragus with t-VNS at again similar parameters
but wider amplitude found improved accuracy in word retention

but only in items that rhymed, i.e., were phonologically similar
(Kaan et al., 2021).

VAGUS NERVE STIMULATION AND
ASSOCIATIVE MEMORY IN HEALTHY
VOLUNTEERS

Transcutaneous auricular vagus nerve stimulation has been
tested in a group of healthy older adults to determine the
technique’s impact on performance in a face-name association
task (Jacobs et al., 2015). VNS was employed in the encoding and
consolidation phases of the task with active and sham stimulation
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FIGURE 2 | Schematic diagram of innervation of ABVN and central projections, adapted with permission from Kaniusas et al. (2019).

compared in a randomized crossover design. Active t-VNS was
demonstrated to increase the number of ‘hits’ on the memory
task. Stimulation parameters employed differed somewhat from
those seen in the broader literature concerning the impact of VNS
on cognitive function. A stimulation intensity of 5.0 mA, a pulse
width of 0.2 ms, and a frequency of 8Hz were utilized, citing
previous functional and electrophysiological studies (Kraus et al.,
2007; Polak et al., 2009). A stimulation lead in time of 17 min
was also utilized, which has been theorized to be beneficial for
targeted neuronal plasticity (Hays et al., 2013).

VAGUS NERVE STIMULATION AND
EMOTION RECOGNITION IN HEALTHY
VOLUNTEERS

This ability to recognize different emotions in others was
investigated and found to be enhanced by t-VNS at the left
outer auditory canal in young healthy adults but only for
objectively easy, not challenging, items via the Reading the

Mind in the Eyes test (Colzato et al, 2017). Subsequent
investigations of fear conditioning and extinction in young
volunteers, after previous positive studies, found that t-VNS
at the left cymba conchae did not infer any difference
in physiological or declarative indices of fear or improve
fear extinction (Burger et al., 2019). Further studies are
needed in this area to elucidate if t-VNS has a specific
beneficial effect, given its ability to modulate both cortical and
subcortical structures.

See Table 2 for parameters settings and outcomes in trials of
VNS in healthy volunteers.

VAGUS NERVE STIMULATION AND
COGNITION IN CLINICAL POPULATIONS

In this section we highlight the studies to date investigating
the cognitive effects of VNS on clinical populations, mostly
with treatment-resistant depression or epilepsy. Many studies
investigating the role of VNS in clinical populations has involved

Frontiers in Neuroscience | www.frontiersin.org

36

June 2022 | Volume 16 | Article 897303


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

510" UISIBIUOL MMM | BOUBIOSOINSN Ul SI8IUOI-

€0€.68 9IPIMY | 91 8WN|oA | 220z sunp

TABLE 2 | Cognition and VNS in healthy volunteer populations.

COGNITION AND VNS: Healthy volunteers

Stimulation Parameters

Study iVNS/tVNS Hz mA Pulse width Time Population Task Outcome
Steenbergen tVNS 25Hz 0.5mA 200-300 ps 30 s blocks Healthy young adult Stop change paradigm Enhanced response selection and faster
etal, 2015 volunteers response times when two actions executed in
n=230 succession
Sellaro et al., tVNS left outer 25Hz 0.5 mA 200-300 ps 30 s blocks Healthy young adult Modified Flanker test Increased post error slowing during active
2015 auditory canal volunteers tVNS
n =140
Jacobs et al., tVNS left external ~ 8Hz 5.0 mA 200 ps 17 min Healthy older adults avg ~ -Face name recognition task Higher number of accurate “hits” during tVNS
2015 acoustic meatus age 60.5 —15 word learning test for face name recognition
n=30 -Digit span forward/backward
-Verbal fluency test
-Concept shifting task
-Letter digit subtraction
-Stroop color word test
Beste et al., tVNS left inner ear  25Hz 0.5 mA 200-300 ps 30 s on/30 s off Healthy young volunteers  Inhibitory control (go-no-go task) Fewer false alarms in the more challenging
2016 n=>51 paradigm, i.e., when working memory
processes also engaged
Colzato et al., tVNS 25Hz 0.5 mA 200-300 ps 30 s on/30 s off Healthy young volunteers  Emotion recognition Reading the mind Enhanced emotion recognition for easy (not
2017 Left outer auditory n=38 in the Eyes test challenging) items suggesting it promoted the
canal ability to decode salient social cues
Fischer et al., tVNS 25Hz Avg 1.3 mA 200-300 ps Continuous Healthy adult volunteers ~ -Adapted response conflict Simon No behavioral change noted
2018 (0.4-3.9) n=21 task Down-regulated N2 potential EEG reading
-Novelty oddball task
Ventura-Bort tVNS 25Hz —1.3mA 200-300 ps 28 min task 1 Healthy young volunteers  -Novelty oddball task -No difference with tVNS with difficult targets
etal, 2018 Left cymba (0.4-3.9) active 7 min task 2 n=21 -number version of the Simon task or novel stimuli
conchae —1.49 mA -Difference between tVNS and sham
(0.6-4.8) sham stimulation (P3 amplitude) in EEG parameters
for easy targets associated with larger increase
in sAA levels after tVNS
Rufener et al., tVNS 25Hz 0.5 mA 250 ps 30 s on/30 s off Healthy young volunteers  -Acoustic oddball paradigm (respond - tVNS increased EEG parameter P3 amplitude
2018 Left cymba Started 90 min prior  n = 20 avg age 24.8 as quickly as possible whenever a - Random noise stimulation reduced the
conchae to task target tone was detected) reaction time
Maharjan et al.,  tVNS at left ear —80Hz 10-15 mA 180 wsin square 25-35 min lead in Healthy adult males Two olfactory tests (odor threshold High frequency (80Hz) VNS positively
2018 both anterior —10Hz waveform time n=18 test (OTT) and supra-threshold test modulated olfactory performance in healthy
(cymba conchae) -No stim (STT) participants and showed significant increase in
and posterior of NIRS recordings of the right hemispheric
ear orbitofrontal cortex
Colzato et al., tVNS left concha 25Hz 0.5 mA 200-300 ps 15 min lead in time Healthy young volunteers  Convergent and divergent thinking -Fluency scores were significantly higher in the
2018 n=140 n = 80 (50 females, 30 tasks active tVNS group (able to generate more
sham left earlobe males, mean age 20.96) answers)
n=40 -tVNS affected cognitive flexibility, i.e.,
participants could think of more different
categories than sham
Jongkees et al.,  tVNS left medial 25Hz 0.5 mA 200-300 ps 30 s blocks Healthy young adult Serial reaction time test Enhanced response selection process and
2018 acoustic meatus 15 min lead in time volunteers action control performance
n =140

(Continued)
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TABLE 2 | (Continued)

COGNITION AND VNS: Healthy volunteers

Stimulation Parameters

Study iVNS/tVNS Hz mA Pulse width Time Population Task Outcome
Burger et al., tVNS 25Hz 0.5 mA 250 ps 30 s on/30 s off Healthy young Computerized fear conditioning, fear No difference in physiological and declarative
2019 Left cymba 10 min lead in time volunteers n = 61 generalization, and fear extinction indices of fear between tVNS and sham
conchae paradigm conditions
Mertens et al., tVNS cymba 25Hz 0.5 mAfor 16 250 ps 30 s during Healthy volunteers Word recognition task No effect on verbal word memory
2020 conchae 0.54-0.57 mA consolidation —n = 41 age avg
for rest 22.2
—n = 24 age avg
55.1
Giraudier et al.,  tVNS left cymba 25Hz Active 200-300 ps 30 s on/30 s off Healthy volunteers Lexical decision task and recognition Overall no effect of tVNS on task performance
2020 conchae (active) or 1.48 mA £+ 0.59 Stimulated for 23 min - —n = 60 memory task of selected German words or word recognition memory — however higher
left earlobe (sham) sham 5 min before 13 min  —46 = female (either emotionally charged or neutral) recollection based memory performance was
1.31mA+£05 during and 5 in after  -avg age 23.45 Also — BP, HR and sAA observed during tVNS than sham
lexical decision task
Borges et al., tVNS 25Hz 2.19 mA (£0.93) 200-300 ps 30 s on/30 s off Healthy adult -Modified Flanker test Only the DCCS shows improvement with tVNS
2020 4 min lead in time volunteers n = 35 -Spatial Stroop task
-Number/Letter task
-Dimensional change card sorting task
Keute et al., tVNS left cymba 25Hz 2.37 mA (£0.16) 200 ps 30 s on/30 s off Healthy adult Stop Change paradigm (go-no-go task) Globally enhanced accuracy across conditions
2020 conchae 30 min lead in time volunteers n = 22 -Reduced the performance costs of go/change
response conflicts
-increased attention
Sunetal., 2021 tVNS 25Hz Online 500 ps 30 sonand 30soff Healthy young Spatial stimuli task Offline (pre-task stim for 25 min) tVNS
Study 1 Left cymba 0.7 £ 0.36 mA 25 min pre task volunteer n = 46 (25  Four blocks with 72 experiment trials in significantly increased hits in spatial 3-back
conchae Offline (offline) or 15 min female, average age  each block task but not rejections or reaction times
Sham: no 0.69 + 0.38 mA during task (online) 20.39 + 1.96)
stimulation Sham
0.73+0.27 mA
Sunetal, 2021 tVNS 25 Hz Active: 500 ps 30 sonand30soff Healthy young Spatial stimuli task Offline (pre- task stimulation for 25 min) tVNS
Study 2 left cymba 0.74 mA + 0.37 Both 25 min volunteers n = 58 Four blocks with 72 experiment trials in improved hits but not correct rejections or
conchae Sham: stimulation (24 female, average  each block reaction time of accurate trials in spatial WM
sham; active 0.84 mA + 0.39 age 19.9 £+ 1.49) performance
stimulation of
earlobe
Kaan et al., 2021 tVNS 25Hz 1-6 mA 250 ps Healthy young -Word retention: tVNS was associated with higher accuracy but
Left tragus volunteers n = 33 — non-rhyming, easily separable words only when the items are phonologically similar
control n = 29 -rhyming words
experiment
Mcilntire et al., Cervical VNS via 25Hz Not available Not available 2 min cycles Healthy young 34 h of continuous sleep deprivation cVNS significantly improved objective arousal
2021 gammaCore military recruits Air Force-Multi-Attribute Task Battery and multitasking
device n =40 (M:F 33:7) (AF-MATB); for as long as 24-h post-stimulation
VNS vs. sham avg age 28 + 6 years  simultaneously monitor Subjective ratings of
(n = 20 both and respond to four separate cognitive fatigue also improved
groups) process tasks: a visual system alert
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monitoring task, a visual-motor tracking
task, an auditory communication
monitoring task and a management
task
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invasive VNS (iVNS). A further potential confounder is the
impact some of these underlying pathologies have on cognition,
the altered medial temporal anatomy especially in cases of
epilepsy and the medications used to manage these conditions
can also have deleterious effects on cognition.

VAGUS NERVE STIMULATION AND
COGNITIVE CONTROL, i.e., EXECUTIVE
FUNCTION IN CLINICAL POPULATIONS

Vagus nerve stimulation has been shown experimentally to
have mixed results when examining the subdomain of decision
making, specifically on the Iowa Gambling Task (IGT). In
one paradigm eleven patients with refractory epilepsy and
iVNS devices completed a gambling task involving control and
experimental trials with active VNS synchronized to stimulate
in the latter. Whilst improved performance was demonstrated
in the earlier part of the task, this trend was reversed later
in the experimental trial with active stimulation trending
toward being detrimental to performance (Martin et al., 2004).
Technical failure and a cumulative stimulation-dose effect were
amongst the potential explanations proposed by the authors
to explain this phenomenon. Decision-making may depend
on intact working memory (Bechara and Martin, 2004) and
several studies have demonstrated working memory involvement
in the IGT (Bagneux et al., 2013) which may have affected
results in this study.

Working memory refers to a cognitive process that provides
temporary storage and manipulation of the information
necessary for complex cognitive tasks (Baddeley, 2010).
Literature concerning the impact of acutely administered VNS
on working memory is promising but limited to a small number
of studies. In one experimental paradigm, twenty participants
with poorly controlled epilepsy were required to perform a
computer-based Executive-Reaction Time (Executive RT) Test,
wherein ability to memorize and store the orientation of a
triangle and indicate its position in response to a go signal were
assessed whilst VNS was delivered in a cyclic fashion. Active
iVNS stimulation was associated with fewer errors in the subtask
relying on working memory (Sun et al., 2017).

The effect of active iVNS on response inhibition was
also assessed by employing a classic stop-signal task in
participants with refractory epilepsy (Schevernels et al., 2016).
Quicker response inhibition has been demonstrated during
active stimulation in patients who had previously shown a
larger therapeutic effect of VNS. The beneficial effects of VNS
on cognitive control may be maximally demonstrated in so-
called “VNS responders’ (for the primary clinical indication) as
demonstrated by patients with iVNS devices who undertook the
Eriksen Flanker task during both VNS ‘on’ and ‘off” stimulation.
Only those deemed VNS responders (i.e., those whose seizure
frequency had decreased by >50% post-device implantation) had
demonstrable improved reaction times and reduced distractor
interference during active stimulation (van Bochove et al., 2018).
There is a subcategory of patients with refractory epilepsy who do
not respond to iVNS therapy, i.e., do not have seizure reduction

0f 50%, and deemed “non-responders.” It is notable that a current
output of 2.28 mA was utilized in the VNS “responder” group
and it’s possible that, in keeping with previous studies examining
optimal amplitude for stimulation, that the higher amplitudes
employed exceeded that at which cognitive control is optimized
for the iVNS “non-responders.” Further research is needed in
this area in particular regarding stimulation parameters and
iVNS responders.

VAGUS NERVE STIMULATION AND
LANGUAGE IN CLINICAL POPULATIONS

In the first study of its kind, building on previous preclinical
research, the impact of iVNS on word retrieval memory was
assessed via an experimental protocol whereby participants
with iVNS devices inserted for epilepsy control, were required
to read a series of paragraphs, and subsequently identify
words that were highlighted in the text. The study population
comprised two groups of patients who were administered active
(0.5-1.5 mA) or sham VNS, delivered 2-min after learning
in the memory consolidation phase. An inverted U-shaped
relationship was demonstrated regarding stimulus intensity and
modulation of cognitive performance, with memory enhancing
effects demonstrated only at moderate intensities, namely 0.5 mA
(Clark et al., 1999). These results were in part corroborated
by a subsequent study which employed higher stimulation
intensities (>1.0 mA) and failed to demonstrate enhancement
of verbal recognition memory, in fact demonstrating a reversible
deterioration in figural memory (Helmstaedter et al., 2001).
However, study design may have impacted cognitive outcomes
here as delivery of stimulation was not restricted to the
consolidation period. The propensity for iVNS to positively
impact word retrieval memory in a population of patients
being treated with iVNS for intractable epilepsy was highlighted
again in 2006 whereby the impact of iVNS on performance in
the Hopkins Verbal Learning Test was assessed, demonstrating
a significant improvement in word retention when active
(amplitude 0.5 mA) as opposed to sham stimulation was applied
during memory consolidation (Ghacibeh et al., 2006b).

VAGUS NERVE STIMULATION AND
EMOTIONAL RECOGNITION IN
CLINICAL POPULATIONS

The effect of t-VNS on participants’ ability to recognize facial
emotions in three experimental paradigms (graded presentation,
static images and in a go-no-go task) was assessed in a group of
adolescents diagnosed with major depressive disorder (MDD).
In non-depressed controls t-VNS delivered at 1Hz, 0.5 mA
30 s block with 15 min lead in time, demonstrated enhanced
recognition of emotions but notably led to a significant decrease
in the ability of those with MDD to recognize sad emotions
(Koenig et al., 2021).
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TABLE 3 | VNS and cognition in clinical populations.

COGNITION AND VNS: Clinical Populations

Stimulation Parameters

Study iVNS/tVNS Hz mA Pulse width Time Population Task Outcome
Clark et al., 1999 VNS 30Hz —0.5mA 0.5 ms 30s Intractable Word recognition task Improved word recognition memory
2-24/52 post —0.75-1.5 mA epilepsy only when 0.5 mA delivered post
implantation n=10 reading
Sjogren et al., iVNS 20Hz 0.25 mA, 500 ps 30 s followed by Probable Alzheimer’s Median change in ADAS-cog After 6/12 8 of 10 patients showed
2002 Assessed at 3 and increased 5 min pause n=10age 67 + 7.6 8 women  Median change in MMSE after 3and  improvement from 3/12 ADAS-cog
6 months 0.25 mA 2 men 6/12 scores
increments over Depression, behavior and QOL After 6/12 7 of 10 patients improved
2 weeks then variables MMSE score by average 2.5 points
fixed No change in other variables
Martin et al., iVNS 30Hz 0.5 mA 500 ps 60s Intractable epilepsy lowa Gambling Task Conflicting results, deleterious at
2004 n=11 higher doses
Merrill et al., iVNS 20Hz 0.25 mA, 500 ps 30 s followed by Probable Alzheimer’s Median change in ADAS-cog At 1 year, 41% had improvement or no
2006 At least 1 year of increased in 5 min pause n =17 (age 63 range 57-81) Median change in MMSE after 1 year  decline from baseline on ADAS-cog
VNS treatment 0.25 mA 11 women 6 men Depression, behavior and QOL 70% had improvement or no decline
increments over variables on MMSE
2 weeks then No change in other variables
fixed
Helmstaedter iVNS 30Hz Mean 1.75 mA 500 ps 30 s—4.5 min Intractable Word recognition task Deterioration in figural recognition
etal., 2001 5-7/12 post (range 1-2.5) Epilepsy Design recognition task memory
implantation n=11
Dodrill and iVNS 30 Hzin Avg 1.3 mAin 500 ps 30sonevery 5min  Intractable Wonderlic personell test, Stroop test,  No significant changes were noted in
Morris, 2001 12-16/52 after high stim high simulation 130 us 30sonevery3h Epilepsy Digit cancelation, Symbol Digit the cognitive tests in low or high
implantation group group n =160 Modalities stimulation
1THzinlow  Avg 1.2 mAin low
stim group stimulation group
Ghacibeh etal., iVNS X 0.5 mA X 30s Intractable Hopkins verbal learning test Improved retention index
2006b >3/12 post Epilepsy
implantation n=10
McGilone et al., iVNS 30 Hz 0.5-3 mA avg 500 ps 30 s every 5 min Intractable epilepsy n = 16 Memory Observation Questionnaire Improved subjective and objective
2008 12/12 post 1.72 £0.58 memory scores compared to baseline,
implantation but similar to medical management
Schevernels iVNS Avg 25 Avg 2.3 mA Avg 431 us 7 son/ Intractable epilepsy Stop signal task VNS responders demonstrated
etal, 2016 >18/12 post (20-30) (0.75-3.0) (130-500 ps) 18 s off n=20 quicker response inhibition
implantation
Sunetal, 2017 VNS 30Hz 1.56-1.75 mA 250 ps 30 s on/48 s off Intractable epilepsy Executive reaction time test (go-no-go  Improved working memory (only when
2-130 months n=20 task) 3 participants with cognitive
post implantation impairment removed)
van Bochove iVNS 200r30Hz Avg2.28 mA 250 ps or 7 son/ Intractable epilepsy Eriksen Flanker task VNS responders demonstrated
etal, 2018 (0.75-3.0) 500 ps 18 s off n=17 improved reaction times and
decreased distraction interference
Koenig et al., tVNS 1Hz 0.5 mA 250 ps 30 s on/30 s off -Adolescents with major Facial emotional recognition in three -In non-depressed controls tVNS
2021 Left conchae 15 min lead in time depressive disorder tests enhances the general ability to

40

n=33
control group: adolescents with
headache n = 30

1. As a graded presentation
2. As static images
3.inago - no -go task

recognize emotions

-tVNS specifically led to a decrease in
the recognition of sad emotions in
patients with MDD
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TABLE 4 | VNS and neurocardiovascular assessment.

Neurocardiovascular assessment AND VNS

VNS Stimulation Parameters

Study iVNS/tVNS/site specific Hz mA Pulse width Time Analysis Population Result
parameters
Kamath et al., iVNS for refractory epilepsy (left 2Hz 0.1 mA 130 ms Not specified Baseline 45 min ECG  Refractory epilepsy n =8  HiStim group: LF:HF ratio decreased
1992 cervical vagus) 30 Hz 1TmA 500 ms readings pre High stimulation and low ~ from 2.5 + 1.5 preimplant to
implantation and at stimulation groups avg 1.5 £ 0.49 (P < 0.02) with iVNS
2/52 post implant age 34 + 7.8 range Significantly higher HF power in the
21-47 HiStim compared to LoStim group
Setty et al., 1998 VNS for refractory epilepsy (left 30 Hz Max tolerated 750 ps 30 s on 5 min off Pre and post Refractory epilepsy No significant effect noted on HRV
cervical vagus) implanted for threshold stimulation ECG n =10 (avg age 28 range  variables
minimum 1/12 (7 min baseline, 14-46) 8 men
2.5 min of stimulation
and a 7 min
post-stimulation)
Handforth et al., iVNS for refractory epilepsy (left 30Hz in high  Avg 1.3 mA in high 500 ps 30 s on every Study mainly aimed Refractory epilepsy “Autonomic function assessments
1998 cervical vagus) stimulation simulation group 130 us 5 min at seizure reduction High stimulation group revealed no significant changes in
group Avg 1.2 mAin low 30sonevery3h in two groups (high n=95age 32.1 +10.8 Holter function measures; mean heart
I Hz in low stimulation group vs. low stimulation) in  Low stimulationn =103 rate, mean lowest or highest heart
stimulation refractory epilepsy age 34.2 + 10.1 rate, heart rate variability, occurrences
group of bradycardia”
Galli et al., 2003 iVNS for refractory epilepsy (left 30 Hz 0.25 mA adjusted 500 ps 30 s on every 24-h analysis of RR Refractory epilepsy n =7  No significant changes in HRV
cervical vagus) 5 min variability at baseline (4 men) age 47 + 11.2 variables, trend to increased HF at
(t0), 1 month (t1, range 34-63 f night-time
short-term VNS) and
36 months after VNS
initiation (t2,
long-term VNS).
Ronkainen et al.,  iVNS for refractory epilepsy (left 30 Hz 2.9 mA avg 500 ms 30 s on 5 min off Pre and 1 year post Refractory epilepsy VNS had no significant effects on any
2006 cervical vagus) implantation 24 h n = 14 (eight male and HRV indices despite a significant
Holter six female age reduction in seizure frequency
HRV variables 34.3 £ 9.3; 20-52)
compared to matched
controls
Barone et al., iVNS for refractory epilepsy (left 30 Hz 0.75-1.75 mA 500 ps 30son, 5soff 24 h ECG holter at Refractory epilepsy 8 No significant change in HRV
2007 cervical vagus) baseline and after patients (age 32 range parameters after 3/12 VNS
3/12 implantation 9-65 2 men)
Sperling et al., VNS (left cervical vagus) for 15-30Hz 0.25-2.5 mA 500 ps 30 s on 5 min off ECG testing at Patients with major RMSSD increased significantly in
2010 treatment resistant depression baseline, switched depressive disorder switched on conditions during
(post implantation 6-40 months) on and switched off (ICD-100n=9 stimulation (30 s) in six patients
conditions (51.6 years, 5 women, 4 compared to stimulation-free intervals
men) and baseline
Compared to age and
sex matched controls
Clancy et al., tVNS on inner and outer surface 30Hz 10-50 mA 200 ps Continuous 15 min ~ HRV frequency and Healthy volunteers Significant decrease
2014 of the tragus of the ear stimulation spectral analysis n = 48 age 20-62 years in LF/HF ratio during active tVNS

Sham - on tragus but
disconnected
Either active or sham tVNS

Muscle sympathetic
nerve activity (MSNA)
recordings

old (M:F 1:1)

Greater response to tVNS in those
who had higher sympathetic
predominance at baseline (higher
LF/HF ratio)

a1

(Continued)
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TABLE 4 | (Continued)

Neurocardiovascular assessment AND VNS

VNS Stimulation Parameters

Study iVNS/tVNS/site specific Hz mA Pulse width Time Analysis Population Result
parameters
de Couck et al., tVNS cymba conchae left or right 25Hz 0.7 mA average 250 ps 30 s on/30 s off HRV frequency Healthy older volunteer Right stimulation alone significantly
2017 ear vs. sham (earlobe) 10 min and spectral n = 30 age 23-58 increased SDNN compared to
Study 1 analysis baseline
de Couck et al., tVNS cymba conchae right ear 25Hz 1 mA average 250 ps 30 s on/30 s off HRV frequency Healthy older volunteer SDNN significantly
2017 1h and spectral n = 30 age range 30-65 increased after 36 min and after 1 h
Study 2 analysis specifically in female participants
LF and LF/HF
significantly increased after 35 min of
stimulation
Antonino et al., tVNS 30 Hz 45+ 1 mA 200 ps Continuous 15 min ~ HRV, BP variability, Healthy young male Active tVNS acutely improved
2017 active — tragus- inner and outer cBRS olunteer spontaneous
surface n=13 cBRS, olunteer LF/HF ratio and
sham ear lobe age =23+ 1 evoked slight decrease in HR
Electrodes placed bilaterally Nil change with two sham conditions
(1) active tVNS
(2) sham- olunteer placed on
tragus —no current
(3) olunteer placed on the earlobe
current applied
Lamb et al., tVNS left tragus/auditory meatus 20Hz 5.6 mA range 100 ps unavailable Postural HRV via Military veterans with Significantly increased RSA (HF HRV)
2017 or sham (no current) 3-11.3mA Tilt Table Test PTSD and mild TBI in tilt during tVNS
Startle Blink n =12 or healthy control ~ Trend toward reduced reactivity (via
Paradigm n=10age30 £ 7 electrodermal response monitoring) to
startle
Badran et al., tVNS to the inner side of the left 1Hz At 100 ps: tragus 100 ps Stimulation period Heart rate analysis Healthy young adult Active stimulation olunteer HR more
2018b tragus (anode in the ear canal, 10 Hz 9.28 + 2.56 mA 200 ps (60s) olunteer n = 15 (M:F 1:1)  than control stimulation on with these
Study 1 cathode on 25 Hz earlobe 500 ps recovery period age 26.5 £ 4.9 parameters:
the surface of the tragus) of the 6.5+ 1.83mA (180s) 500 ps at 25 Hz
left ear for 9 different stimulation At 200 ps tragus 500 ps at 10 Hz
rounds 5.32 + 1.60 mA
sham = left earlobe earlobe
crossover design 3.64 £ 1.26 mA
At 500 ps tragus
3.0 £0.93 mA
earlobe
1.97 £ 0.70 mA
Badran et al., tVNS to the inner side of the left 10 Hz tragus- 500 ps Stimulation period Heart rate analysis Healthy young adult The parameters 500 ms at 10 Hz
2018b tragus (anode in the ear canal, 25 Hz 2.09 + 0.97 mA (60s) olunteer n = 20 (M:F 1:1)  alone
Study 2 cathode on earlobe recovery period induced a significant decrease in HR
the surface of the tragus) of the 2.04 +0.82 mA (90s)
left ear for 10 stimulation rounds
sham = left earlobe
crossover design
Bretherton et al.,  tVNS left tragus 30Hz 2-4 mA 200 ps 15 min Baroreceptor Healthy participants aged ~ Baseline LF/HF ratio power
2019 1 week later sham (electrodes on sensitivity § >55 years significantly predicted response to
Study 1 tragus but no current) n=14 tVNS where higher resting LF/HF ratio

Age 69.11 £+ 1.52

was associated with greater olunteer
during tVNS
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TABLE 4 | (Continued)

Neurocardiovascular assessment AND VNS

VNS Stimulation Parameters

Study iVNS/tVNS/site specific Hz mA Pulse width Time Analysis parameters Population Result
Bretherton et al.,  tVNS left tragus no sham 30 Hz 2-4 mA 200 us 15 min Baroreceptor Healthy participants Total power, mean RR interval, A RR,
2019 sensitivity, HRV aged >55 years SDRR were significantly affected
Study 2 frequency and spectral  n =51 during tVNS
analysis Age 65.20 £+ 0.79 A higher LF/HF ratio predicted a
greater decrease to tVNS
Bretherton et al.,  tVNS left tragus daily at home for 30Hz 2-4 mA 200 ps 15 min daily for HRYV frequency and Healthy participants RMSSD, pRR50, SD1 and nSD1,
2019 15 min for 2 weeks 14 days spectral analysis aged >55 years were significantly higher after 2 weeks
Study 3 n=29 tVNS
Age 64.14 £+ 0.89
Tobaldini et al., tVNS left cymba conchae 25Hz 1-6 mA adjusted to 200 ps 10 min supine (1) ECG Healthy young olunteer  Clinostasis: tVNS reduced HR, systolic
2019 Cross-over design 2-day protocol, sensory threshold stimulator on (rest (2) Respiration n =13 (5 males, 8 BP variability and cardiac and
1 day with tVNS and a control tVNS on), (3) Non-invasive females) age peripheral sympathetic modulation
day, at least 24 h difference 15 min orthostatic beat-to-beat arterial 27 + 4 years Responsivity of HR and BP to
position with tVNS blood pressure orthostatic stress during tVNS was
on (tilt tVNS on) at rest and during a significantly higher when compared to
75° tilt test control
Borges et al., tVNS to left cymba conchae 25Hz 0.5, 1,and 1.5 mA 200-300 ps 30 s on/off cycling RMSSD Healthy young olunteer  Increase in RMSSD during stimulation
2019 10 min stimulation n =61 (16 female) avg compared to the resting phases for all
Study 1 age 23.32 mA settings
Borges et al., tVNS to left cymba conchae 25Hz 1TmA 200-300 ps 30 s on/off cycling RMSSD Healthy young olunteer ~ RMSSD values showed a significant
2019 Compared to 10 min stimulation n=62 overall increase during the stimulation
Study 2 1.78 mA+1.13 (26 females avg age phase none of the different stimulation
24.77) conditions significantly differed from
each other regarding RMSSD values
Borges et al., tVNS to left cymba conchae vs. 25 Hz Active 200-300 ps 30 s on/off cycling RMSSD Healthy young No difference between active and
2019 sham (earlobe) 2.5mA £ 0.93) 10 min stimulation volunteers n = 60 (31 sham stimulation
Study 3 Sham each females, age avg
2.76 mA £+ 1.01 23.62)
Sclocco et al., tVNS 25 Hz (M16mMA+23 450 32 min -Instantaneous Healthy adult Exhalation tVNS but not inhalation
2019 (1) to cymba conchae no current @1.7mAL£24 ms pulse width HF-HRV index participants n = 16 (9 enhanced cardiovagal modulation, i.e.,
(2) to cymba conchae active B)1.4mA£1.1 duration of 1 s -four 8-min duration female, age 27.0 + 6.6)  increased instantaneous HF hRV index
during exhalation fMRI scans Exhalation found significantly signal at
(8) to cymba conchae active (1) passive MRl site of LC/NTS
during inhalation control
(4) sham to earlobe (2) active stimulation
exhalation
() active stimulation
inhalation
(4) active control
Gauthey et al., tVNS Cymba S5Hz 1.5+ 0. mA 0.2 ms 10 min stimulation Muscle sympathetic Healthy, young male Acute right cymba tVNS did not
2020 Crossover design 20Hz active 1.2+0.mA 10 min washout nerve activity (MSNA) volunteers n = 28 (age  induce any effects on HRV nor MSNA
5Hz sham 55+ 1. mA recorded by 27 + 4) variables when compared to active

microneurography at
rest, during apnoea
and tVNS

HRV power and
spectral analysis

control
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TABLE 4 | (Continued)

Neurocardiovascular assessment AND VNS

VNS Stimulation Parameters

Result

Population

Analysis parameters

Time

Pulse width

mA

iVNS/tVNS/site specific Hz

Study

Significant differences between right-
and left-sided stimulation for the

HRV power and Healthy adults n = 13

90s(i.e.,

100 ps

25Hzata 0.2-2 mA

=6

tVNSright n = 7 left n
-cymba conchae
-cavum conchae
-outer tragus

-inner tragus

-crus helicis

Machetanz et al.,

2021

(age 24 + 3, 8 female)

spectral analysis

3s x 30 s) at each

stimulation site

260 ps

0.096-0.769 mA

0.05-0.4 mA

periodicity of
1Hz

SDNN and RMSSD analysis only

260 s

(increasing with right ear stimulation)

144 parameter
combinations

HRV increases were highest at cymba

conchae and fossa triangularis, to a

lesser extent to stimulation at the inner

tragus

-fossa triangularis

Indices of LV contractility, LV output,
and LV work significantly decreased

Healthy male volunteers

Continuous cardiac
measurements with

impedance

ms 1 hresting tVNS
vs. sham

1

20Hz Adjusted individually

tVNS to right tragus during rest

Sinkovec et al.,

2021

(age 23 range

n=15
20-25)

rectangular

to barely perceptible

<150 pA

(60 min) and autonomic nervous

SBP and TPR significantly increased
No difference HRV or ANST

parameters

15 min ANST vs.

sham

pulse width

system testing (15 min) (Valsalva,

wet cold face, etc.)

cardiography

Non-invasive arterial

BP monitor

sham = no stimulation, preceded

stimulation

ECG for HRV analysis

See Table 3 for parameters settings and outcomes in trials of
VNS in clinical populations and please see below “VNS, cognition
and HRV” for a discussion of VNS in Alzheimer’s disease.

LINKING BRAIN AND HEART:
POTENTIAL MECHANISMS OF ACTION
OF VAGUS NERVE
STIMULATION-MEDIATED COGNITIVE
ENHANCEMENT

There are many potential mechanisms through which VNS
may exert its cognitive enhancing effects, including direct
neurotransmitter release, increased cerebral perfusion to discreet
neuroanatomical structures, reduced neuro-inflammation and
via modulation of peripheral hemodynamics. For the purposes of
this narrative review, we will analyze the link between cerebral
blood flow, cerebral autoregulation and cardiac modulation.
Beyond the scope of this review is how t-VNS may therapeutically
affect the inflammatory cascade via activating the cholinergic
anti-inflammatory pathway and the beneficial effects this may
have in aging populations.

MECHANISM OF ACTION: VAGUS
NERVE STIMULATION AND LOCAL
NEUROTRANSMITTER RELEASE

The main neurotransmitters centrally released via the afferent
projections of the vagus nerve are thought to be GABA and
Norepinephrine (NE). For a comprehensive review of the
preclinical and clinical studies detailing the evidence supporting
the modulation of these neurotransmitters during iVNS and
t-VNS see (Colzato and Beste, 2020).

As the primary inhibitory neurotransmitter in the brain,
higher levels of GABA decrease cortical excitability, and is the
accepted proposed method for VNS’ anti-seizure efficacy. It
has been suggested that increased cortical inhibition due to
high GABA levels can sharpen task-relevant representations in
the cortex and inhibit competing responses, thereby facilitating
response selection and inhibition processes (Munakata et al.,
2011; dela Vega et al., 2014).

Norepinephrine is a crucial neurotransmitter modulating
arousal and attention, and is primarily released via the
locus coeruleus (LC). There are two distinct modes of LC
firing that are associated with equally distinct modes of
attentional strategy. Connections with the orbitofrontal cortex
and anterior cingulate cortex are thought to drive the LC-
NE system into one of these two stable states of activity,
a high tonic (sustained) mode or a phasic (bursting) mode
accompanied by moderate tonic activity (Aston-Jones and
Cohen, 2005). This switching of attentional state via tonic LC
activity is thought to result in a flexible attentional system
that allows cycling between behaviors to find and meet task
demands in one’s environment, i.e., the adaptive gain theory
(Aston-Jones and Cohen, 2005).
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Interestingly, and similar to the effects noted with iVNS
stimulation levels and responses by Clark et al. (1995), moderate
levels of NE augment prefrontal cortex function, whereas high
and low concentrations of NE impair function, i.e., NE exhibits
an inverted-U relationship between LC-NE activity and optimal
performance on attention tasks (Berridge and Waterhouse,
2003). However, in general as NE levels rise executive function
improves, likely via enhanced activation of the prefrontal cortex
and frontoparietal control network (Xing et al., 2016; Unsworth
and Robison, 2017). Inhibitory control for action cancelation
is specifically enhanced with noradrenergic modulation, likely
via this prefrontal cortical network (Chambers et al., 2009;
Duann et al., 2009).

Older adults with more dense LC innervation (i.e., higher
neuromelanin MRI contrast) had overall better performance
on a reversal memory tasks (Himmerer et al., 2018) and had
improved cognitive reserve (Clewett et al, 2016). Similarly
in a post-mortem study of patients with Alzheimer’s disease,
lower LC cell integrity and greater cortical tangle density
was associated with greater tau burden beyond the medial
temporal lobes and worsening memory decline, identifying LC
integrity as a promising indicator of initial AD-related processes
(Jacobs et al., 2021).

Studies have also demonstrated a decline in GABA
concentration in frontal and parietal regions in aging
populations, areas crucial for cognitive control (Gao et al.,
2013; Porges et al,, 2017). NE and GABA may in fact work
synergistically to facilitate executive functioning; GABA by
encouraging response inhibition of task irrelevant stimuli and
NE via the LC-NE system increasing frontal NE release and thus
executive functioning (Ridgewell et al., 2021).

MECHANISM OF ACTION: VAGUS
NERVE STIMULATION INCREASES
CEREBRAL PERFUSION

Cerebral autoregulation is the phenomenon by which the brain
receives the same cerebral blood flow (CBF) despite variations
in perfusion pressure. The aim of autoregulation is to protect
the brain against hypoxia and edema as a result of decreased
or critically high arterial blood pressures respectively. Multiple
factors physiologically modify autoregulation including blood
CO2 levels, hypoxia etc. While still controversial, the ANS may
play a prominent role in cerebral autoregulation in response
to such stimuli, inducing vasodilation or constriction, and
parasympathetic and sympathetic nerves are anatomically located
in the same perineural sheath innervating cerebral arteries
(Tamayo and Siepmann, 2021). The means by which VNS exerts
its cognitive enhancing effect is probably multimodal, however
modulating CBF is likely a crucial factor.

Multiple modalities have been utilized to assess for CBF
changes due to vagus nerve stimulation, including position
emission tomography (PET), functional magnetic resonance
imaging (fMRI) and single photon emission computed
tomography (SPECT) studies and trials of patients with
iVNS treatment for epilepsy and depression have demonstrated

a variety of CBF modulatory effects at specific cortical and
subcortical areas. Increased CBF at the orbitofrontal cortex
(Henry et al., 1998; Bohning et al., 2001; Lomarev et al., 2002; Mu
et al., 2004; Vonck et al., 2008), temporal lobe (Ko et al., 1996;
Lomarev et al., 2002; Liu et al., 2003; Vonck et al., 2008; Conway
et al., 2012), insular cortex (Liu and Hu, 1988; Henry et al.,
1998, 2004), bilateral frontal lobes (Sucholeiki et al., 2002), left
dorsolateral prefrontal cortex (Kosel et al., 2011) and subcortical
structures including thalamus, hypothalamus, basal ganglia and
other nuclei (Narayanan et al., 2002; Sucholeiki et al., 2002;
Conway et al., 2012) has been observed. For a comprehensive
review see Chae et al. (2003).

Notably analysis undertaken during acute iVNS has noted
bilateral decreased hippocampal CBF (Henry et al., 1998; Mu
etal., 2004; Vonck et al., 2008). This has been replicated in t-VNS
functional imaging studies which have confirmed stimulation
and increased CBF at vagally innervated brain regions during
auricular t-VNS and notably decreased perfusion at hippocampal
regions (Kraus et al., 2007, 2013; Frangos and Komisaruk, 2017).
T-VNS has also demonstrated efficacy in increasing arousal
in comatose patients who respond to auditory signaling and
again the brain regions noted on fMRI to be activated were
similar to previous iVNS studies, including left superior temporal
gyrus, left prefrontal cortex, left insular cortex, left middle
frontal gyrus among other cortical and subcortical structures
(Yu et al., 2021).

It is worth considering that intermittently stimulating neurons
at different frequencies produces drastically different changes in
neuronal behavior with low frequency stimulation inducing long
term depression (LTD) and less connectivity while intermittent
high frequency stimulation produces long term potentiation
(LTP) and increased signaling (Lomarev et al., 2002; Kealy and
Commins, 2010). Therefore acute VNS stimulates brain regions
mostly involved in alertness and frontal processing, whereas
chronic stimulation may improve LTP in classic memory-
associated regions, including the hippocampus. Evidence for this
can be seen in preclinical studies (Zuo et al., 2007) but also
significant increases in hippocampal gray matter volume over
time has been observed in patients with iVNS devices inserted
for treatment-resistant depression (Perini et al., 2017). More
recently, Near Infrared Spectroscopy (NIRS) has been utilized to
monitor cerebral blood flow and increased frontal perfusion in
patients with epilepsy was noted during iVNS when paired with
a cognitive task (Kunii et al., 2021).

Both dementia and even its prodromal stage, MCI, are
characterized by a reduction in cerebral blood flow (Mazza
et al.,, 2011; Sierra-Marcos, 2017). A meta-analysis of twenty-
six studies investigating CBF in MCI found overall reduced
tissue oxygenation, CBF and velocity in MCI compared to
healthy controls (Beishon et al., 2017) and studies are underway
investigating the CBF changes that may occur with cognitive
stimulation in MCI and dementia (Beishon et al., 2019). Similar
findings have been noted in patients with Alzheimer’s disease,
with reduced CBF in many cortical regions including temporal
(Sandson et al., 1996; Alsop et al.,, 2000; Asllani et al., 2008;
Yoshiura et al., 2009; Ding et al., 2014) parietal (Alsop et al., 2000;
Johnson et al., 2005) and other regions including precuneus,
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frontal and posterior cingulate cortex (Alsop et al, 2008;
Yoshiura et al., 2009).

MECHANISM OF ACTION: VAGUS
NERVE STIMULATION MODULATES
PERIPHERAL HEMODYNAMICS

As well as modulating central neurotransmitter release and
cerebral blood flow, VNS has been shown to have positive
peripheral modulatory effects in pathological states characterized
by impaired autonomic regulation including postural orthostatic
tachycardia syndrome (POTS) (Petelin Gadze et al, 2018)
specifically patients with POTS and impaired vagal cardiac
control, as defined by reduced HRV (Jacob et al., 2019). T-VNS
has also shown benefits in modulating blood pressure in induced
orthostatic hypotension (Tobaldini et al., 2019). These studies
suggest VNS may have a role in positively manipulating the
peripheral baroreceptor-reflex and thus cerebral autoregulation,
and potentially may improve cortical perfusion via this route,
however further dedicated studies are required to precisely
delineate this relationship.

VAGUS NERVE STIMULATION AND
HEART RATE VARIABILITY

Heart rate variability analysis can be performed via a variety
of approaches and is based on the extrapolation of time
intervals between each R wave peak (Shaffer and Ginsberg,
2017), discounting any ectopic beats or arrhythmias, e.g., atrial
fibrillation. The most commonly applied methods to determine
HRV are time-domain analysis and frequency/spectral analysis.
Indices deriving from the time domain analysis quantify the
amount of variance in the selected inter-beat interval employing
statistical measures, such as the standard deviation of the normal
beat intervals (SDNN) and the root mean square of successive
differences between normal beats (RMSSD) (Shaffer et al., 2014).
The spectral analysis of HRV identifies oscillatory rhythms that
occur in specific frequency ranges. Three main components of
the spectrums can be identified as: the very low frequency band
(VLF), below 0.04 Hz, likely influenced by thermoregulatory
mechanisms and circadian rhythms; the low-frequency band (LF)
between 0.04 and 0.15 Hz in humans, a marker influenced by
baroreflex (Furlan et al., 2019) sympathetic and parasympathetic
modulation; the high-frequency band (HF) in the range from 0.15
to 0.4 Hz, a marker of vagal modulation that is influenced by
respiratory activity (Montano et al., 2009; Shaffer et al., 2014).
One of the limitations of HRV analysis is high within and
between individual variability, which may be reduced by longer
measurement intervals, i.e., 24 h but which is resultantly harder
to process. For a comprehensive review on the various indices
please see Merrick et al. (2017).

The ANS influences cardiac beat-to-beat interval length in
response to several factors. The sympathetic and parasympathetic
systems are the principal rapidly reacting systems that control
heart rate. The two systems have different latency periods with

sympathetic effects on heart rate slower than parasympathetic
(Warner and Cox, 1962; Pickering and Davies, 1973; Koizumi
etal., 1983) i.e., the parasympathetic system has the ability to alter
heart rate within 1-2 beats, while sympathetic effects take up to
10 s to take effect.

Low HRV has been associated with poorer prognosis in
cardiovascular diseases, cancer, Metabolic Syndrome and
Alzheimer’s disease and it has been postulated that related
pathophysiological mechanisms often contribute to their
occurrence and progression, namely inflammatory responses,
sympathetic overactivity, and oxidative stress (Entschladen
et al,, 2004; Thayer and Lane, 2007; de Couck et al., 2012).
Lower vagal nerve activity has been found to be significantly
correlated with oxidative stress (Tsutsumi et al., 2008), with
inflammatory markers in healthy individuals as well as in
those with cardiovascular diseases (Haensel et al., 2008)
and anxiety disorders have also been characterized by low
HRV (Chalmers et al., 2014). Experimental studies have long
demonstrated the success of behavioral (Stein and Kleiger, 2003)
and pharmacological (Sandrone et al., 1994) interventions in
manipulating HRV. Increases in HRV seen with physical fitness
training are associated with improvements in executive function
(Hansen et al.,, 2004). The links between executive function
and cardiac autonomic regulation were further highlighted by
a recent study examining the impact of cognitive and motor
training on HRV indices. Physical training alone failed to impact
HRYV in older adults whereas dual cognitive and motor training
significantly improved global and parasympathetic autonomic
nervous system activity (Eggenberger et al., 2020). These studies
point toward a duality; the vagal communications between heart
and mind can be bidirectionally manipulated to improve both
parasympathetic control of HRV and, synergistically, executive
cognitive function.

Preclinical research has noted that VNS, particularly to
the right vagus nerve, increases vagally mediated (vin-) HRV
measures (Huang et al., 2010; Sun et al., 2013). In a canine
study, VNS treatment enhanced HRV at 4 and 8 weeks and
reduced heart failure development (Zhang et al., 2009) and a
Japanese study in rabbits founds that intermittent VNS, but not
constant VNS, increased the HF (vagal) component of HRV
(Iwao et al., 2000). Discrepancies in this preclinical work may
be due to different species, devices and parameters but indicate
that manipulating the vagus nerve electrically can have positive
impacts on cardiac function and HRV.

VAGUS NERVE STIMULATION AND
HEART RATE VARIABILITY IN HEALTHY
VOLUNTEERS

Transcutaneous auricular vagus nerve stimulation devices and
their stimulation effect on HRV have been examined in several
experimental paradigms involving multiple auricular positions,
left vs. right ear stimulation, and different stimulation settings.
There is a trend toward positive findings, i.e., improved
HRV indices, with t-VNS in healthy volunteer populations
when the right auricular branch of the vagus is stimulated
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(de Couck et al., 2017; Machetanz et al., 2021). It is notable that
greater responses to t-VNS (ie., improved vagally medicated
HRV signals) have been demonstrated in those with higher
sympathetic balance at baseline in both younger and older
volunteers, both acutely and with 2 weeks t-VNS at home for
15 min daily (Clancy et al., 2014; Bretherton et al., 2019). An
experimental design comparing left and right t-VNS at multiple
stimulation targets found that SDNN and RMSSD both were
most significantly improved when the right cymba conchae and
fossa triangularis were stimulated (Machetanz et al., 2021).

When specific parameters of stimulation at the left tragus were
sequentially analyzed, the settings that had the most significant
impact on heart rate analysis in young volunteers were 500 Ls at
10 Hz (Badran et al., 2018b). Studies investigating the effect of
t-VNS and 70-degree tilt table testing on HRV at the left tragus
found that the RSA measure of HRV (HF domain) was also
significantly increased during an orthostatic maneuver (Lamb
et al., 2017) and similarly stimulation at the left cymba conchae
during 75-degree tilt found that responsivity, i.e., degree of
change of heart rate and systolic blood pressure during t-VNS
were significantly higher during orthostasis compared to control
(Tobaldini et al., 2019).

Research in this area has not been consistent. Some initial
findings indicated improved HRV measures with t-VNS to the
left cymba conchae but ultimately no difference compared to
sham and at multiple intensities (Borges et al, 2019). In an
experimental crossover design employing a variety of amplitudes
at the right cymba, there was no positive signal in affecting
HRV measures (Gauthey et al., 2020) and similarly t-VNS to the
right tragus during rest and autonomic nervous system testing,
with appreciably different stimulation parameters to what was
previously cited in the literature, also did not have any effect on
HRYV (Sinkovec et al., 2021). Inconsistent results are likely due to
the use of different anatomical sites and stimulation parameters
being utilized, some with “lead in” times and some without, and
reporting on this area has been of variable quality, and recent
international consensus has called for standardized reporting of
this research (Farmer et al., 2021).

VAGUS NERVE STIMULATION AND
HEART RATE VARIABILITY IN CLINICAL
POPULATIONS

Initial studies in clinical populations involved patients with iVNS
devices inserted for control of refractory epilepsy. The earliest
study demonstrated a reduction in LF:HF ratio and significantly
higher HF power was noted in the higher stimulation group
than lower stimulation (see Table 4; Kamath et al., 1992). These
results were not however replicated in further studies of similar
populations with comparable stimulation settings at timeframes
ranging from minutes to 1 year of stimulation (Handforth et al.,
1998; Setty et al., 1998; Galli et al., 2003; Ronkainen et al., 2006;
Barone et al., 2007). A small study analyzing HRV in patients
with iVNS devices implanted for management of treatment-
resistant depression noted an increase in the RMSSD (increased
vagal predominance) during stimulation compared to baseline

and healthy controls (Sperling et al., 2010). It is notable that
iVNS devices are for the most part inserted to activate the
vagus via its left cervical branch, thereby appropriately reducing
adverse cardiac effects but also not demonstrably influencing
HRV measures in these populations.

Please see Table 4 for further analysis of the specific
neurocardiovascular assessments, specific t-VNS parameters and
outcomes measures in discreet populations in this area.

VAGUS NERVE STIMULATION,
COGNITION AND HEART RATE
VARIABILITY

Heart rate variability can be conceptualized as a biomarker
of parasympathetic modulation, and it is associated with a
network of brain regions involved in autonomic nervous system
regulation, known as the central autonomic network (Benarroch,
1993; Thayer et al., 2009). This network, which comprises
prefrontal cortical (anterior cingulate, insula, orbitofrontal,
and ventromedial cortices), limbic (central nucleus of the
amygdala, hypothalamus), and brainstem regions, areas of the
brain intimately involved in emotional regulation and executive
functioning, leading to the proposal that vagally mediated HRV
may index these aspects of prefrontal cortical function (Thayer
and Lane, 2007; Thayer et al., 2009). Higher HRV has been linked
to better cognitive function in healthy adults including healthy
older individuals (Frewen et al., 2013; Grissler et al., 2020) and
a meta-analysis found a positive overall correlation (r = 0.09)
between vagally mediated HRV indices and emotional regulation
processes (including executive functioning, emotion regulation,
and effortful or self-control) in mostly healthy participants across
a number of age groups (Holzman and Bridgett, 2017).

Autonomic system dysfunction is common in patients with
MCI, with studies suggesting MCI participants are 5.6 times more
likely than controls to have autonomic dysfunction, specifically
on assessment of HRV and cardiac reflexes (Collins et al., 2012).
A meta-analysis of MCI with dementia also found autonomic
dysfunction, as defined by reduced HRV, was significantly
associated with cognitive impairment (da Silva et al, 2017).
Reduced HRYV is associated with worse performance on tests of
global cognitive function, more than cardiovascular risk factors
(Zeki Al Hazzouri et al., 2014).

Recent meta-analyses of HRV in patients with
neurodegenerative conditions including MCI, Alzheimer’s
disease, Lewy Body dementia (DLB), vascular dementia,
Parkinson’s disease and multiple sclerosis found a significant,
moderate effect (r = 0.25) indicating that higher HRV was
related to better cognitive and behavioral scores, which was
not influenced by mean age or cognitive status (Liu et al,
2022). These results were mirrored in a similar recent meta-
analysis of patients with dementia compared to healthy
controls, which found significantly lower resting HRV for
parasympathetic function and total variability in those with
dementia. On subgroup analysis then most striking differences,
i.e., worse HRV analysis was found in those with MCI or DLB
(Cheng et al., 2022).
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Heart rate variability and CBF are linked via vagal afferents,
and a meta-analysis revealed that HRV was significantly
associated with regional cerebral blood flow in the ventromedial
prefrontal cortex (including anterior cingulate regions) and the
amygdala (Thayer et al., 2012). In both younger and older adults
scanned while at rest, higher HRV is associated with higher
medial prefrontal cortex and amygdala functional connectivity
(Sakaki et al., 2016). The Neurovisceral Integration Model holds
that HRV, executive cognitive function, and prefrontal neural
function are integrally associated (Thayer et al., 2009).

In an interesting Swedish clinical trial in 2002, iVNS devices
were implanted in a small group of patients with likely
Alzheimer’s Dementia (AD) as defined by the criteria of the
National Institute of Neurological and Communicative Disorders
and Stroke and the Alzheimer’s Disease and Related Disorders
Association (NINCDS-ADRDA), with a view to assessing its
impact on cognition via memory test scores. In the primary
trial, 10 patients with average Mini Mental State Exam (MMSE)
scores of 21 (range 16-24) had iVNS devices implanted and the
median change in MMSE and Alzheimer’s Disease Assessment
Scale-cognitive subscale (ADAS-cog) scores among a battery of
tests was assessed at 3 and 6 months, with improvements in
both assessments noted in the majority (6 out of 10) of cases
(Sjogren et al., 2002). The follow up trial by the same research
group involved 17 patients with likely AD, who had iVNS devices
implanted and had outcomes measured and available at 1 year
post implantation. At 1 year, 7 of 17 (41%) had improvement
or no decline from baseline in ADAS-cog scores and 12 of
17 (70%) had improvement or no decline in MMSE scores.
There was no change in noted in other outcomes including
depressive symptoms (Merrill et al., 2006). There are a small
number of trials registered investigating the therapeutic potential
of t-VNS in older populations, both healthy and with cognitive
impairment (for a recent review see (Vargas-Caballero et al.,
2022)) however there are no known published studies to date
investigating t-VNS in populations with dementia or MCI, and
the associated effect on HRV.

SUMMARY

There is mounting evidence of the potential benefits of VNS
in myriad disease states, with notable promise in the area of
cognition. VNS shows promise as a neuromodulatory technique
in cognitive decline and this may be via its ability to regulate
both cardiac autonomic function and increase cerebral perfusion.
Dementia is a multifactorial process and together with reduced
cerebral perfusion is associated with neuroinflammation and
altered synaptic plasticity, both of which may also be favorably
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Background: Alzheimer’s disease and dementia in general constitute one of the major
public health problems of the 21st century. Research in arterial stiffness and pulse
pressure (PP) play an important role in the quest to reduce the risk of developing
dementia through controlling modifiable risk factors.

Objective: The aim of the study is to investigate the association between peripheral PP,
arterial stiffness index (ASI) and brain integrity, and to discover if ASI is a better predictor
of white matter integrity than peripheral PP.

Materials and Methods: 17,984 participants 63.09 4+ 7.31 from the UK Biobank were
used for this study. ASI was estimated using infrared light (photoplethysmography) and
peripheral PP was calculated by subtracting the diastolic from the systolic brachial
blood pressure value. Measure of fractional anisotropy (FA) was obtained from diffusion
imaging to estimate white matter microstructural integrity. White matter hyperintensities
were segmented from the combined T1 and T2-weighted FLAIR images as a measure
of irreversible white matter damage.

Results: An important finding is that peripheral PP better predicts white matter integrity
when compared to ASI. This finding is consistent until 75 years old. Interestingly, no
significant relationship is found between either peripheral PP or ASI and white matter
integrity after 75 years old.

Conclusion: These results suggest that ASI from plethysmography should not be used
to estimate cerebrovascular integrity in older adults and further question the relationship
between arterial stiffness, blood pressure, and white matter damage after the age
of 75 years old.

Keywords: arterial stiffness index (ASI), pulse pressure (PP), UK Biobank, white matter, MRI
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INTRODUCTION

Alzheimer’s disease and dementia in general is one of the major
public health problems of the 21st century (Wiesmann et al.,
2013; World Health Organization, 2015), yet there is currently no
cure nor disease-modifying treatment for it. This stresses the need
to find ways to reduce the risk of developing dementia through
controlling modifiable factors (Baumgart et al., 2015). Vascular
risk factors, such as hypertension and arterial stiffness have
been associated with the pathogenesis of dementia, in particular
Alzheimer’s disease and vascular dementia through their impact
on the white matter (Singer et al., 2014; Badji et al., 2019, 2020).

White matter lesions described as white matter
hyperintensities by T2-weighted or fluid-attenuated inversion
recovery (FLAIR), have consistently been shown to be associated
with arterial stiffness of large arteries (Longstreth et al., 1996;
Tsao et al., 2013; Maillard et al., 2016). Studies using diffusion
imaging highlight that arterial stiffness alters the microstructural
integrity of three vulnerable white matter tracts (corpus callosum,
internal capsule, and corona radiata) prior to irreversible white
matter lesions (Badji et al., 2019).

Arterial stiffness increases with age. Indeed, as we age,
our large elastic vessels undergo progressive luminal dilatation,
thickening of the arterial wall, increased deposition of collagen,
and combined fragmentation and degeneration of elastin which
reduce their capacity for dampening blood pulsatility arising
from the heart during each contraction (Wiesmann et al,
2013). As a result, arterial stiffness leads to an increase of
the pulse wave propagation which escalates systolic blood
pressure (SBP) (Laurent et al., 2005; Pase, 2012). During aging,
diastolic blood pressure (DBP) is also known to decrease.
Arterial stiffness contributes therefore to the increase of pulse
pressure (PP) as it reflects the difference between SBP and DBP
(Kaess et al., 2012).

Increased PP and arterial stiffness are strongly correlated.
However, they are also considered independent measures of
vascular aging (Franklin et al., 1999; Mitchell et al., 2010). Indeed,
on the one’s hand, PP has been shown to be strongly associated
with outcomes such as coronary heart disease (CHD), and
cardiovascular events in hypertensive patients (Madhavan et al.,
1994), elderly (Vaccarino et al., 2000), and the general population
(Glasser et al., 2014). On the other hand, arterial stiffness as
measured by carotid-femoral pulse wave velocity (cfPWV), which
is considered the gold standard measure of arterial stiffness
has been shown not only to be related to CHD (Boutouyrie
et al., 2002), stroke (Vlachopoulos et al., 2010) but also to risk
factors for dementia (Tulita et al., 2018) such as atherosclerosis
(Fernandes et al., 2008), hypertension (Laurent et al.,, 2006),
metabolic syndrome (Laurent et al., 2006) and diabetes mellitus
(Laurent et al., 2006).

While cfPWV provides excellent prognostic value in adults,
it is cumbersome due to the need for specialized equipment
and remains mostly utilized in research nowadays (Matsui
et al, 2004; Nichols, 2005). Conversely, the arterial stiffness
index (ASI) estimates arterial stiffness using infrared light
(photoplethysmography) to record the volume waveform of
the blood in the finger in 10-15 s (Chowienczyk et al., 1999;

Millasseau et al., 2000, 2002). It is therefore a fast, inexpensive,
simple-to-use and therefore convenient measure of arterial
stiffness that does not require specific expertise (Elgendi, 2012).

Recently, Said et al. (2018) investigated the association
between vascular aging as indicated by ASI and peripheral PP
with cardiovascular disease (CVD) risk factors, CVD events
and mortality in 169,613 participants from the UK Biobank.
Said et al. (2018) highlighted in their study that peripheral
PP has more added value than ASI to improve the risk
classification of incident cardiovascular disease. However, this
study did not investigate the association between peripheral
PP, ASI and brain integrity. Therefore, several questions
remain: Is ASI a predictor of white matter integrity? If
so, is it a better predictor of white matter integrity than
peripheral PP? In this study we investigated the association
of vascular aging as indicated by ASI and peripheral PP
with magnetic resonance imaging (MRI) markers of white
matter integrity.

MATERIALS AND METHODS
Study Participants

The data from the UK Biobank resource were used for
the purpose of this study. The UK Biobank study design
and population had previously been detailed (Sudlow et al,
2015). In brief, UK Biobank is a large community-based
prospective study in the United Kingdom that recruited
502,299 participants aged 40-85 years old with the aim of
improving prevention, diagnosis, and treatment of a plethora of
illnesses. The study collected detailed phenotype and genotype
data, including sociodemographic, lifestyle, clinical diagnosis,
treatment genetic, imaging and physiological parameters. UK
Biobank has approval from the institutional review boards,
namely, the North West Multi-centre Research Ethics Committee
for the United Kingdom, from the National Information
Governance Board for Health and Social Care for England and
Wales, and from the Community Health Index Advisory Group
for Scotland'. All participants gave informed consent for the
study via a touch-screen interface that required agreement for
all individual statements on the consent form as well as the
participant’s signature on an electronic pad®. The present study
is restricted to a subsample of United Kingdom participants with
information of ASI, blood pressure, diffusion tensor imaging
(DTI) and white matter hyperintensities volumes (WMHYV).
Those with self-reported conditions listed in SM1 were excluded
which led to a total of 20,742 participants included in the study.
The research reported here was conducted using the UK Biobank
Resource under Application Number 54531.

Cardiovascular Measurements

Arterials Stiffness Index

Pulse wave velocity was measured using the PulseTrace PCA2
(CareFusion, San Diego, CA, United States) which uses finger

Uhttps://www.ukbiobank.ac.uk/learn- more-about-uk-biobank/about-us/ethics
Zhttps://www.ukbiobank.ac.uk/media/051dglez/consent-form-uk-biobank.pdf
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photoplethysmography to record a 10-15 s pulse waveform on
the index finger of the participant’s dominant hand (Collins and
UK Biobank Steering Committee, 2007). The pulse waveform
comprises a systolic peak and second diastolic peak, and the
transit time [peak-to-peak time (PPT)] between the 2 peaks is
related to the time it takes for the pulse wave to travel through
the peripheral arterial tree (Millasseau et al., 2002; Gunarathne
et al, 2008). This path length is proportional to a person’s
height (h), enabling the calculation of an index of large artery
stiffness using the formula ASI = h/PPT, expressed in m/s
(Gunarathne et al., 2008).

Blood Pressure Measurements and Pulse Pressure
SBP and DBP were measured twice by trained nurses after the
participant had been at rest for at least 5 min in the seated
position using an automated blood pressure device [Omron 705
IT electronic blood pressure (BP) monitor; OMRON Healthcare
Europe B.V. Kruisweg 577 2132 NA, Hoofddorp, Netherlands],
or manually using a sphygmomanometer with an inflatable cuft
in combination with a stethoscope. For the purpose of the
study, we first calculated the mean SBP and DBP from the two
available automated BP measures for each participant. Then,
since automated devices tend to measure higher SBPs than
manual sphygmomanometers, we adjusted both SBP and DBP
that were measured using the automated device using algorithms
by Stang et al. (2006) as done recently by Said et al. (2018)
for the UK Biobank data. The peripheral PP was calculated by
subtracting the DBP from the SBP brachial values.

Brain Magnetic Resonance Imaging
Analysis

Data Acquisition

All brain MRI data were acquired on a Siemens Skyra 3T scanner
using a standard Siemens 32-channel head coil according to a
freely available protocol’.

Diffusion-weighted images were acquired using a spin-echo
echo-planar sequence encoded with 5 b = 0 s/mm? (plus an
additional 3 blip-reversed b = 0 s/mm?), 50 b = 1,000 s/mm? and
50 b = 2,000 s/mm? diffusion-weighted volumes, for a total of 100
distinct diffusion-encoding directions. A multiband acceleration
factor of 3 was used for acquisitions, spatial resolution = 2.0 mm
isotropic, TR = 3,600 ms, TE = 92.00 ms. T2-weighted FLAIR
volumes were acquired in sagittal orientation at 1.05 x 1 x 1 mm
resolution with the 3D space optimized readout (Mugler, 2014)
with the following parameters: TR = 5,000 ms, TE = 395 ms.

Diffusion Weighted imaging Processing

Imaging-derived data generated by an image-processing pipeline
developed and run by the UK Biobank team were used in
this study (Alfaro-Almagro et al., 2018). Briefly, preprocessing
of diffusion data included Eddy current distortion correction,
head motion correction, and outlier slices correction using FSLs
Eddy tool (Andersson and Sotiropoulos, 2015, 2016), prior
to gradient distortion correction. Next, fractional anisotropy
(FA) was calculated by fitting a diffusion tensor model to the

3https://www.fmrib.ox.ac.uk/ukbiobank/protocol/V4_23092014.pdf

pre-processed single-shell Diffusion weighted imaging (DWI)
(b = 1,000 s/mm?) data using FSUs DTIFIT (Nir et al., 2017).

The FA maps were used in FSLs Tract-Based Spatial statistics
(TBSS) (Smith et al., 2006) and TBSS-derived measures were
computed by averaging the skeletonized image of each FA map
within a set of 48 standard-space tract masks defined by the JHU
white matter atlas (ICBM-DTI-81) (Mori et al., 2008). For the
purpose of the study the mean FA in the corpus callosum (CC),
the internal capsule (IC) and the corona radiata (CR) were used.

White matter hyperintensities (WMH) were automatically
segmented from the combined T1 and T2-weighted FLAIR
images using the Brain Intensity Abnormality Classification
Algorithm tool (Griffanti et al., 2016). An automated pipeline was
used to delineate white matter hyperintensities from the FLAIR
images. The full details of the image processing and QC pipeline
are available in an open-access article (Alfaro-Almagro et al,
2018). The WMHs volumes were expressed as the percentage of
intracranial volume and then natural log-transformed.

Statistical Analysis

Prior to analysis, we tested the presence of outliers in each
variable of interest and removed 2,758 participants in total
ASI, WMHYV, FA in CC, IC and CR data using the 1.5
interquartile rule. Therefore in this study, we only considered
the remaining 17984 participants. The association between
vascular risk factors (e.g., increased in peripheral PP or in
ASI) and changes in the white matter and cognitive decline
is complex, and largely mediated by mixed cerebrovascular
and neurodegenerative lesions (Qiu and Fratiglioni, 2015;
Wang et al, 2017). These associations have been found to
be stronger when multiple vascular risk factors are present
in mid-life (40-59 years of age), especially if left untreated
(Launer et al., 1995; Kivipelto et al., 2001; Yaffe et al., 2014;
Qiu and Fratiglioni, 2015). These associations are in contrast
less certain when these vascular risk factors occur in later life
(>75 years of age) (Qiu et al., 2005; Novak and Hajjar, 2010;
Anstey et al., 2011; Tolppanen et al, 2012). For that reason,
we divided our participants into 4 groups based on their age
Gl (45-55 years), G2 (55-65 years), G3 (65-75 years), and G4
(=75 years).

To test the hypothesis that ASI is a better predictor of white
matter integrity than peripheral PP, a stepwise linear model
was performed. For this analysis, each MRI metric was treated
as a dependent variable and all the following variables were
considered as independent variables: age, sex, peripheral PP, and
ASI (Table 2). To better understand the relationship between
vascular aging and white matter damage across the age span,
we then looked at the relationship between either peripheral PP
or ASI with our MRI markers of white matter integrity across
different age brackets. Scatter plots between age and peripheral
PP, ASI, FA in the CC, and WMHY, respectively, further help to
interpret the results (SM2).

All statistical tests and figures except the stepwise linear
regression were done with R version 3.5.2. The stepwise linear
regression was done with SPSS (IBM SPSS 25, Statistics, Chicago,
IL, United States).
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To promote reproducibility, the data and code to perform
all statistical analyses and figures are publicly available at https:
//github.com/atefbadji/ASI_PP_MRI_UKBiobank.

RESULTS

This study included 17,984 participants, mean age
63.09 £ 7.31 years, of which 9,311 are female. Table 1
presents the descriptive statistics for the sample as well as
for subsample based on age bracket. Differences between groups
in demographic and clinical variables were analyzed using an
analysis of variance (ANOVA) or Chi-squared (x?2) tests for
continuous or categorical variables, respectively. One can note
that all comparisons were significant among groups (p < 0.001).
We even performed additional groupwise analysis and found
almost all pairwise comparisons to be significant for all variables.
The only groupwise comparison that were not significant were
the following: G1 vs. G2 (p = 0.82) and G3 vs. G4 (p = 0.07) for
BMI, GI1 vs. G2 (p = 0.09) for DBP, G2 vs. G4 (p = 0.32) and
G3 vs. G4 (p = 0.34) for ASI and finally G3 vs. G4 (p = 0.36)
for FA IC. However, due to the very large sample size, one can
wonder about the statistical relevance from a clinical point of
view. These results are in line with the literature but outside the
scope of the present study. They are therefore not discussed in
the present study.

To answer our hypothesis that ASI is not only a predictor of
white matter integrity but also a better one than peripheral PP,
we performed a stepwise linear regression (Table 2). In Table 2,
model FA CC_1 revealed that age and sex alone predict FA in
the CC (p < 0.001). This analysis indicated an R? of 0.05, which
means that age and sex accounted for about 5% of the total
variance of FA CC. Interestingly, model FA CC_2 highlights that
peripheral PP is found to be the best predictor of FA CC in

comparison with ASI. Indeed, the contribution of peripheral PP
on top of age and sex was found to account for significantly more
variance than the previous model (F change at p < 0.001). The
overall model of FA CC_2 (age, sex, and peripheral PP) was also
found to be a significant predictor of FA CC_2 (p < 0.001). This
analysis indicated an R? of 0.051 which means that age, sex, and
peripheral PP accounted for 5.1% of the total variance of FA CC.
Similar results have been found for all DTI metrics of interest (FA
IC and FA CR, Table 2). In particular, age, sex, and peripheral
PP were found to account for 6.9% of the total variance of FA
CR. Table 2 also highlights that age and sex predict WMHV
independently (p < 0.001). This analysis indicated and R? of
0.184 which means that age and sex accounted for about 18.4%
of the total variance of WMHYV.

Interestingly, mode]l WMHV_2 highlights that peripheral PP
is found to be the best predictor of WMHYV in comparison to
ASI. Indeed, the contribution of peripheral PP on top of age
and sex was found to account for significantly more variance
than the previous model (F change at p < 0.001). The overall
model of WMHYV (age, sex, and peripheral PP) was also found
to be a significant predictor of WMHV (p < 0.001). This
analysis indicated an R? of 0.189 which means that age, sex,
and peripheral PP accounted for 18.9% of the total variance
of WMHYV. Moreover, the contribution of ASI on top of age,
sex, and peripheral PP was found to account for significantly
more variance than the previous model (F change at p < 0.001).
The overall model of WMHYV (age, sex, peripheral PP, and ASI)
was found to be a significant predictor of WMHYV (p < 0.001).
This analysis indicated an R*> of 0.190 which means that age,
sex, peripheral PP, and ASI accounted for 19% of the total
variance of WMHV.

A closer look at the association between peripheral PP and
ASI with our MRI metrics of interest revealed that peripheral PP
was negatively associated with FA in CC (r = —0.048, p = 0.008)

TABLE 1 | Characteristics of all participants.

All participants Between 45 and Between 55 and Between 65 and Over 75 years p-value
55 years 65 years 75 years
Women/men (N) 9,311/8,673 (17,984) 1,652/1,363 3,986/3,320 3,365/3,510 308/480 (788) <2.2e-16
(3,015) (7,306) (6,875)

Age (years) 63.09 + 7.31 5214 +£1.94 60.25 +2.88 69.34 + 2.67 76.86 + 1.47 <2.0e-16
BMI (kg/m?) 2617 £ 4.12 26.34 +4.40 26.30 + 4.26 26.00 + 3.91 25.65 + 3.44 7.42e-8
Cardiovascular measures
SBP (mmHg) 131.53 £+ 16.61 124.80 + 15.36 129.78 + 16.23 135.54 + 16.28 138.45 + 15.89 <2.0e-16
DBP (mmHg) 78.93 £ 8.24 79.15 £ 8.42 79.35 £ 8.23 78.54 £8.12 77.45 + 8.26 <1.92e-16
PP (mmHg) 52.60 + 12.36 45.65 + 9.93 50.43 + 11.30 55.99 + 12.20 60.99 + 12.58 <2.0e-16
ASI (m/s) 9.37 £ 2.67 8.96 + 2.46 9.35 +2.62 9.55+2.76 9.45 £ 2.76 <2.0e-16
MRI measure
FAin CC 0.745 + 0.021 0.751 £ 0.019 0.747 + 0.020 0.741 +£ 0.021 0.734 + 0.022 <2.0e-16
FAInIC 0.630 +£ 0.018 0.633 + 0.017 0.630 + 0.017 0.628 + 0.018 0.627 +0.018 <2.0e-16
FAin CR 0.479 £ 0.019 0.486 £ 0.018 0.482 £ 0.019 0.475 £ 0.019 0.469 + 0.019 <2.0e-16
WMHV 3095.41 £ 2422.66 1693.63 + 1466.11 2593.85 £ 2043.15 3992.16 + 2579.82 5285.21 £ 2704.12 <2.0e-16

Values are means + standard deviation. SBR, systolic blood pressure; DBF, diastolic blood pressure; PR, pulse pressure; FA in CC and FA in CR are fractional anisotropy
of the corpus callosum, internal capsule and corona radiata, respectively; WMHV, white matter hyperintensities volume. Bold values are significant values after correction

for multiple comparison.
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TABLE 2 | Result of stepwise entry linear model based on a priory hypothesis on
the influence of age, sex, and vascular risk factors on white matter integrity.

Dependent variable = FA CC

Name Independent variables R? p F change p
1 Age + Sex 0.050 <0.001 N/A

2 Age + Sex + PP 0.051 <0.001 <0.001
Dependent variable = FA IC

Name Independent variables R2 P F change p
1 Age + Sex 0.031 <0.001 N/A

2 Age + Sex + PP 0.032 <0.001 <0.001
Dependent variable = FA CR

Name Independent variables R? p F change p
1 Age + Sex 0.068 <0.001 N/A

2 Age + Sex + PP 0.069 <0.001 <0.001
Dependent variable = WMHV

Name Independent variables R? p F change p
1 Age + Sex 0.184 <0.001 N/A

2 Age + Sex + PP 0.189 <0.001 <0.001

3 Age + Sex + ASI 0.190 <0.001 <0.001

Two cardiovascular risk factors were fed to each stepwise linear model: PP and
ASI. These models aimed to find which cardiovascular risk factors among PP and
ASI best predict the fractional anisotropy (FA) of the corpus callosum (CC), internal
capsule (Cl), corona radiata (CR) and the white matter hyperintensity volume
(WMHYV). Fixed covariates were age and sex. R of the significant models are
reported as well as the overall p-value of the model and the significant F changes
when comparing with previous model.

and positively WMHYV (r = 0.119, p = 5.306e-11) in participants
aged 45-55 years old (Figure 1). The same relationship was
found in participants aged between 55 and 65 (Figure 2) and
65 and 75 years old (Figure 3). However, ASI was not found to
be associated with neither FA in CC nor WMHYV in any group
of participants (Figures 1-4) with the exception of a positive

association found between ASI and WMHYV in participants
aged 55-65 years old (r = 0.05, p = 2.42e-06). Interestingly,
in participants over 75 years old, we did not find a significant
relationship between either peripheral PP or ASI with MRI
metrics (Figure 4).

DISCUSSION

In this study, we investigated the relationship between ASI
and peripheral PP with white matter integrity as assessed by
FA metric and WMHYV volumes in participants of the UK
Biobank. An important finding is that peripheral PP better
predicts white matter integrity when compared to ASI measured
with plethysmography. We found that an increase in peripheral
PP was associated with a lower FA and increased WMHV.
This finding was consistent until 75 years old. Interestingly, no
significant relationship was found between neither peripheral
PP nor ASI and white matter integrity after 75 years old,
which may question the nature of the relationship between
markers of vascular aging and white matter damage in individuals
over 75 years old.

Pulse Pressure Is a Better Predictor of
White Matter Integrity Than Arterial
Stiffness Index in Participants Aged
45-75 Years Old

Several studies have previously compared different markers
of arterial stiffness and vascular aging on the incidence of
cardiovascular events, in particular cfPWV and PP. cfPWYV has
been established as the gold standard measure of arterial stiffness
and a stronger predictor of cardiovascular events than peripheral
PP, not only in older adults but also in individuals with different
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FIGURE 1 | Scatter plot for partial correlation analysis of either pulse pressure (PP) or arterial stiffness index (ASI) with the fractional anisotropy of the corpus
callosum (FA in CC) or the white matter hyperintensity volume (WMHYV) in 3,015 participants between 45 and 55 years old. Significant p-values are in bold (adjusted
threshold with FDR was 0.025). Covariates included sex. An additional analysis was performed with both age and sex as covariates showing similar significant
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FIGURE 2 | Scatter plot for partial correlation analysis of either pulse pressure (PP) or stiffness Index (ASI) with the fractional anisotropy of the corpus callosum (FA in
CCQC) or the white matter hyperintensity volume (WMHV) in 7,306 participants between 55 and 65 years old. Significant p-values are in bold (adjusted threshold with
FDR was 0.0375). Covariates included sex. An additional analysis was performed with both age and sex as covariates showing similar significant results:
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FIGURE 3 | Scatter plot for partial correlation analysis of either pulse pressure (PP) or stiffness Index (ASI) with the fractional anisotropy of the corpus callosum (FA in
CCQ) or the white matter hyperintensity volume (WMHV) in 6,875 participants between 65 and 75 years old. Significant p-values are in bold (adjusted threshold with
FDR was 0.0375). Covariates included sex. An additional analysis was performed with both age and sex as covariates showing similar significant results:
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conditions such as renal failure, atrial fibrillation, and heart
failure (Laurent et al., 2001; Rahman, 2017; Niiranen et al., 2019).
Peripheral PP has also been associated with cardiovascular
outcomes (Madhavan et al., 1994; Benetos et al., 1997; Mitchell
et al., 1997), however, such observation has been attributed to the
interplay between peripheral PP and arterial stiffness.

Beyond its effects on cardiovascular events, cfPWV has been
also shown to better predict cognitive decline than measures of
BP (Marfella and Paolisso, 2016). The emerging MRI literature
has often highlighted a relationship between arterial stiffness,
WDMHs and white matter microstructure (Shrestha et al., 2009;

Rosano et al., 2013; Singer et al., 2014; Badji et al., 2019). In
particular, DTT studies looking at the effect of cfPWV on the
white matter microstructure showed consistently that several
white matter tracts are particularly vulnerable to increased
arterial stiffness, among which is the CC, a key white matter
tract altered in AD (Badji et al, 2019). Interestingly, cfPWV
was recently found to better predict the microstructural integrity
of the CC when compared with measures of 24 h SBP, 24 h
PP and Alx in participants between 65 and 75 years old (Badji
et al., 2020). However, to the best of our knowledge, no other
study has yet compared different markers of arterial stiffness
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FIGURE 4 | Scatter plot for partial correlation analysis of either pulse pressure (PP) or stiffness Index (ASI) with the fractional anisotropy of the corpus callosum (FA in
CCQ) or the white matter hyperintensity volume (WMHYV) in 788 participants over 75 years old. Significant p-values are in bold (adjusted threshold with FDR was
0.0125). Covariates included is sex. An additional analysis was performed with both age and sex as covariates showing similar results. (A-D) p values > 0.0125.

90

on brain integrity, nor has included measures of ASI before
the present study.

In the emerging literature, the correlation between ASI and
cfPWV has been found convincing (r = 0.65, p < 0.001)
(Millasseau et al., 2002). The relationship between ASI, age and
BP was even found similar to that between cfPWYV, age and BP
which further supported the concept that ASI and cfPWYV are
influenced by similar factors (Millasseau et al.,, 2002). Studies
looking at the effect of ASI on brain integrity would therefore
add value to the already published literature in terms of similitude
and differences of such markers. This will in turn hopefully help
clinicians in their choice of markers of vascular aging with respect
to the outcome of interest.

Our study presents the first evidence that peripheral PP better
predicts white matter integrity compared to ASI in participants of
the UK Biobank younger than 75 years old. This finding implies
that ASI from plethysmography may not be a reliable measure of
vascular aging in older adults, and may therefore not be used to
estimate cerebrovascular integrity in older adults.

A number of reasons can explain this result. The contour of
the pulse waveform is essentially determined by characteristics
of the heart such as ventricular ejection and those of large
arteries which are altered with increasing age (Avolio et al., 1983;
Millasseau et al., 2002; Alty et al., 2007; Russo et al., 2011). In
older individuals, the systolic and diastolic peaks in the contour
of the arterial waveform become difficult to identify (McVeigh
et al,, 1999; Alty et al., 2007). This was already demonstrated by
McVeigh et al. (1999) who measured the arterial waveform shapes
in a group of people of different ages. Increased arterial stiffness in
older adults elevates arterial pressure wave propagation, causing
the reflected wave to arrive back at the aorta during the systolic
rather than the diastolic phase of the cardiac cycle, thereby
escalating the SBP and contributing to a widening of PP (Laurent
et al., 2005; Vlachopoulos et al., 2011; Pase et al., 2012). The time
between the peaks of forward and reflected waves assessed using

plethysmography appeared thereby reduced in older subjects
(Millasseau et al., 2002). In addition, studies looking at age-
related changes in shape characteristics in individual fingers
and toes using frequency spectrum analysis (Oliva et al., 1976;
Sherebrin and Sherebrin, 1990) showed that there is a general
reduction in the harmonic components of the pulse in older
subjects (Shirouzu et al., 1998) which makes it further difficult
to estimate ASI using plethysmography technique in older adults.

Arterial Stiffness Index, Pulse Pressure,
and Brain Integrity After 75 Years Old

As mentioned in the introduction, peripheral PP is determined
by brachial SBP and DBP, and the relative contribution of
these is a function of age. In young adults, both DBP and
SBP increase, whereas in the elderly SBP increases and DBP
reduces with age, which escalates PP (Wills et al.,, 2011). The
association among higher SBP, mean BP, DBP, peripheral PP, and
WMH is consistent in many previous studies during adulthood
(Singer et al., 2014; Badji et al.,, 2019). Likewise, the association
between high BP in middle age (age 40-64 years) and increased
risk for vascular dementia is well established (Kennelly et al.,
2009; Launer et al, 2010; Ninomiya et al, 2011). However,
studies looking at these associations at an older age are sparse
and there is no consensus on the association between BP and
dementia in individuals aged 75 and above (Peng et al., 2017). In
addition, information about the impact of BP and arterial stiffness
measures on white matter integrity in people over 75 years old
is still lacking.

Nevertheless, a recent study investigated the association
between BP measures longitudinally, the internal carotid arteries
(ICA) blood flow velocity parameters, and age-related WMH
in a well-characterized 694 community-dwelling cohort of older
adults over 70 years old (Aribisala et al., 2014). Results from this
study showed that no association was found between peripheral
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PP and WMH measures (both WMH volume or Fazekas),
agreeing well with the results of the present study. Looking at
the results in detail, Aribisala et al. (2014) also showed that the
size of WMH at the age of 73 years was weakly associated with
mean BP and DBP at the age of 70 years old. Similar but even
weaker associations were seen between WMH and BP at the age
of 73 years (Aribisala et al., 2014). In addition, Peng et al. (2017)
reported no association between BP levels nor peripheral PP at
the age of 70-75 years and the incidence of vascular dementia.

Altogether, these results could be explained by different
reasons. Indeed, both SBP and DBP can reduce at an older
age. This phenomenon has a multifactorial etiology such
as frailty, polymedication, improper/non-adjusted medication,
heart failure, kidney failure, and so on and so forth. The
integrity of the brain has a critical dependence on a nearly
impeccable vascular supply, it is therefore not excluded that
a decline in BP happens as a result of brain damage in the
pathogenesis of dementia, just as much as the multifactorial-
related decline in BP can further damage cerebrovascular
integrity leading to dementia. Such a decline in BP could
weaken the association between increased BP levels, white matter
changes, and the incidence of vascular dementia later in life
(Skoog et al., 1996). Although individuals with any dementia
diagnosis or neurological condition were excluded from the
present study, some of our participants over 75 years old may be
in the early stage of dementia, before clinical symptoms appear.
This could explain the significant association found between
decreased peripheral PP and increased WMHs in individuals
between 65 and 75 years, and the non-significant association
between peripheral PP and either FA or WMHs in participants
over 75 years old.

Another issue with BP measures in general in late life is
the lack of information regarding the dose of exposure (and
untreated exposure) in most studies, including this one. Those
with a new-onset PP increase may not have an immediate risk
of brain injury but those with prolonged PP elevation that
continues into late life are likely at very high risk. Effects of
treatment only compound these dose-dependent associations
that are typically unmeasured.

Strengths and Limitations

The strength of this study lies in the use of a large community-
dwelling cohort from the United Kingdom and well-validated
imaging-derived data used across all researchers accessing the UK
Biobank data. To the best of our knowledge this is the first study
comparing different markers of arterial stiffness on brain integrity
including ASI from plethysmography. Including comparisons of
drug-naive participants and those on antihypertensive treatments
would have been interesting. Unfortunately, none of the women
included in the present study presented information about
antihypertensive medication history, therefore we could not
have included it. Likewise, excluding participants with heart
conditions such as valve diseases, cardiac arrhythmias or heart
failure and participants with renal or hepatic failure was not
possible due to the lack of information in the UK Biobank
database. Finally, although we did not find any relationship
between either peripheral PP or ASI and white matter integrity

after 75 years, we must acknowledge that we had less participants
(n = 788) compared to other groups (n = 3,015-17,984). Fewer
subjects may imply less power to detect such association. In this
study, we looked for the first time at the relationship between
peripheral PP, ASI and white matter microstructure after the age
of 75 years. Although our finding may question the nature of
the relationship between markers of vascular aging and white
matter damage in individuals over 75 years old, it certainly needs
to be replicated in a larger study before being able to draw an
accurate conclusion.

CONCLUSION

This study is the first to investigate the relationship between
ASI and peripheral PP with the white matter integrity as
assessed by FA metric and WMHV volumes in participants
of the UK Biobank. Our results show that peripheral PP
predicts white matter integrity better than ASI in participants
younger than 75 years old. These results suggest that ASI from
plethysmography should not be used to estimate cerebrovascular
integrity in older adults. In addition, no significant relationship
was found between either peripheral PP or ASI and white matter
integrity after 75 years old. A decline of BP in the pathogenesis
of dementia could weaken the association between increased
BP levels, white matter alteration, and the incidence of vascular
dementia at a late stage in life (Skoog et al., 1996).
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Purpose: Recent neuroimaging reports have shown the microstructural changes in
coronary artery disease (CAD) and its correlation with cognitive dysfunction while little
is known about the functional characteristics of CAD. We hypothesize that functional
characteristics may give clues to underlying pathology in CAD and its link with cognitive
dysfunction. Degree centrality (DC), a graph-based assessment of network organization
was performed to explore the neural connectivity changes in CAD patients compared
with healthy controls and their correlation with cognitive measures.

Methods: Thirty CAD patients and 36 healthy controls were included in our study.
All participants underwent functional magnetic resonance imaging (fMRI) of the brain.
We performed DC analysis to identify voxels that showed changes in whole-brain
functional connectivity with other voxels. DC was measured by the fMRI graph method
and comparisons between the two groups were done. All participants underwent
neuropsychological assessment (Montreal Cognitive Assessment, MoCA and Mini-
Mental State Examination, MMSE).

Results: Our data analysis included 30 CAD patients (59.90 + 7.53 years) and 36 HCs
(61.61 £ 6.19 years). CAD patients showed a greater prevalence of white matter lesions
using the Fazekas score than healthy controls (P < 0.001). Importantly, CAD patients
showed significantly lower (P < 0.001) MoCA and MMSE scores compared with healthy
controls. CAD patients showed significantly decreased DC value (P < 0.001) in the
right hippocampus (hippocampus_R), right lingual gyrus (lingual_R), and significantly
increased DC value (P < 0.001) in the left middle frontal gyrus (Frontal_Mid_L)
when compared with healthy controls respectively. DC value in the hippocampus_R
significantly correlated (P < 0.00) with MMSE and MoCA scores in CAD patients.
Fazekas scores in CAD patients showed a significant correlation (P < 0.001) with the
DC value in the hippocampus_R.

Conclusion: These findings suggest that reduced cerebral neural connectivity in CAD
may contribute to their cognitive impairment and white matter microstructural damage.

Keywords: Montreal Cognitive Assessment (MoCA), Mini Mental State Examination (MMSE), Fazekas score,
functional magnetic resonance imaging (fMRI), coronary artery disease (CAD)
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INTRODUCTION

Coronary artery disease (CAD) is caused by the build of plaque
in the wall of arteries that supply blood to the heart; plaques
cause narrowing or blockage that could reduce blood flow to
the heart which may lead to a heart attack. Increasing evidence
suggests an association between CAD and cognitive impairment
even in the absence of ischemic stroke (Burkauskas et al., 2016,
2018; Lowenstern and Wang, 2019). The potential mechanism
underlying this association include cerebral atherosclerosis and
hypoperfusion, which may have been linked with cerebral small
vessel disease (CSVD) (Berry et al., 2019).

Neuroimaging reports have shown that CAD is associated with
white matter lesions (Ikram et al., 2008; Vidal et al., 2010), and
cerebral infarcts (Geerlings et al.,, 2010) which are radiological
indicators of small vessel disease; reports have also shown that
CAD is associated with transient ischemic attacks (TTA) (Adams
et al., 2003) and gray matter microstructural changes (DeCarli
et al., 1999). Nonetheless, very little is known about the neural
network changes that occur in the brain of CAD patients;
understanding the underlying mechanisms may bring insight
into the cerebral changes and cognitive impairment that occur
during the disease mechanism.

Magnetic resonance imaging (MRI) reports have mostly
focused on the microstructural changes that occur in CAD
patients. CAD patients tend to present with reduced gray
matter and white matter microstructure compared with controls
(Almeida et al., 2012; Vuorinen et al., 2014; Anazodo et al.,
2015); it is also suggested that CAD patients showed cortical
thickness in multiple regions of the brain (Almeida et al., 2012;
Vuorinen et al, 2014). Importantly, reports (Deckers et al.,
2017; Elman et al., 2019; Faulkner et al., 2021; Liang et al,
2021) have shown the association between CAD and the risk
for cognitive impairment or dementia but very little is known
about the association between this link. However, it is suggested
that the association between cognitive impairment and CAD may
be linked with underlying risk factors (such as hypertension,
diabetes mellitus which have been suggested to be linked with
cognitive dysfunction), atherosclerosis, and hypoperfusion.

To date, very little is known about the functional
characteristics of the brain in CAD patients which may give clues
to the underlying mechanisms. Degree centrality (DC), assessed
by functional magnetic resonance imaging (fMRI) has acquired
incredible consideration lately. This graph-based assessment
of network organization reflects the number of instantaneous
functional connections between a region and the rest of the
brain within the entire connectivity matrix of the brain. In
that, DC can assess how much a node influences the entire
brain and integrates information across functionally segregated
brain regions. Voxel-wise centrality maps have provided novel
insights into patterns and complexity of functional connectivity
in Alzheimer’s disease (AD) (Guo et al., 2017).

Our current study focused on network architecture to
investigate the intrinsic dysconnectivity pattern in whole-brain
functional networks at the voxel level in CAD patients compared
with healthy controls. We chose DC because its measures
take into account a given region’s relationship with the entire

functional connectome and not just its relation to individual
regions or to separate larger components; therein, DC allows
one to capture the complexity of the functional connectome as a
whole. We also assessed the correlation between DC changes and
their clinical cognitive assessment scores. We hypothesize that
functional characteristics may give clues to underlying pathology
in CAD and its link with cognitive dysfunction.

MATERIALS AND METHODS

This observational cross-sectional study was done at the First
Affiliated Hospital of Zhejiang University School of Medicine
from September 2020 to July 2021. The inclusion criteria for
CAD patients were as follows: (1) age between 35 and 80 years;
(2) diagnosed with CAD (Johansen et al., 2021); and (3) could
cooperate during magnetic resonance imaging. The exclusion
criteria were as follows: the presence of carotid artery stenosis or
pseudo-occlusion, stroke, and patients who could not cooperate
during MR imaging.

The control group was individuals who attended our hospital
for annual health check-ups and had no history of neurologic or
cardiovascular diseases.

All participants were evaluated for cardiovascular risk factors,
medical history, medication use and had a comprehensive
cardiovascular physical examination by a cardiologist. The study
was approved by the Ethics Committee of First Affiliated Hospital
of Zhejiang University School of Medicine. Participants recruited
provided written informed consent before enrolling in the study.

Neuropsychological Examinations

All participants underwent a Montreal Cognitive Assessment
(MoCA) and Mini-Mental State Examination (MMSE) which are
examinations to screen for cognitive decline. These examinations
have a total score of 30 and a score lower than 26 indicates worse
cognition in MoCA while a score lower than 24 indicates worse
cognition in MMSE.

Magnetic Resonance Imaging Protocol

Whole-brain MRI data were acquired at the Center for Brain
Imaging Science and Technology, First Affiliated Hospital of
Zhejiang University School on a Siemens MAGNETOM Prisma
3T scanner (Siemens, Erlangen, Germany). All participants were
placed in the machine with foam padding around the head to
reduce motion; they were asked to keep still with their eyes
closed during imaging.

An echo-planar imaging sequence was used to acquire
the functional images with the following: 60 axial slices,
thickness/gap = 2.0/0mm, in-plane resolution = 64 x 64,
repetition time (TR) = 2,000 ms, echo time (TE) = 34 ms, flip
angle = 62° and field of view (FOV) = 220 mm x 220 mm.
Anatomical T1-weighted whole brain magnetization-prepared
rapid gradient echo images were obtained using the following:
160 sagittal slices, slice thickness/gap = 1.2/0 mm, in-plane
resolution = 512 x 512, TR = 5,000 ms, TE = 2.9 ms, inversion
time (TI) = 700 ms, flip angle = 4° and FOV =256 mm x 256 mm.
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Processing of MRI Data

SPM8' was used to implement pre-processing of all fMRI data
while data processing was done with Data Processing Assistant
for Resting-State fMRI.? The initial 10 volumes of the functional
images were discarded to remove initial transient effects and to
allow the participant to adjust to the scanner noise before pre-
processing. The rest of the fMRI images were acquired with slice
timing for the acquisition delay between slices and correction of
head motion. All participants who were under imaging had less
than 1.5 mm maximum displacement in x, y, or zand 1.5° angular
motion during imaging. Spatial normalization and resampling
to 3 mm voxels were used to acquire realigned images while a
Gaussian filter (6 mm FWHM) was used to spatially smoothen
the images. Smoothened images were filtered using a typical
temporal bandpass (0.01-0.08 Hz) to reduce low-frequency
drift, physiological high-frequency respiratory and cardiac noise.
Linear trends were removed within each time series. Lastly,
spurious variances from several sources were removed by linear
regression including six head motion parameters, along with
average signals from cerebrospinal fluid and white matter.

Calculation of DC
Voxel-based whole-brain correlation analysis on pre-processed
fMRI was done to calculate voxel-wise DC as previously
described (Li et al., 2016). Pearson’s correlation coefficients
(r) were done between all pairs of brain voxels in the gray
matter mask. We then converted the Pearson’s correlation data
to normally distributed Fisher’s Z-scores and constructed the
whole-brain functional network by thresholding each correlation
at r > 0.25 as previously reported (Buckner et al.,, 2009). DC
for a given voxel was calculated as the sum of the significant
connections at the individual level. Voxel-wise DC values
were also converted into a Z-score map using the Fisher-Z
transformation to improve normality. Positive correlations were
considered in the DC calculation due to the uncertainty of
interpretation and detrimental effects on test-retest reliability.
To assess the DC difference between CAD patients and HC,
a two-sample t-test was performed using REST. AlphaSim, a
program based on Monte Carlo simulation and implemented in
AFNI,’ was used for multiple comparison corrections. Monte
Carlo simulations determine the random distribution of cluster
size for a given per voxel threshold (Ledberg et al, 1998).
Statistical difference was defined as P < 0.05 and cluster
size > 198 voxels, corresponding to a corrected P < 0.05. The
correction was confined within the gray matter mask and was
determined by Monte Carlo simulations (Ledberg et al., 1998).

White Matter Lesion Rating Using the
Fazekas Scale

White matter lesions (WML) were rated based on FLAIR
and T2-W cerebral images using the Fazekas scale. Scores
ranged from 0 to 3 as previously reported (Han et al., 2018).
A modification of suggested rating scales was used to describe

'http://www.filion.ucl.ac.uk/spm
Zhttp://restfmri.net/forum/
Shttp://afni.nimh.nih.gov

different types of hyperintense signal abnormalities around
the ventricles (periventricular white matter hyperintensities,
PWMH) and in the deep white matter (DWMH) as previously
reported (Fazekas et al., 1987).

Statistical Analysis

SPSS (version 24) was used for our statistical analysis. Continuous
variables were displayed as mean =+ standard deviation, number
(%) as appropriate. To assess the correlation between DC changes
and clinical features of CAD, multivariable linear regression was
used while adjusting for risk factors (age, gender, hypertension,
and dyslipidemia). P values less than 0.05 were considered
statistically significant.

RESULTS

We initially enrolled 70 participants (34 CAD and 36 HCs),
but 2 CAD patients were excluded because of uncooperating
during MR imaging and 2 CAD patients were excluded
because of cerebral infarction after MR imaging as shown in
Supplementary Figure 1. Our data analysis included 30 CAD
patients (59.90 &£ 7.53 years) and 36 HCs (61.61 £ 6.19 years).
Of the 30 CAD patients, 23 (76.67%) were males, 22 (73.33%)
had a history of hypertension while 20 (66.67%) had a history
of dyslipidemia. Table 1 shows the demographics and clinical
information of our participants. CAD patients showed a greater
prevalence of white matter lesions using the Fazekas score than
healthy controls (P < 0.001, Table 1). Importantly, CAD patients
showed significantly lower (P < 0.001, Table 1) MoCA and
MMSE scores compared with healthy controls, respectively.

Comparison of DC Values Between CAD
and HC

A total of 90 brain regions involved in Anatomical Automatic
Labelling (ALL) were analyzed in the study. AAL partitions

TABLE 1 | Demographics and clinical data.

Variable CAD (n =30) HC (n = 36) P-value
Demographic information

Male sex, No. (%) 23 (67.74%) 20 (80.5%) 0.672
Age (years), mean (SD) 59.90 £+ 7.53 61.61 £6.19 0.865
Hypertension, No. 22 16 0.722
Diabetes mellitus, No. 0 0 0.909
Hypercholesterolemia, No. 20 15 0.448
Dyslipidemia, No. 20 16 0.468
LVEF,% 57.53 + 4.16 59.69 + 3.88 0.052
Smokers, No. 15 8 0.380
Education, years 5.07 +£1.31 511 +£1.01 0.621
MMSE score 21.07 + 3.96 29.47 +1.29 <0.001
MoCA score 17.96 + 3.57 26.83 + 1.73 <0.001
Total Fazekas score 3.93+1.14 0.14 £0.35 <0.001
PWMH 1.87 £ 0.76

DWMH 2.07 +£0.68

LVEF, left ventricular ejection fraction;, MMSE, Mini-Mental State Examination;
MoCA, Montreal Cognitive Assessment; PWMH, periventricular white matter
hyperintensity;, DWMH, deep white matter hyperintensity.
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are provided by Montreal Neurological Institute (MNI). There
are 116 regions in the AAL template but only 90 belong in
the brain. Before comparison corrections, CAD patients showed
significantly decreased DC value (P < 0.001; Table 2) in the right
hippocampus (hippocampus_R), right lingual gyrus (lingual_R),
left middle frontal gyrus (Frontal_Mid_L), left superior frontal
gyrus (Frontal_Sup_L), and significantly increased DC values
in the left middle frontal gyrus (Frontal Mid_L) (P < 0.001).
After comparison corrections, CAD patients showed significantly
decreased DC values (P < 0.001; Table 2 and Figure 1)
in the right hippocampus (hippocampus_R), right lingual
gyrus (lingual R), and significantly increased DC values
(P < 0.001, Table 2 and Figure 1) in the left middle
frontal gyrus (Frontal Mid_L) when compared with healthy
controls respectively.

Correlation Between DC Values and
Clinical Features in CAD Patients

Degree centrality value in the hippocampus R significantly
correlated (P < 0.001, Table 3) with MMSE and MoCA scores
in CAD patients. Fazekas scores in CAD patients showed a
significant correlation (P < 0.001, Table 3) with the DC value in
the hippocampus_R.

DISCUSSION

Coronary artery disease is thought to affect the brain in multiple
ways and recent reports have shown CAD may lead to cognitive
impairment; it has been suggested cerebral hypoperfusion, and
cardioembolism which may lead to cerebral atherosclerosis may
be linked with the underlying mechanism (Xie et al., 2019).
A current report suggested that there could be a gradual process
at play affecting blood flow and the brain but how it works is
still unclear (Rovio et al., 2019). To the best of our knowledge,
this is the first study to assess the intrinsic dysconnectivity
pattern of brain functional networks in CAD patients by using
DC analysis. Our current report showed that CAD patients had
significantly lower DC values in the right hippocampus, right

TABLE 2 | Brain regions with significantly decreased DC values in CAD patients
compared with HC.

Brain regions Voxels BA MNI coordinates P-value
X Y z

Uncorrected

Frontal_Mid_L 10 47 -30 45 3 <0.001

Frontal_Sup_L 14 32 -18 36 27 <0.001

Hippocampus_R 15 36 21 —24 -12 <0.001

Lingual_R 15 30 21 =57 0 <0.001

Frontal_Mid_L 115 6 -33 6 54 <0.001

Corrected

Hippocampus_R 15 36 21 -24 -12 <0.001

Lingual_R 15 30 21 -57 0 <0.001

Frontal_Mid_L 115 6 -33 6 54 <0.001

Left middle frontal gyrus (frontal_mid_l), left superior frontal gyrus (frontal_sup_l),
right hippocampus (hippocampus_R), right lingual gyrus (lingual_R), and left middle
frontal gyrus (Frontal _Mid_L).

Hippocampus_R

FIGURE 1 | Differences in DC value between CAD patients and HC. Blue
represents the decreased DC values in the right hippocampus
(hippocampus_R) and right lingual gyrus (lingual_R). Red represents increased
DC values in the left middle frontal gyrus (Frontal_Mid_L).

lingual gyrus, and left middle frontal gyrus when compared with
healthy controls. We also showed that reduced DC value in the
right hippocampus correlated with reduced MoCA and MMSE
scores and increased Fazekas score in CAD patients.

We observed a significant neural connectivity decrease in the
right lingual gyrus of CAD patients compared with HCs. The
lingual gyrus is a structure in the brain that is linked to visual
processing and is part of the primary visual cortex of the brain
(Zhang et al., 2016; Yu et al., 2018). It has been suggested that
cardiovascular patients may be at a higher risk of developing
visual-related problems (Flammer et al., 2013; Greenberg et al.,
2015). Our report suggests that reduced neural connectivity in the
right lingual gyrus may affect the vision of CAD patients which
may explain the reduced visual acuity in CAD patients compared
with healthy controls.

We also showed that CAD patients had significantly increased
neural connectivity in the right middle frontal gyrus, which plays
a significant role in the reorientation of attention in an individual
(Japee et al., 2015). Therefore, we suggest that CAD may cause
increased neural connectivity in the right middle frontal gyrus
may be a compensatory effect by functional reorganization for
the damaged brain tissue in this region to help with cognition.

The hippocampus has been well detailed to be involved
in the commonest neurodegenerative disease, Alzheimer’s
disease, leading to a significant decline in memory function
(Allen et al,, 2003; Jahn, 2013). This has been validated by
implementing approaches that have shown decreases in glucose
metabolism and perfusion in the hippocampus (Ishii et al.,
2007; Mosconi, 2013). Significant changes in the hippocampus
are evident not only in Alzheimer’s disease, characterized by
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TABLE 3 | Correlation between DC values and clinical implications in CAD patients.

Variable MMSE? MoCA® Fazekas score
B Coefficient P value B Coefficient P value B Coefficient P value

(95% CI) (95% Cl) (95% CI)

Hippocampus_R 0.106 (0.047 <0.001 0.074 (0.044 <0.001 -0.598 (-0.821 <0.001
-0.165) -0.122) -0.376)

Lingual_R -0.005 (-0.051 0.840 -0.036 (0.033 0.120 -0.116 (-0.304 0.230
-0.041) -0.091) -0.073)

Frontal_Mid_L 0.021 (-0.016 0.266 0.032 (0.022 0.167 0.118 (-0.035 0.131
-0.057) -0.059) -0.27)

4Adjusted for age, hypertension, years of education, and gender.

Right hippocampus (hippocampus_R), right lingual gyrus (lingual_R), and left middle frontal gyrus (Frontal_Mid_L).

impairment in everyday life but already in its pre-stage, mild
cognitive impairment, where cognitive deficits are detectable
in neuropsychological assessments without evident everyday
life changes (Moon et al., 2018). Besides these functional
changes, Schroeter et al. (2009) showed regional atrophy in
the hippocampus of Alzheimer’s disease patients. Our current
report showed CAD patients had significantly reduced neural
connectivity in the right hippocampus when compared with
healthy controls which may indicate functional dysfunction in the
right hippocampus of CAD patients.

Taken together, both functional impairment and adaptation
were observed in CAD patients. Decreased DC values (functional
impairment) occurred in structures that play a role in visual
memory (Lee et al., 2012; Zhang et al., 2016; Zammit et al,,
2017); this may be due to cerebral hypoperfusion resulting from
the decreased cardiac output as previously reported in CAD
patients. Increased DC value was observed in the left middle
frontal gyrus, suggesting functional plasticity to compensate for
structural damage in the early phase of the disease (Mueller et al.,
2020). These functional changes in CAD were associated with
cognition, suggesting that neural connectivity changes may give
clues to cognition dysfunction in the brain of CAD patients.

Neuropsychological assessments such as MMSE and MoCA
have been shown to help assess the cognitive status of an
individual. Our report showed a significant correlation between
the reduced MMSE and MoCA scores and the reduced neural
connectivity in the right hippocampus of CAD patients. Since the
hippocampus plays a significant role in cognition (Rubin et al.,
2014), the positive correlation between the reduced MoCA and
MMSE scores and significantly reduced neural connectivity in the
right hippocampus suggests that the reduced neural connectivity
network in the right hippocampus reflects the cognitive
assessment in CAD patients. Contrarily, visual stimulation is
the main input for these neuropsychological assessments. The
hippocampus is needed for the comprehension and execution
of these neuropsychological examinations. Since the right
hippocampus plays a significant role in comprehension, visual
input, and visuospatial memories, reduced neural connectivity
may affect the visual stimulation which may affect their
cognitive status.

A previous report showed a significant correlation between
non-calcified coronary plaque volume and total white matter
hyperintensity volume (Kral et al., 2013); the authors suggested

that coronary plaque in CAD patients affects the white matter
lesions. Recently, it has been suggested that the association
between cardiovascular diseases and white matter lesions may be
linked to hypoperfusion in the cerebral microcirculation resulting
from the reduced cardiac output, cardioembolism, and similar
underlying risk factors (de Leeuw et al., 2000; Gurol, 2018).
Our current report showed that reduced neural connectivity in
the right hippocampus significantly correlated with increased
white matter lesions on MR images using the Fazekas scale.
White matter lesions suggest cerebral small vessel disease (which
may be due to hypoperfusion) and are suggested to be linked
with cognitive decline and small vessel disease (Wardlaw et al.,
2015). Therefore, increased white matter lesions measured with
the Fazekas scale and reduced neural connectivity in the right
hippocampus may suggest that increased white matter lesions as
aresult of hypoperfusion may lead to reduced neural connectivity
in the right hippocampus.

The pathological mechanism of cognitive decline in CAD
patients is still unclear. In our current study, we utilized the
functional magnetic resonance (DC sequence) to evaluate the
neural connectivity in CAD patients, providing a possibility
for further exploring the underlying mechanism. We would
like to acknowledge some limitations in our work. To begin
with, the cross-sectional design of our study and the small
sample size of our participants limits us to conclude the cause
and effect; longitudinal studies with larger sample sizes are
needed to investigate more on our current study. As with most
diagnostic tests, patient cooperation is an obligation. Movement
from participants can diminish the quality of the image which
may affect the data. Furthermore, we did not evaluate the
microstructural integrity of the MRI images; further studies
on the microstructural volume of participants may be needed.
Our study focused on functional brain MRI measurements
while cardiovascular measurement was not evaluated; further
studies with a more comprehensive assessment of the heart
may be needed. The clinical relevance of MRI procedures was
investigated with cognitive parameters and white matter lesions;
further studies are needed to assess the clinical importance of
MRI measures and cardiovascular measures.

In conclusion, we showed that CAD patients have significantly
reduced neural connectivity in the right hippocampus, right
lingual gyrus, and left middle frontal gyrus when compared
with healthy controls. We also showed that reduced DC value
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in the right hippocampus correlated with reduced MoCA and
MMSE scores and increased Fazekas score in CAD patients.
These findings suggest that reduced cerebral neural connectivity
in CAD may contribute to their cognitive impairment and white
matter microstructural damage.
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Introduction: Globally, women with dementia have a higher disease burden than men
with dementia. In addition, women with diabetes especially are at higher risk for cognitive
impairment and dementia compared to men with diabetes. Differences in the influence
of diabetes on the cerebral vasculature and brain structure may contribute to these
sex-specific differences. We examined sex-specific patterns in the relationship between
diabetes and brain structure, as well as diabetes and cognitive function.

Methods: In total, 893 patients [age 79 + 6.6 years, 446 (50%) women] from the
Amsterdam Ageing Cohort with available data on brain structures (assessed by an MRI
or CT scan) and cognitive function were included. All patients underwent a thorough
standardized clinical and neuropsychological assessment (including tests on memory,
executive functioning, processing speed, language). Brain structure abnormalities were
quantified using visual scales.

Results: Cross-sectional multivariable regression analyses showed that diabetes was
associated with increased incidence of cerebral lacunes and brain atrophy in women (OR
2.18 (1.00-4.72) but not in men. Furthermore, diabetes was associated with decreased
executive function, processing speed and language in women [B —0.07 (0.00-0.13),
—0.06 (0.02-0.10) and —0.07 (0.01-0.12) resp.] but not in men.

Conclusions: Diabetes is related to increased risk of having lacunes, brain atrophy
and impaired cognitive function in women but not in men. Further research is required
to understand the time trajectory leading up to these changes and to understand the
mechanisms behind them in order to improve preventive health care for both sexes.

Keywords: sex-specific analysis, brain structure, diabetes, cognitive function, vascular aging, vascular cognitive
impairment and dementia
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INTRODUCTION

The prevalence of diabetes is increasing worldwide, with an
expected rise from 537 million adults in 2021 to 783 million in
2045 (Sun et al,, 2021). This not only leads to high mortality —
more than 6.7 million deaths in 2021 alone - but also to high
morbidity, including an increased risk of cognitive impairment
and dementia (Arvanitakis et al., 2004; Yaffe et al., 2004; Liu, J.
etal., 2018). However, not all individuals are similarly affected by
the complications of diabetes. As early as 1979, and as confirmed
more recently by cohort studies, it was shown that type 2 diabetes
is a stronger risk factor for ischemic heart disease and stroke
in women than in men (Kannel and McGee, 1979; Peters et al.,
2014, 2020, 2021). Women with type 2 diabetes also have a higher
excess risk of cognitive decline and vascular dementia, than
their male counterparts, although the extent of these differences
are dependent of study populations and their characteristics
(Verhagen et al., 2022).

To date, it is unclear why men and women with diabetes are
dissimilarly impacted by dementia. Since sex-related differences
in the incidence of dementia are only present in the group
with vascular dementia — not in Alzheimer’s dementia - sex-
specific patterns of cerebral vascular pathology may play a role
in mediating these differences (Hayden et al., 2006; Chatterjee
et al., 2016; Liu et al., 2018). Cerebral small vessel disease
(cSVD) - including the presence of microbleeds, white matter
hyperintensities and lacunes - is more prevalent in individuals
with type 2 diabetes than those without (Troncoso et al., 2008;
Moran et al., 2013; Geijselaers et al., 2015; Ter Telgte et al., 2018;
Wardlaw et al., 2019). Although little is known about sex-specific
susceptibility for ¢SVD, it seems plausible that the increased
susceptibility of women to cerebrovascular complications of
diabetes is manifested as an increased susceptibility to disease
of the smaller cerebral vessels (Jiménez-Sanchez et al., 2021). In
addition, diabetes is associated with increased rates of atrophy
(Moran et al., 2013). Again, it is not known whether there are
sex-related differences in this association, but it is known that
atrophy and cSVD are closely related, and they are sometimes
even collectively referred to as “brain structure” or “markers
for brain health” (Mahammedi et al., 2021). Our primary goal
in the present analysis is to assess if there are sex-specific
pattern in the relationship between diabetes and brain structure,
including ¢SVD and atrophy, and cognitive function as their
clinical correlates.

METHODS
Study Population

The Amsterdam Aging Cohort is an ongoing longitudinal cohort
study which includes patients from the outpatient geriatric
clinic at the Amsterdam University Medical Center, location
VUmc (Rhodius-Meester et al., 2021). We included 893 patients
with brain imaging who attended the memory clinic seeking
medical care between February 2016 and June 2021. During
this period, almost a patients visiting the memory clinic
(89%) were willing to participate in the study. All patients
were given a complete standardized comprehensive geriatric

assessment (CGA) by trained nurses and doctors. This included
an assessment of multiple geriatric domains, including cognition,
physical function, nutrition, revision of medication in use and
detailed medical history. Cognitive diagnosis — such as dementia
(McKhann et al.,, 1984; Roman et al., 1993; Neary et al., 1998;
McKeith et al., 2005; Dubois et al, 2007; Rascovsky et al.,
2011), mild cognitive impairment (MCI) (Albert et al., 2013),
or subjective cognitive decline (SCD) (Studart and Nitrini, 2016)
- were evaluated in a multidisciplinary consensus meeting. Our
analysis included only patients who underwent brain Magnetic
Resonance Imaging (MRI) or Computed Tomography (CT) as
part of the diagnostic work-up. All patients gave written informed
consent for their data to be used and the study was approved by
the local Medical Ethics Committee.

Cardiovascular Risk and Disease

Diabetes mellitus (DM) was defined either as having a history of
diabetes or using antidiabetic medication. Other cardiovascular
diseases - including coronary disease, heart failure, atrial
fibrillation, and peripheral artery disease — were assessed on the
basis of medical history and double checked with the patient and
their family or carer. We dichotomized smoking status (never
smoked v. ever smoked). Blood pressure and gait speed, as well
as patient height and weight, were measured during the visit
(Odden et al., 2012). Venous blood was drawn from all patients to
measure cholesterol levels and non-fasting glucose. Medication
as provided by the patient’s pharmacy was reviewed with the
patient, and with a partner, family member or carer if necessary.

Cerebral Small Vessel Disease

Brain imaging was performed during a patient’s first visit using
CT (n = 238), 1.5T MRI (n = 162) and 3T MRI (n = 478)
devices. The scans were reviewed and scored visually by two
trained experts supervised by a clinical radiologist. Atrophy was
scored on T1 sequence using visual rating scales ranging from
0 to 4 for medial temporal lobe atrophy (MTA), and from 0 to
3 for global cortical atrophy (GCA) (Harper et al., 2015). The
average of the left and right side was used for MTA. White matter
hyperintensities were scored on FLAIR/T2 sequence using the
Fazekas scale (0-3) (Fazekas et al., 1987), and the number of
microbleeds (on susceptibility-weighted imaging) and lacunes
were counted. In this manuscript, we refer to either brain
atrophy, white matter hyperintensities, lacunes or microbleeds
collectively as “brain structure abnormalities.”

Cognitive Function

To assess whether the observed differences in brain structure also
had a functional impact, cognition was included in the analysis.
Cognitive performance was assessed in a standardized manner
by trained neuropsychologists and divided into four domains:
memory, language, executive function, and processing speed. All
patients were assessed using the Mini Mental State Examination
(MMSE) and the Geriatric Depression Scale (GDS). Memory
was tested with the auditory verbal learning test (Van Der Elst
et al., 2005) and Visual Association Test (VAT) (Lindeboom et al.,
2002). Language was tested using the Category Fluency Animals
Test (Van Der Elst et al, 2006) and the VAT naming test, a
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TABLE 1 | Patient characteristics stratified for sex.

Total Men Women P-value
n =893 n =447 n = 446
Age in years 79.6 £ 6.6 791 +6.4 799 6.7 0.096
Living situation 487 (54.5%) 330 (74.0%) 157 (35.1%) <0.001
Independent, with partner 329 (36.8%) 89 (20.0%) 240 (563.7%)
Independent, alone 32 (3.6%) 10 (2.2%) 22 (4.9%)
Institutionalized 45 (5.0%) 17 (3.8%) 28 (6.3%)
Other
Level of education <0.001
Low education 180 (20.1%) 81 (18.1%) 99 (22.2%)
Medium level education 317 (35.1%) 137 (30.7%) 176 (39.4%)
Higher education or university 396 (44.3% 225 (50.4%) 171 (38.3%)
Diabetes® 176 (19.7%) 105 (23.4%) 71 (15.9%) 0.004
Antidiabetic medication
Oral 112 (12.5%) 69 (15.4%) 43 (9.6%) 0.009
Insulin 42 (4.7%) 28 (6.3%) 14 (3.1%) 0.028
Cardiovascular diseases
Coronary disease 225 (25.2%) 155 (34.8%) 70 (15.7%) <0.001
Heart failure 90 (10.1%) 56 (12.6%) 34 (7.6%) 0.014
Atrial fibrillation 153 (17.1%) 87 (19.5%) 66 (14.8%) 0.060
CVA/TIA 186 (20.8%) 111 (24.9%) 75 (16.8%) 0.003
Peripheral artery disease 33 (3.6%) 16 (3.6%) 17 (3.8%) 0.861
Cardiovascular risk factors
Alcohol consumption in units/week 1(0-5) 2 (0-7) 1(0-5) 0.003
Smokers or ex-smokers 505 (56.6%) 289 (64.8%) 216 (48.3%) <0.001
Hypertension 466 (52.2%) 228 (51.1%) 238 (53.2%) 0.525
Hypercholesterolemia 221 (24.7%) 115 (25.8%) 106 (23.7%) 0.473
Glucose in mmol/L 6.9+26 6.9+29 6.4+25 0.302
BMI in kg/m? 257+ 4.6 26.1 +£4.2 253 +4.9 0.012
Systolic BP in mmHg 1458 +£21.8 1445+ 213 147.0 £22.3 0.100
Diastolic BP in mmHg 80.6 +10.4 79.7 £10.5 81.4 +£10.3 0.014
LDL in mmol/L 2.56 4+ 0.98 2.62 +0.98 247 £0.97 0.959
HDL in mmol/L 1.58 + 0.47 1.58 + 0.47 1.68 £0.47 0.101
eGFR CKD-EPI in mli/min/1.73 m* 67.2+16.2 67.0 +16.4 67.4 +£16.0 0.755
Statin use 525 (58.8%) 208 (46.6%) 160 (35.8%) 0.001
Blood pressure lowering agents
Diuretics 147 (16.4%) 71 (15.9%) 76 (17.0%) 0.663
RAAS-inhibition 171 (19.1%) 90 (20.2%) 81 (18.1%) 0.434
Calcium-antagonists 63 (7.0%) 37 (8.3%) 26 (5.8%) 0.148
Beta-blockers 105 (11.7%) 61 (13.7%) 44 (9.8%) 0.075
Anticoagulation
DOAC/VKA 168 (18.8%) 96 (21.5%) 72 (16.1%) 0.038
Platelet inhibition 288 (32.2%) 169 (37.9%) 119 (26.6%) <0.001
MMSE 24 (21-26) 25 (22-28) 24 (21-28) 0.008
GDS 3(1-5) 3(1-5) 3 (1-5) 0.093
Brain imaging
MTA or GCA > 2 493 (55.2%) 282 (63.2%) 211 (47.2%) 0.007
WMH >2 227 (25.4%) 108 (24.2%) 119 (26.6%) 0.398
Lacunes > 1 204 (22.8%) 112 (25.1%) 92 (20.6%) 0.098
Microbleeds > 3 163 (18.3%) 90 (20.2%) 73 (16.3%) 0.213

(Continued)
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TABLE 1 | Continued

Total Men Women P-value
n =893 n =447 n = 446
Cognitive diagnosis 0.085
SCD 124 (13.8%) 62 (13.9%) 62 (13.9%)
MCI 267 (29.8%) 148 (33.2%) 119 (26.6%)
Dementia 502 (56.2%) 236 (52.9%) 266 (59.5%)

Data are presented as mean + SD, n (%) or median [interquartile range]. Differences were tested with independent t-test for continuous variables and chi-square tests for categorical

and for not normally distributed continuous variables.

BMI, body mass index; BR, blood pressure; CVA, cerebrovascular accident; DOAC, Direct Oral Anti-Coagulant; GCA, Global Cortical Atrophy; MCI, Mild Cognitive Impairment; MTA,
Medial Temporal lobe Atrophy; TIA, Transient Ischemic Attack; SCD, Subjective Cognitive Decline; VKA, Vitamin K Antagonist; WMH, White Matter Hyperintensities.

atype | or Il diabetes, not specified in our data collection.
The bold values indicate the p values which are statistically significant.

component of the VAT. Processing speed was examined with
the Stroop Color-Word test (SCWT) (Van der Elst et al., 2006)
and the Trail Making Test-A (TMT-A) (Reitan, 1955). Finally,
executive function was assessed with the Behavioral Assessment
of the Dysexecutive Rule-changing test (BADS) (Burrell and
Piguet, 2015) while correcting for speed using the SCWT and
the TMT. For the purposes of the analysis, all test results were
converted to Z-scores or inverse Z-scores. A higher Z-score
indicates poorer performance.

Statistical Analysis
Baseline characteristics for men, women, and the total population
are reported as mean (SD), or median (interquartile range) for
categorical variables. Differences between groups were analyzed
using Student’s T-test, the Mann-Whitney U-test, the Kruskal
Wallis test, ANOVA and chi-square testing where appropriate.
First, logistic regression analyses were performed to assess the
association of diabetes with brain structures separately for men
and women. For the logistic regression analysis, we dichotomized
the scores of the visual rating scale and the values for microbleeds
and lacunes. A cut-off value of two or more was used for
the imaging scores of atrophy (MTA and/or CGA) and WMH
(Rhodius-Meester et al., 2017). Microbleeds were dichotomized
as present or not present, and a value of one or more was
adopted a cut-off for lacunes (Henneman et al., 2009; Jokinen
et al,, 2011). Second, linear regression analyses were performed
to assess the association of diabetes with cognitive functioning
separately for men and women. All analyses were adjusted
for age (model 1), and additionally for smoking and alcohol
consumption (model 2), and hypertension and cardiovascular
disease (coronary disease, heart failure, atrial fibrillation, stroke
or TIA and peripheral arterial disease) (model 3). In addition,
we adjusted for presence of subjective complaints, mild cognitive
impairment, or dementia (data not shown). For the analyses
of functional cognitive measures, furthermore, we corrected all
models for level of education. A p-value < 0.05 was considered
statistically significant. Data were analyzed with SPSS software,
version 26 (IBM Corp, Armonk, NY, USA).

To determine whether male or female sex and CVD was
associated with a higher risk of cSVD to a greater degree than
these factors individually, we added an interaction term to the

regression analysis, testing multiplicative interaction. To assess
additive interaction, we calculated RERI (Relative Risk due to
Interaction) (Knol et al., 2007; Knol and VanderWeele, 2012).
For this analysis, when the combined risk of sex and CVD was
higher than the sum of the risks associated with the individual
factors, the interaction between sex and CVD was considered to
constitute an additional risk factor. A RERI above zero indicated
that interaction between female sex and cardiac disease had an
additional effect on the outcome; a RERI below zero indicated
that this was the case for the interaction between male sex and
cardiac disease. In the RERI analysis, we also corrected for age,
smoking, and alcohol consumption, analogous to the logistic
regression analyses. These analyses were performed in R (R Core
Team, 2020).

RESULTS

A total of 893 patients were included in the analysis (Table 1).
The mean (SD) age was 79.6 years (73-86.2) and 50% were
women. The prevalence of diabetes was 23.3% in men and 15.7%
in women (p = 0.004), and men with diabetes were more often
insulin-dependent compared to women (6.3% for men, 3.1%
for women, p = 0.03). Women lived alone more often than
men and their level of education was lower. Further, women
had a lower prevalence of cardiovascular disease, consumed less
alcohol, smoked less, had a lower body mass index (BMI) and
a slightly higher diastolic BP, and they used less statins and
anticoagulation drugs (Table 1). Women had slightly lower Mini-
Mental State Examination scores, GDS, and men had higher
brain atrophy scores. No differences in cognitive diagnosis were
observed between men and women. Stratified analyses for sex and
diabetes showed that differences in cardiovascular risk between
men and women were more pronounced in those with diabetes
compared to the total population (Supplementary Table 1).

Sex Differences in the Relationship

Between Diabetes and Brain Structure

The sex-specific logistic regression analyses of the relation
between diabetes and brain structures showed that in women,
the presence of diabetes was significantly associated with an
increased risk of having brain atrophy and lacunes (Table 2).
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TABLE 2 | The sex-specific relation of diabetes with changes in brain structure in older men and women (N = 893).

Men, n = 447 Women, n = 446 Interaction? p-value®

OR (95% ClI) OR (95% ClI) OR (95% ClI)
Atrophy
Non-diabetic Ref Ref Ref
Diabetic (model 1) 1.14 (0.60-2.18) 2.16 (1.00-4.67)* 1.22 (0.50-2.94) p=0.66
Diabetic (model 2) 1.17 (0.60-2.29) 2.46 (1.11-5.42)* 1.32 (0.46-2.79) p=0.77
Diabetic (model 3) 1.00 (0.51-1.96) 2.18 (1.00-4.72)* 1.17 (0.48-2.87) p=0.71
WMH
Non-diabetic Ref Ref
Diabetic (model 1) 1.20 (0.76-1.89) 1.11 (0.65-1.89) 0.88 (0.47-4.00) p=0.70
Diabetic (model 2) 1.15(0.72-1.84) 1.09 (0.63-1.88) 0.85 (0.45-1.60) p=0.61
Diabetic (model 3) 1.01 (0.63-1.62) 1.04 (0.61-1.79) 0.78 (0.41-1.49) p =0.45
Microbleeds
Non-diabetic Ref Ref
Diabetic (model 1) 0.59 (0.26-1.32) 0.82 (0.31-2.20) 1.04 (0.32-3.34) o =0.67
Diabetic (model 2) 0.65 (0.28-1.49) 0.86 (0.31-2.32) 0.97 (0.30-3.13) p=0.95
Diabetic (model 3) 0.46 (0.20-1.00 0.75 (0.28-2.03) 0.93 (0.29-3.01) p =0.90
Lacunes
Non-diabetic Ref Ref
Diabetic (model 1) 1.68 (0.92-3.04) 2.60 (1.24-2.46)" 1.10 (0.49-6.91) p=0.82
Diabetic (model 2) 1.64 (0.87-3.07) 2.72 (1.24-5.93)" 1.00 (0.41-2.10) p=0.84
Diabetic (model 3) 1.38 (0.74-2.56) 2.40 (1.13-5.07)" 0.95 (0.37-1.91) p=0.63

WMH, White Matter Hyperintensities.

Data are presented as OR with (95% Cl).

Model 1: adjusted for age.

Model 2: adjusted for age, smoking and alcohol consumption.

Model 3: Adjusted for age, hypertension, hypercholesterolemia, and presence of CVD (coronary disease, heart failure, atrial fibrillation, CVA or TIA, peripheral arterial disease).

*p-value < 0.05.
aInteraction term (sex multiplied by diabetes) added to the logistic regression.
bStatistical significance of the interaction term in the logistic regression analysis.

Age-adjusted odds ratios were 2.16 (95% CI 1.00-4.67) and
2.60 (95% CI 1.24-2.46). However, in men, diabetes was not
associated with an increased risk of having brain structure
abnormalities. Additional adjustments for cardiovascular risk
factors and disease (model 2 and 3) did not change these effect
estimates (Table 2). Adjusting for cognitive diagnosis (subjective
complaints, mild cognitive impairment, or dementia) did not
change the effect estimates (data not shown). Diabetes was not
associated with an increased risk of WMH and microbleeds.
When adding an interaction term to the regression, we did
not find a significant interaction of sex with diabetes. When
assessing additive interaction using RERI analysis, a trend was
seen toward an increased risk for women with diabetes of
atrophy and lacunes (RERI 0.45 for the presence of atrophy and
female sex, and 0.48 for the presence of lacunes and female sex)
(Supplementary Table 2).

Sex Differences in the Relationship
Between Diabetes and Cognitive
Performance

The sex-specific linear regression analyses of the relation between
diabetes and cognitive performance showed that diabetes in

women was associated with a significantly lower score of
executive function (beta z-score 0.07; 95% CI 0.00-0.14),

processing speed (beta 0.06; 95% CI 0.90-0.95), and language
(beta 0.07; 95% CI 0.01-0.12) (Table 3). In men, diabetes was not
associated with cognitive performance. Additional adjustments
for cardiovascular risk and disease, and cognitive diagnosis did
not change the effect estimates (data for cognitive diagnosis not
shown). We observed an interaction of sex and diabetes: women
with diabetes were at increased risk for impaired processing
speed (B 0.17 (0.03-0.33), p = 0.04). We observed no interaction
between diabetes and sex in the other cognitive domains.

DISCUSSION

In this study of 893 patients attending a geriatric outpatient
memory clinic, we found that the presence of diabetes was
associated with an increased risk of having brain structure
abnormalities, specifically lacunes and atrophy, in women but
not in men. We also found an additive interaction between
female sex and these brain structure abnormalities, as tested by a
RERI analysis. This finding complements previous studies which
showed that women with diabetes may be more at risk of multiple
forms of vascular pathology than men with diabetes, including
coronary heart disease, stroke, and vascular dementia (Huxley
et al., 2006; Peters et al., 2014; Chatterjee et al., 2016). It could be
argued that other age-mediated cardiovascular risk factors such
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TABLE 3 | The sex specific relation of diabetes with cognitive performance in older men and women (N = 893).

Men Women Interaction? p-value®

B (95% ClI) B (95% CI) B (95% CI)
Memory
Non-diabetic Ref Ref Ref
Diabetic (model 1) 0.02 (—0.09 to 0.03) 0.02 (—0.07 to 0.03) 0.09 (—0.26 to 0.46) 0.59
Diabetic (model 2) 0.08 (—0.09 to 0.02) 0.02 (—0.07 to 0.03) 0.10 (—0.26 to 0.47) 0.57
Diabetic (model 3) 0.03 (—0.08 to 0.02) 0.01 (—0.06 to 0.03) 0.10 (—0.27 t0 0.47) 0.59
Executive function
Non-diabetic Ref Ref
Diabetic (model 1) —0.02 (—0.09 to 0.04) —0.07 (-=0.14 to 0.00)* —0.04 (—0.36 t0 0.28) 0.81
Diabetic (model 2) —0.02 (—0.09 to 0.04) —0.06 (-0.13 t0 0.01) —0.03(-0.3210 0.32) 0.98
Diabetic (model 3) —0.01 (—0.06 to 0.06) —0.07 (=0.13 to 0.00)* —0.01 (-0.33t0 0.32) 0.97
Processing speed
Non-diabetic Ref Ref
Diabetic (model 2) —0.08 (—0.08 to 0.01) —0.06 (—0.10 to 0.02)* 0.19 (0.03 to 0.34) 0.02
Diabetic (model 3) —0.03 (—0.08 - 0.02) —0.06 (—0.10to 0.01)* 0.18 (0.02 to 0.33) 0.03
Diabetic (model 1) —0.02 (-0.07 to 0.01) —0.06 (—0.10 to 0.02)* 0.17 (0.03 to 0.33) 0.04
Language
Non-diabetic Ref Ref
Diabetic (model 1) —0.01 (—0.06 to 0.04) —0.07 (-0.12t0 0.01)* —0.18 (-0.53t0 0.17) 0.31
Diabetic (model 2) —0.01 (—0.05 to 0.07) —0.06 (—=0.12 to 0.00) —0.12 (-0.48t0 0.22) 0.14
Diabetic (model 3) 0.00 (—0.05 to 0.04) —0.07 (=0.012 to 0.01)* —0.14 (-0.49t0 0.21) 0.43

Data are presented as unstandardized B with (95% CI).

A negative B signifies a correlation with worse Z-scores, e.g. with worse cognitive performance.
Model 1: adjusted for age and level of education; Model 2: adjusted for age, level of education, smoking and alcohol consumption; Model 3: Adjusted for age, level of education,
presence of CVD (coronary disease, heart failure, atrial fibrillation, CVA or TIA, peripheral arterial disease), hypertension and hypercholesterolemia.

*p-value linear regression < 0.05.

aInteraction term (sex multiplied by diabetes) added to the logistic regression.
bStatistical significance of the interaction term in the logistic regression analysis.
The bold values indicate the p values which are statistically significant.

as hypertension and cardiac disease play a role in mediating the
relationship between diabetes and brain structure abnormalities.
However, we show that this relationship was independent of age,
lifestyle, cardiovascular risk factors, and cardiac disease.

Additionally, we found that diabetes was significantly
associated with worse cognitive performance in terms of
executive function, processing speed and language, in the women
in our population but not in the men. An interaction between
sex and diabetes was also observed for processing speed, further
strengthening the hypothesis of a true sex difference. These
findings are in line with a recent study showing that women
with diabetes have a higher risk of accelerated cognitive decline
than men with diabetes (Verhagen et al., 2022). Sex-dependent
physiology, as well as socio-cultural differences between men and
women, may be the cause of these differences. We postulate a
number of hypotheses below which may explain the association
between diabetes and brain structure abnormalities as it is seen in
women but not in men.

Pathophysiological Differences

Mechanisms which may affect susceptibility to the vascular
complications of diabetes include altered coagulation, oxidative
stress, endothelial dysfunction and impaired vasodilation
(Kautzky-Willer et al., 2016; de Ritter et al., 2020). Women with

diabetes might be in a more pro-thrombotic state than men,
which may lead to lacunes and atrophy, and a more general
decline in brain health, even when the prevalence of diabetes
is similar in both sexes (Smith et al., 2012; Neergaard-Petersen
et al., 2014). They generally also have greater levels of systemic
inflammation and more oxidative stress than men with diabetes,
leading to impaired vascular reactivity, which is specifically
associated with the occurrence of lacunes (Mrgan et al.,
2018). Sex-dependent differences in vascular physiology may
therefore render women more susceptible to the cerebrovascular
complications of diabetes, and also lead to functional decline.
Levels of central adiposity in men and women with diabetes
may also be of importance. There is evidence to suggest that
women have a poorer cardiovascular risk profile than men
when they are diagnosed with diabetes, especially when central
adiposity is measured (Paul et al., 2012; Peters et al., 2016a). This
may be the result of a longer period of development of diabetes
in women: women are more insulin-sensitive in middle age, and
their insulin sensitivity deteriorates more than in men before they
reach the diagnosis of diabetes. A longer period of time before
a formal diagnosis of diabetes can be made may also lead to
an increased occurrence of other risk factors such as abdominal
adiposity, and to higher levels of subclinical damage mediated
by hyperglycemia (Woodward et al., 2015; Peters et al., 2016b).
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Abdominal adiposity is independently related to brain structure
abnormalities, including silent lacunary infarcts, and therefore
may mediate the increased prevalence in women with diabetes
by comparison with men (Yamashiro et al., 2014).

Furthermore, there is little awareness in the field of geriatrics
about the long-term cardiovascular effects of pregnancy-related
complications, as well as other women-specific factors such as
timing of menopause and gestational diabetes (Keskin et al., 2015;
Kubh et al., 2018). These important cardiovascular parameters are
therefore often not registered in medical files, as is the case in
our dataset (Wilkins-Haug et al., 2015). It has long been known
that menopausal status and the timing of menopause influence
cardiovascular risk, abdominal obesity, occurrence of DM, and
clinical course of dementia (Archer, 2009; Gong et al., 2021;
Hickey and Mishra, 2021). They may therefore also have affected
the clinical outcome in our study. Further studies investigating
the long-term effects of DM should therefore include sex-
specific cardiovascular risk factors to assess their impact on brain
structure and cognitive function.

Sex-Related Differences in Current Care

As a consequence of ongoing lower inclusion rates of women
in studies investigating the long-term effects of diabetes, at least
in part, it is unclear which mechanisms lead to the poorer
clinical outcome of women with diabetes (Norhammar and
Schenck-Gustafsson, 2013). However, there are several scientific
findings which may play a role. Social gender norms have a
profound influence on patients’ disease perception, moment
of referral, interpretation of symptoms and the likelihood of
receiving guideline-recommended treatment. In the case of
diabetes, evidence shows that women diagnosed with diabetes
attain glycemic targets less often, and are screened less for the
complications of diabetes (Choe et al., 2018). Risk factor targets
for co-morbid cardiovascular disease are also less often achieved
in women (Ferrara et al., 2008; Wannamethee et al., 2012;
Rossi et al., 2013; de Jong et al., 2020). Since early intervention
in diabetes improves long-term outcome, this may also have
implications for the incidence of (cerebral) complications (Group
UPDS, 1998). The same truth holds for cognitive impairment:
women with dementia are generally referred later than men
(Howard et al,, 1998; Sourial et al, 2020). Women might
therefore experience delay in receiving adequate supporting care
when experiencing cognitive impairment. Hence, inequities in
the recognition and treatment of (cardiovascular) risk factors for
dementia, as well as the recognition and treatment of dementia
itself, may play a role in the occurrence of sex-related differences
in the cerebral complications of diabetes.

Strengths and Limitations

A major strength of our study is the standardized work-up
of a large group of “real-life” patients. We included a multi-
domain assessment which was part of medical routine care.
Because of this integration in regular care practice, routinely used
measurements and tools were used, facilitating the translation
of our research to clinical practice. In addition, we combined
these clinically used parameters with imaging markers as well as
extensive neuropsychological testing, bridging the gap between

etiological research and clinical practice. Our study has also
several limitations. Firstly, because of our cross-sectional design,
we cannot draw conclusions about the causality of our findings.
We balanced this with logistic regression models in which we
corrected for confounding factors. Related to this, we have no
data showing possible differences between brain structure at the
time of diagnosis of diabetes, and later life. It is possible that
women with diabetes already have worse brain health at this
time, and that it is not a direct consequence of diabetes, but
merely coexists due to other pathological processes. Furthermore,
HbAlc and time since diagnosis of DM were not included in
our dataset. We were therefore unable to assess the influence of
glycemic regulation. We did include non-fasted glucose, which
was similar for men and women, in our baseline characteristics.
Also, it is remarkable that the mean age in our sample is
similar for men and women. Since the life expectancy in women
exceeds the life expectancy in men, we would expect a higher
mean age for women. The similar age for men and women
may reflect underlying gender bias in referral to our clinic.
However, it may also be explained by other forms of sampling
bias not related sex or gender. Furthermore, as mentioned
before, women-specific pathology was hardly registered at all
in our patient files. A history of gestational diabetes, polycystic
ovary syndrome and premature menopause contribute to the
excess risk of diabetic complications and diabetes (Soedamah-
Muthu et al, 2004; Huxley et al., 2006; Peters et al.,, 2014).
Furthermore, preeclampsia is related to structural brain damage
later in life (Siepmann et al., 2017). Lastly, premature menopause
is additionally associated with poorer cognitive performance and
a higher risk of dementia later in life (Ryan et al., 2014). However,
the precise relationship between cerebrovascular disease and
pregnancy-related cardiovascular disease remains unclear, since
a recent review concluded that gestational hypertension is not
related to cerebral stroke (Lo et al., 2020). Finally, other factors
that affect the social position of patients and therefore their
quality of care — such as class, cultural background, and variables
associated with poorer referral and poorer health care provision
in general - were not available in our study (Vaccarino et al., 2002;
LaVeist et al., 2003).

In conclusion, this sex-specific analysis of the association
between diabetes and its cerebrovascular complications shows
that diabetes is significantly associated with brain structure
abnormalities and function in women but not in men. We can
only speculate on the nature of these differences, and whether
they are dependent on gender or sex. Although we did not
find a statistically significant interaction between female sex and
diabetes, the differences in associations for men and women
are striking and underline the importance of the sex-specific
analysis of clinical data. Further research should at least include
data on abdominal obesity and female-specific risk factors such
as pregnancy-related complications and menopause, and more
studies are needed to elucidate the mechanisms which contribute
to the association between diabetes, brain structure and cognition
in women. Elucidating the sex-specific relationships between
diabetes and ¢cSVD may help to understand the gap in burden
of dementia and help to achieve more equity in the care for this
group of patients.
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Cognitive impairment involves complex interactions between multiple
pathways and mechanisms, one of which being cardiac disorders. Atrial
cardiopathy (AC) is a structural and functional disorder of the left atrium
that may be a substrate for other cardiac disorders such as atrial fibrillation
(AF) and heart failure (HF). The association between AF and HF and cognitive
decline is clear; however, the relationship between AC and cognition requires
further investigation. Studies have shown that several markers of AC, such as
increased brain natriuretic peptide and left atrial enlargement, are associated
with an increased risk for cognitive impairment. The pathophysiology of
cognitive decline in patients with AC is not yet well understood. Advancing
our understanding of the relationship between AC and cognition may point
to important treatable targets and inform future therapeutic advancements.
This review presents our current understanding of the diagnosis of AC, as well
as clinical characteristics and potential pathways involved in the association
between AC and cognitive impairment.

heart failure, cognitive impairment, atrial cardiopathy, dementia, atrial fibrillation

Introduction

Atrial cardiopathy (AC) is a recently described structural and functional disorder
of the left atrium (LA). The lack of a standardized definition for this condition reflects
the heterogeneous nature in the spectrum of disorders affecting the LA, resulting in an
increased risk of thromboembolic events. Potential biomarkers of AC include imaging,
electrophysiological, and serum abnormalities. AC may also be a substrate for multiple
primary cardiac disorders, including atrial fibrillation (AF) and heart failure (HF), and
has been linked to increased risk for stroke and higher stroke mortality (Ahmad et al,
2020; Edwards et al., 2020). While the link between AF and HF and cognition is clear,
data on AC and cognition are scarce (Aldrugh et al,, 2017; Rosler and Schnabel, 2020).
This review summarizes the relevant anatomical and functional pathways involved in
AC and the epidemiology, diagnosis, clinical characteristics, prognosis, and potential
treatments for AC and cognitive impairment. An overview of the proposed relationship
between AC and cognitive impairment is shown (Figure 1).
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Diagnostic criteria

A range of diagnostic criteria for AC has been proposed,
including the use of echocardiography, electrocardiography,
cardiac magnetic resonance imaging (MRI), and blood serum
markers (Yaghi et al., 2017). An overview of these diagnostic
criteria is provided (Table 1).

Echocardiography can be used to evaluate LA diameter or
volume, with LA enlargement being considered a marker of AC
(Goldberger et al,, 2015). The most reliable measure is the LA
volume index, although it is more rarely reported (Healey et al.,
2019; Kamel et al,, 2019). LA enlargement is also associated with
a higher rate of cardiovascular events and cardiovascular death
(Menichelli et al., 2020). Other echocardiography markers of AC
include spontaneous echocardiographic contrast and reduced
LA appendage flow velocity (Yaghi et al.,, 2017). Both of which
are also associated with an increased risk of thrombus formation
(Leung et al., 1994; Lee et al., 2014).

Multiple electrocardiogram measures may be used as
markers of AC, such as PR interval and P-wave terminal force
in V1 (Cheng et al, 2009; Yaghi et al, 2017). A prolonged
PR interval indicates first-degree atrioventricular block, a risk
factor for AF (Cheng et al, 2009). P-wave terminal force
measures electrical conduction and atrial dysfunction can cause
this to elevate (Yaghi et al., 2017). Further, disorders detected
using electrocardiogram, such as paroxysmal supraventricular
tachycardia and Bayes syndrome, may also indicate AC
(Yaghi et al., 2017).

LA fibrosis, which can be detected through cardiac MRI as
delayed uptake of gadolinium, is also used as a marker of AC
(Siebermair et al., 2017). LA fibrosis is characterized by collagen
deposits and disorganized myocytes, resulting in LA dysfunction
and arrhythmias such as AF (Nattel, 2017).

Lastly, brain natriuretic peptide (BNP) and cardiac troponin
are blood serum biomarkers of cardiac disease that can be used
to detect AC (Yaghi et al., 2017). Chronic elevation of troponin
and BNP have been associated with worse outcomes such as
stroke or death (Hijazi et al., 2014).

Evidence linking atrial cardiopathy
with dementia

Several markers of AC have been associated with
dementia risk, including LA enlargement, increased BNP,
and electrocardiographic markers, but the relationship is
still unclear. AC and cognitive impairment share important
risk factors such as age, hypertension, heart failure, diabetes,
and obesity. Therefore, confounding variables may account
for the increased risk of dementia in patients with AC, and
further studies are required to investigate this association.
The current evidence linking markers of AC and dementia is
presented below.
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Left atrial enlargement

LA size is a known risk factor for cardiovascular events,
including AF, stroke, and HE, and may be present in both
systolic and diastolic heart dysfunction (Khoo et al, 2011;
Menichelli et al., 2020). It can be easily measured through
non-invasive tests such as transthoracic echocardiography
and is considered an important cardiovascular risk factor.
Evidence supporting the direct role for LA enlargement as
a cause of cognitive impairment is scarce. A prospective
study involving older adults from outpatient cardiology clinics
found that LA diameter was independently associated with
decreased cognitive function, especially regarding language and
memory domains, but no changes in whole brain volume
(Alosco et al,, 2013). A previous study reported a positive
correlation between LA size and white matter hyperintensities,
a surrogate marker of cognitive dysfunction in the elderly
(Oh et al., 2012).

LA size and function have also been linked to cognitive
impairment through diverse mechanisms in patients with
HF and AF. LA enlargement directly correlates with left
ventricular diastolic dysfunction and chronic LA pressure to
volume overload, common findings in HF (Zile et al., 2011).
In a study including community-based elderly individuals,
LA enlargement and the presence of AF were significantly
associated with decreased cognitive function in a cross-sectional
analysis; however, with a longitudinal follow-up time of 5 years,
only AF was associated with increased cognitive impairment
(Zhang et al., 2019).

Increased brain natriuretic peptide

The relationship between BNP levels (a known marker
of AC) and cognitive impairment/dementia has been well
evaluated. Broadly, BNP levels have been associated with
both cognitive function as well as future risk of dementia.
It remains unknown if increased BNP is a marker of
dementia risk or has a causative role. BNP may serve as an
indicator of cognitive function in individuals with pre-existing
cardiovascular disease. In a study including adults greater than
55 years of age with known heart disease, it was found that
higher BNP levels are associated with worse cognitive function
(Gunstad et al., 2006).

Apolipoprotein-E (APOE) polymorphisms, particularly
APOE e4, are significant risk factors for neurological disorders,
such as Alzheimer’s disease. There is evidence that APOE e4
may also be a risk factor for cardiovascular disease. Further,
APOE e4 carriers have significantly higher BNP levels than non-
carriers in individuals with HF (Pasqualetti et al., 2017). In
Alzheimer’s disease patients, BNP levels are also higher in those
that carry an APOE e4 allele (Begic et al.,, 2019). Contrarily,
healthy individuals that carry at least one APOE e4 allele have
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FIGURE 1

Overview of proposed relationship between atrial cardiopathy and cognitive impairment. Atrial cardiopathy, atrial fibrillation and heart failure all
share multiple risk factors and patho-mechanisms with cognitive impairment. The effects of atrial cardiopathy potentially predispose individuals
to cognitive impairment. Pathways that lead from atrial cardiopathy to cognitive impairment may include cerebral thromboembolism,
hypoperfusion, microbleeds, and brain volume loss. Created with Biorender.com.

TABLE 1 Proposed diagnostic criteria for AC.

Diagnostic method Metrics

AC criteria

Echocardiography
Electrocardiography PR Interval P-wave terminal force in V1
Cardiac MRI Uptake of gadolinium

Blood serum biomarkers BNP Levels Cardiac troponin levels

LA volume or volume index; LA diameter or diameter index; LA area or area index

4 LA size | LA flow velocity

4 PR interval 1 P-wave terminal force in V1

4 LA fibrosis (decreased uptake of gadolinium)
4 BNP 4 Cardiac troponin

significantly lower BNP levels than non-carriers (Begic et al,
2019). This suggests that comorbidities may alter the interplay
between APOE e4 status and BNP levels.

The implications for the relationship between BNP levels
and cognitive status are not limited to individuals with pre-
existing cardiovascular comorbidities. In a population-based
study of participants without dementia or cardiovascular
disease, higher BNP levels were associated with subclinical brain
damage, such as smaller total brain volume (Zonneveld et al.,
2017). Also in the general population, within a normal BNP
range, higher levels of BNP have been associated with mild
cognitive impairment (Kara et al., 2017).

Age is also an important factor when considering the
relationship between BNP and cognitive function. In general,
BNP levels increase with age, even in individuals without any
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cardiovascular disease (Redfield et al., 2002). BNP levels have
been associated with structural brain changes in both younger
and older (>60 years of age) individuals, but the structural
changes are accompanied by cognitive deficits only in the older
population (Veugen et al,, 2018).

Beyond the association between BNP and current cognitive
status, it is also a risk factor for future cognitive decline.
Multiple longitudinal studies, with follow-up times from 10
to 14 years, found that BNP is an independent risk factor
for dementia/cognitive decline (Tynkkynen et al., 2015; Mirza
et al, 2016; Nagata et al, 2019; McGrath et al., 2020).
Further, when looking specifically at an elderly population
greater than 75 years of age, with a 5-year follow-up,
BNP was again a predictor of worsening cognitive function
(Kerola et al., 2010).
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BNP is an established marker of AC; however, it is also a
marker of HF and AF, both of which are known risk factors for
dementia (Santangeli et al., 2012; Chen et al., 2018; Bailey et al.,
2021). Importantly, cognitive function may be further impaired
in individuals diagnosed with both HF and AF (Myserlis et al,,
2017). The commonality of BNP as a marker of AC, HF and AF,
raises the question of whether AC is just a bystander, or is it the
shared pathophysiological link between AF, HE and dementia.
There is strong evidence for the association between BNP and
cognitive impairment, but further studies are required to tease
apart the role of AC in this relationship and to better understand
the pathophysiologic mechanisms.

Electrocardiographic abnormalities

In the last decade, several studies have found abnormal
P-wave indices (PWIs) to be independent risk factors for
cardioembolic ischemic stroke (Kamel et al., 2015; Maheshwari
et al.,, 2017; Chen and Soliman, 2019). PWIs include several
electrocardiographic measures such as P-wave axis, P-wave
duration, advanced interatrial block, P-wave area, P-wave
dispersion, and P-wave terminal force in V1. Most PWIs require
automated software, except for the P-wave axis which is the most
reported PWI. Electrocardiographic changes are common in the
elderly population, probably reflecting functional and structural
changes of the aging heart (Chiao and Rabinovitch, 2015). In
a study of 80 centenarians (mean age 101.4 & 1.5 years), less
than 30% had a normal P wave, and almost half of them had an
interatrial block (Martinez-Selles et al., 2016).

Although less studied, there may be a relationship between
PWIs and cognitive impairment. Data from the community-
based cohort Atherosclerosis Risk in Communities (ARIC)
Neurocognitive Study with 25-year follow-up and 13,714
participants showed that abnormal PWIs are associated with
increased risk of cognitive impairment, independently of the
presence of AF and ischemic stroke (Gutierrez et al., 2019).
The underlying mechanisms between PWIs and cognitive
dysfunction are unknown but may involve subclinical cerebral
infarcts and decreased brain perfusion resulting in chronic
subcortical ischemia.

Interatrial block on electrocardiogram may also be a
valuable marker for different clinical outcomes, including stroke
and dementia. Its presence may predict AF, stroke, cognitive
impairment, and underlying AC based on atrial remodeling
(Bayes de Luna et al., 2017).

The prospective BAYES registry included elderly patients
with structural heart disease and absence of AF who were
followed for a median of 22 months. Results suggest interatrial
block (including both partial and advanced interatrial block)
may be a risk factor for cognitive impairment (Martinez-Selles
et al,, 2020). This finding was also true for patients with mild
cognitive impairment (Herrera et al., 2020).

Frontiers in Aging Neuroscience

86

10.3389/fnagi.2022.914360

Pathophysiology of atrial
cardiopathy-related cognitive
impairment

Observational studies suggest that AC itself (in the absence
of HF or AF) is a risk factor for stroke and cognitive impairment
(Kamel et al, 2016; Freedman et al, 2020). However,
as mentioned in previous sections, the pathophysiology of
cognitive dysfunction in patients with AC is unknown and
research in this field is highly needed. The most likely
mechanism is increased LA thrombogenicity leading to cerebral
micro and macroembolism, similar to what has been described
in AF (Moretti and Caruso, 2020; Moroni et al., 2020).
Additionally, the pathophysiological association between AC
and cognitive impairment can be explained by the coexistence
of AF and HF. The role of these comorbidities as causes of
dementia and cognitive impairment in patients with AC are
discussed below.

Atrial fibrillation

Aging leads to changes in cardiac tissue structure and
function (including the LA and LA appendage) and is a
leading risk factor for cardiovascular disease (Chiao and
Rabinovitch, 2015). Although the exact molecular mechanisms
and the clinical consequences of atrial aging are unknown,
epicardial fat seems to be an essential source of cytokines
stimulating myocardial remodeling through connective tissue
proliferation (Pandit et al., 2016). Atrial fibrotic remodeling is
a distinctive feature of AC, promoting electrical and autonomic
remodeling, thus facilitating the development of both AF
and cardioembolism (Jalini et al, 2019; Shen et al, 2019).
Chronic inflammatory markers, including CRP, TNF-a, IL-2,
IL-6, and IL-8, are increased in patients with AF and may
provide an inflammatory background similar to what is seen in
other age-related conditions, providing a common mechanistic
pathway between AC, stroke, and cognitive impairment
(Aviles et al., 2003; Guo et al., 2012; Diener et al., 2019;
Forloni, 2020).

AF is a known risk factor for stroke, increasing the risk
by a factor of 4-5 (Wolf et al,, 1991). While there is a clear
relationship between AF and cognitive decline, the literature
is inconclusive on whether risk of cognitive impairment is
independent of stroke risk in individuals with AF. A meta-
analysis reported that AF is associated with cognitive decline
in patients with and without stroke (Kalantarian et al., 2013).
However, other studies have reported that the AF-related risk of
dementia can be explained by brain infarcts, with the majority
of infarcts being silent (Sposato et al., 2017; Kithne et al,, 2022).
AF and dementia share multiple risk factors, and while many
studies adjust for these risk factors at baseline, they have short
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follow-up times and are not always reassessed (Rivard et al,
2022). Further, subclinical AF could be a confounding cause of
dementia in patients with AC. Additional investigations, with
longer follow-up times and larger cohorts, are still required to
determine if there is a causal link between AF and dementia.
Our understanding of the shared patho-mechanisms
between AC and cognitive impairment is still developing, but
they are likely similar to those that have been implicated in AF.
Mechanisms involved in AF, such as inflammation, oxidative
stress, and senescence have been extensively reviewed elsewhere
(Guo et al,, 2021; Sagris et al., 2021; Thara and Sasano, 2022).

Heart failure

HF is associated with a 27% increased risk of dementia
(Wolters et al., 2018). Low cardiac output in patients with
HF can result in reduced cerebral blood flow leading to
hypoperfusion of brain structures critical for cognitive function
(Adelborg et al, 2017). Impaired vascular autoregulation
resulting in white matter injury, neurohormonal dysregulation,
systemic inflammation, and cerebral microvascular dysfunction
may also contribute to generating a state of chronic cerebral
hypoxia leading to brain microinfarcts and neurodegeneration
(Adelborg et al., 2017). The latter may be enhanced by oxidative
stress, dendritic spine loss, glial activation, and programmed cell
death (Jinawong et al., 2021).

Local atrophy of structures involved in memory and other
cognitive domains (such as the parahippocampal gyrus) are
prominent in patients with HF without clinical dementia
(Meguro et al, 2017). This may constitute a treatable and
potentially preventable risk factor for cognitive impairment. In
a community-based sample of older adults, different left venticle
function markers (including echocardiographic parameters
and BNP levels) were also associated with structural and
functional changes in the brain and not entirely explained by
associated risk factors.

Evidence from the ARIC-PET (Atherosclerosis Risk in
Communities-positron emission tomography) Study revealed
a significant association between florbetapir (a high-affinity
beta-amyloid radiotracer) uptake and left ventricular structure
and using positron emission tomography (Johansen et al,
2019). Whether these structural and functional changes in heart
tissue precede or occur concurrently with amyloid deposition
remains unknown.

Atrial dysfunction manifested as HF with preserved ejection
fraction may also be linked to cognitive dysfunction. Subclinical
ischemic stroke was common in patients with HF with
preserved ejection fraction and no prior AF diagnosis and
is associated with measurable cognitive deficits in the ARIC
cohort (Cogswell et al., 2017). One possible explanation may be
undiagnosed paroxysmal AF or AC. AC has also been linked
to increased brain amyloid deposition using positron emission
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tomography, without a similar association in individuals with
AF (Johansen et al., 2020).

Conclusion

Cognitive impairment is a multifactorial disease state
with complex interactions between various mechanistic
pathways, including neurodegenerative and vascular injury.
However, clinical and subclinical cardiac disease may be
an important piece of this puzzle and a treatable target for
therapeutic intervention. AC may be a substrate for multiple
cardiac disorders, such as AF and HF. The association
between cognition and both AF and HF is well evaluated
but the literature examining AC and cognition is scarce. As
our knowledge of AC advances, we will develop a better
understanding of AC as a predictor or indicator of cognitive
decline. The relationship between AC and dementia may help
inform future diagnostic and therapeutic advancements
and warrants further investigation. Since there are no
proven disease-modifying therapies for dementia, large-scale,
multicenter collaborative efforts to evaluate preventive strategies
including oral anticoagulants, risk factors modifications, and
anti-inflammatory agents are needed.
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This review highlights that depression is a growing health problem for the
individual, and because of its high frequency in most societies, a growing
burden on health care budgets. The focus of the review is the physiological
links between depression and dementia, specifically Alzheimer’s disease. It
suggests that depression is a significant risk factor for cognitive decline and
explores the pathways that may lead depressed individuals to suffer this
outcome. This review shows that depression and a number of its precursors
activate pro-inflammatory mediators. These lead to cerebral small vessel
disease with the consequent reduction in cerebral blood flow, which is
known to precede cognitive decline. Thus, the impact of depression on the
physiological events that lead to dementia is identical to the impact of other
dementia risk factors recently reviewed. Depression is distinct, however, in
being a relatively treatable condition, but the impact of treating depression
on later cognitive decline is not always positive, leading to the hypothesis
that only the antidepressants that attenuate inflammation alleviate subsequent
cognitive decline.

depression, dementia, inflammation, cerebral small vessel disease, treatment, risk
factors

Introduction

Caring for dementia patients is consuming growing portions of the health care
budgets of many countries. The recognition that certain risk factors increase the risk
for dementia provides the possibility of reducing this burden by intensifying efforts to
reduce and control the risk factors. In a recent article (Hakim, 2021), a hypothesis was
presented that a sequence of physiological events links dementia risk factors to their
cognitive outcomes. It was proposed that in the presence of a risk factor, the sequence
that leads to dementia is triggered by inflammation which leads to cerebral small vessel
disease. This results in a reduction of cerebral perfusion, which precedes the appearance
of any clinical evidence for cognitive impairment. Data were presented to highlight
this sequence in three recognized dementia risk factors: obesity, sedentary lifestyle, and
insufficient sleep. Depression is recognized as a risk factor for dementia, and the current
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literature review explores the pathway from depression to
dementia and suggests that it follows the same sequence of
physiological events that link other risk factors to dementia.
A significant difference between depression and the other risk
factors is the possibility that some antidepressant medications
may alleviate this risk to cognitive decline. This benefit, however,
may be limited to the antidepressants that reduce inflammation.

Dementia and depression are
growing problems

All published estimates agree that the number of people
affected by dementia will substantially increase over time,
mainly due to projected trends in population aging and growth.
The GBD2019 Dementia Forecasting Collaborators estimate the
number of people with dementia globally will increase from 57.4
million in 2019 to 152.8 million in 2050 (GBD 2019 Dementia
Forecasting Collaborators, 2022). Wittenberg et al. (2020) in
2020 projected that the number of older people with dementia
will more than double in the next 25 years.

When dementia is estimated by age group, a clear
correlation is evident between aging and prevalence of the
condition. Gautrin et al. (1990) calculated dementia prevalence
to be 1% for ages 65-74, 4% for ages 75-84, and 10.5% for 85
and over. In contrast, depression is not more prevalent with age
even though its prevalence is also rising in many jurisdictions.
A community-based study of American adults found that the 1-
year frequency of major depressive disorder (MDD) rose from
3.33 to 7.06% between 1991-92 and 2001-02 (Compton, 2006).
An analysis of the Minnesota Multiphasic Personality Inventory
(MMPI), which consists of data on 63,706 American college
students and 13,870 high school students revealed that younger
adults were 6-8 times more likely than older adults to meet
the criteria for clinical depression in 2007 compared to peers
in 1938 (Twenge et al., 2010). In a Swedish population studied
approximately every 10 years, it was shown that the risk for
depression in young adults had increased 10-fold from 1957
to 1972 compared to the period from 1947 to 1957 (Hagnell,
1989; Hagnell et al., 1993). A data brief from the US department
of Health and Human Services reported in September 2020
that the percentage of adults who experienced any symptoms
of depression was highest among those aged 18-29 (21.0%),
followed by those aged 45-64 and those older than 65 (18.4%),
and lastly by those aged 30-44 (16.8%). For all degrees of
depression severity, women were more likely to be affected than
men (Villarroel and Terlizzi, 2020). There is thus a concordance
of studies showing that the incidence of depression is rising and
that the younger adult age groups are more likely to develop
depression, with onset at increasingly earlier ages (Hidaka,
2012). We may therefore be in the middle of an epidemic of
depression, and its impact on cognitive functions is worthy of
further analysis.
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Depression increases the risk for
dementia

Cognitive decline in later life has been associated with
many factors; a review of these factors revealed a link between
depression and the onset of dementia (Steffens et al., 2004).
In a 14-year longitudinal study which followed 4,922 healthy
men aged 71-89 years, 18.3% developed dementia. Interestingly,
the men who were older and had a history of depression
were at greater risk of developing dementia (Almeida et al,
2017). The authors concluded that the link between depression
and cognitive decline was evident during the initial 5 years
of follow-up. Zeki Al Hazzouri et al. (2018) reported in
the Northern Manhattan Study (2018) that greater depressive
symptoms, adjusted for other variables, were significantly
associated with worse baseline episodic memory in populations.
Greater depressive symptoms were significantly related to
poorer baseline episodic memory function (f [95% confidence
interval] = —0.21 [—0.33 to —0.10],p = 0.0003) even when
the models had been adjusted for socio-demographics, vascular
risk factors, and medications for behavioral and mental health
issues (Zeki Al Hazzouri et al., 2018). Gatchel et al. (2019), in a
longitudinal study of 276 cognitively unimpaired older adults,
showed that worsening depressive symptoms were significantly
associated with declining cognition. Finally, researchers have
concluded that half of the patients with major depressive
disorders showed cognitive and memory impairments (Kohler
et al, 2010). Norton et al. (2014) predicted that depression
accounted for 5-11% of all Alzheimer’s disease cases. There is
therefore concordant evidence in the literature that depression
is a significant risk factor for cognitive decline.

The risk factors for depression

It is now widely appreciated that depression can have a
number of precursors and social determinants (Slavich and
Irwin, 2014). Exposure to early life stressors such as social
stressors, social isolation, and the inability to form attachments
are all possible risk factors for depression (Panksepp, 2003; Watt
and Panksepp, 2009). Early maltreatment has been associated
with late-life depression and suicide risk (Comijs et al., 2013).
Watt and Panksepp (2009) conceptualize depression as arising
from an evolutionarily preserved “shutdown mechanism”
resulting from protracted separation distress in early life.
These types of stressors have been linked to inflammation
and changes in immune function which may lead to both
depression and dementia.

In 2003, Eisenberger et al. (2003), demonstrated that with
increasing social distress greater activity could be observed in
the anterior cingulate cortex, an area implicated in generating
the aversive experience of physical pain. A study done
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by Slavich and Irwin (2014), examined young adults who
were exposed to social stressors while monitoring markers of
inflammatory activity and brain activity using fMRI. Social
stress exposure resulted in significant increases in a soluble
receptor for tumor necrosis factor alpha and interleukin-
6. The TNF-alpha receptor increases were associated with
greater activity in the dorsal anterior cingulate cortex and
anterior insula. These regions have been previously associated
with processing rejection-related distress. A second study by
Muscatell et al. (2015) showed that higher levels of neuronal
activity in the amygdala in response to stress was associated
with greater increases in inflammation.

Overall, these studies suggest that proinflammatory
cytokines are the crucial mediators between the risk factors
and their depression consequences often evident as sad mood,
chronic feeling of fatigue, social withdrawal, and anhedonia.
Therefore, targeting inflammation may offer new opportunities
for preventing and treating depression.

The pathogenesis of cognitive
decline. Alzheimer's disease is the
major contributor to dementia

Crous-Bou et al. (2017) state that Alzheimers disease
accounts for 60-80% of dementias, making it the most
common precursor of cognitive decline. In that condition
the hallmark pathological criteria have included elevated
levels of amyloid-beta peptide and hyperphosphorylated tau
which accumulates intracellularly and becomes microscopically
evident as neurofibrillary tangles. Recent evidence, however,
suggests that a decline in cerebral blood flow precedes these
pathological hallmarks of Alzheimer’s disease, potentially by
many years. In an extensive study by Iturria-Medina et al.
(2016), where multiple simultaneous measurements of regional
cerebral perfusion and other biomarkers of Alzheimer’s disease
were made, a decline in cerebral perfusion preceded all other
pathological hallmarks of Alzheimer’s disease. Bangen et al.
(2018) have subsequently confirmed that reduced regional
cerebral blood flow relates to poorer cognition in adults with
type 2 diabetes. More recently, Bracko et al. (2021) confirmed
the crucial role that a reduction in cerebral blood flow plays in
Alzheimer’s disease.

The pathways from depression to
dementia

Depression is associated with a
reduction in cerebral blood flow

Multiple studies have shown that cerebral blood flow is
reduced in the setting of depression. Popa-Wagner et al. (2015)
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eloquently described in 2015 how dysfunction of cerebral
autoregulation in aging can impair CBF and increase
susceptibility to hypoxia and ischemia. Using arterial spin
labeling, Cooper et al. (2020) compared cerebral blood flow
(CBF) between 164 individuals suffering from major depression
and 94 healthy controls. They reported reduced CBF in the right
parahippocampus, thalamus, fusiform, and middle temporal
gyri along with bilateral insula regions in depressed patients
compared to controls. This confirmed the results obtained by
Meyer et al. (1973) who showed that in severe depression there
is bilateral hemispheric reduction of CBF. Takano et al. (2006)
reported that the regional CBF (rCBF) in depressed patients
was decreased compared to normal controls in widespread
areas including the frontal lobe and limbic regions such as
the cingulate cortex and parahippocampal gyrus. Oda et al.
(2003) showed in depressed patients that rCBF in the frontal
lobe, temporal lobe, and anterior cingulate gyrus were reduced
regardless of the presence of subcortical hyperintensities.
Where there was MRI hyperintensity, however, patients
displayed reduced rCBF in the thalamus, basal ganglia, and
brainstem a long with the cortical areas. In addition, the white
matter hyperintensity scale was negatively correlated with rCBF
in subcortical brain regions, such as the thalamus and right
basal ganglia (Oda et al., 2003).

Depression also modifies vascular risk factors (Hakim,
2011). The effect of emotions on heart and blood vessel function
was investigated. It was found that sadness created a distinctive
pattern, showing slight increases in blood pressure and vascular
resistance, and a reduction in the pumping capacity of the heart
(Sinhaetal., 1992). Thus, the reduction in CBF seen in depressed
individuals may partially be the result of the impact of sadness
on vascular risk factors.

Cerebral small vessel disease is evident
in depressed individuals

Depression is as immense a risk factor for small vessel
disease as high blood pressure (Wang et al., 2014). People
who are depressed have abnormalities in the same brain
regions known to be at risk for the development of small
covert white matter strokes (Aizenstein et al.,, 2011). Greater
depressive symptoms, after adjusting for sociodemographic,
behavioral, and vascular risk factor variables, are correlated
with smaller cerebral parenchymal fraction (§ [95% confidence
interval] = —0.56 [—1.05 to —0.07], p = 0.02) and increased
odds of subclinical brain infarcts (odds ratio [95% confidence
interval] = 1.55 [1.00-2.42], p = 0.05) (Zeki Al Hazzouri
etal., 2018). Although this publication concludes that increased
symptoms of depression were not significantly linked to white
matter hyper-intensity volume, numerous magnetic resonance
imaging (MRI) investigations have demonstrated that late life
depression is related to the increased prevalence of white matter
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hyper-intensities on MRI (Krishnan et al., 2004; Taylor et al,
2005, 2013; Chen et al., 2006; Herrmann et al., 2008; Firbank
etal., 2012).

The role of inflammation in depression

Possibly the most important mechanism associating
depression with cognitive decline is how the immune
system responds to persistent depression. This topic was
extensively covered recently in the excellent article by Dafsari
and Jessen (2020), where it was concluded that depressed
patients exhibit chronic inflammation. Elevations in the
interleukin system and tissue necrosis factor (TNFa) and
C-reactive protein (CRP) have been reported in depressed
patients, frequently associated with a simultaneous decrease
in anti-inflammatory regulation (Dowlati et al., 2010; Felger
and Lotrich, 2013). Miller and Raison (2016) concluded
from meta-analyses that the most consistent biomarkers
of inflammation in patients with depression were the
peripheral blood interleukins, such as interleukin (IL)-1f,
IL-6, TNFa, and CRP. Polymorphisms in inflammatory
cytokine genes have been linked to depression and the
individual’s response to therapy. These polymorphisms are
for genes such as IL-IB, TNFa, and CRP (Bufalino et al,
2013). Other genes that have been linked to depression
come from meta-analyses of genome-wide association studies
and are associated with the immune system’s response to
pathogens (Raison and Miller, 2013). It has been shown
that if non-depressed persons are given inflammatory
cytokines such as IFNa the onset of signs of depression
occurs (Reichenberg et al, 2001; Bonaccorso et al, 2002;
Capuron et al,, 2002; Harrison et al., 2009). In addition, if
cytokines like TNFa, or components of the inflammatory
signaling pathway like cyclooxygenase 2, can be reduced,
then the signs of depression can be reduced in individuals
with various medical conditions such as rheumatoid arthritis,
psoriasis and cancer, and major depressive disorder (Tyring
et al.,, 2006; Kohler et al., 2014; Abbott et al., 2015). These
findings highlight that depression has a large influence on the
inflammatory pathways.

The impacts of treating depression

Depression can be managed by a variety of means, including
psychotherapy, electroconvulsive therapy, and anti-depressant
medication. This review will focus on the more prevalent
therapy, namely oral antidepressants.

There is considerable debate on the impact of treating
depression on the subsequent development of dementia.
Coupland et al. (2019) presented evidence from a case-
control study in which they reported that anticholinergic
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antidepressants such as Paxil and other tricyclic antidepressants
may actually increase rather than decrease the risk of subsequent
Alzheimer’s disease. Similar negative impact on cognition is
attributed to SSRI's (Wang et al., 2016). Consequently, when
faced with a patient suffering from depression, the possibility of
offering psychotherapy rather than medical therapy should be
considered, and in the latter case, the impact of the specific drug
being considered on dementia risk should be reviewed before
it is prescribed.

The literature describes a number of physiological impacts
attributed to the use of antidepressants.

On inflammation

Findings suggest that possess
significant anti-inflammatory properties (Tynan et al, 2012;
Walker, 2013; Jeon and Kim, 2017). Along with their impact
on the cells of the peripheral immune system, selective

some antidepressants

serotonin reuptake inhibitors (SSRIs) can limit microglial
and astroglial inflammatory processes (Dafsari and Jessen,
2020). As an example, fluoxetine causes the downregulation
of genes involved in the pro-inflammatory response pathways
such as the activation of IL-6 signaling and nuclear factor
kappa b (NF-kb) signaling, and of TNFa signaling-related
molecules (Patricio et al, 2015). Further, the dopamine
enhancer bupropion inhibits pro-inflammatory cytokine
production and lowers production of TNFa and interferon
y in mice (Brustolim et al, 2006). Researchers have shown
that SSRIs (e.g., sertraline, fluoxetine, and paroxetine) likely
inhibit microglial TNFa and nitrous oxide production. In
mixed glial cell cultures, serotonin, and norepinephrine
reuptake inhibitors (SNRIs) such as the MAO inhibitor
moclobemide and selective noradrenaline reuptake inhibitors
are anti-inflammatory (Vollmar et al, 2008; Bielecka et al.,
2010). The reduction in neuroinflammation resulting from
the noradrenaline reuptake inhibitor was also able to partially
restore microglial function (Heneka et al., 2015). Popa-Wagner
et al. (2014) suggested in 2014 that inflammation may be one
pathophysiologic mechanism that contributes to treatment
resistance in depression.

The effects of antidepressant treatment on microglial
activation in patients with MDD were studied by using
18F-FEPPA PET. It revealed that the longer patients went
without treatment, the greater the microglial activation was.
However, if the patients were given antidepressants, the increase
in microglial activation was no longer observed (Setiawan
et al., 2018). The anticholinergic effects of some tricyclic
antidepressant drugs have been shown to raise the risk of
dementia possibly through accelerated glial transition to a
neurodegenerative phenotype (Gamage et al., 2020).

Thus, there is a clear link for both depression and
dementia to the inflammatory process, and the ability of
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any antidepressant approach or treatment to moderate
the inflammatory load may be key to its success in
reducing dementia.

Other physiological impacts of antidepressants that have
been reported to date include.

On cerebral hemodynamics

Bench et al. (1995) performed early scans of patients
suffering from depression and then rescanned the same patients
following treatment with an antidepressant medication. They
found that recovery from depression was linked to increases
in rCBF flow in the same areas in which focal decreases
in this parameter were described in the depressed state
compared with normal subjects. Similar findings in another
study described patients with depression having reduced blood
flow to the left frontal brain region. However, with the
antidepressant medication venlafaxine, the blood flow was
restored (Navarro et al., 2004). Ishizaki et al. (2008) showed that
following pharmacotherapy rCBF improved remarkably in the
left dorsolateral medial prefrontal cortex (PFC) and the right
parietooccipital regions while decreased CBF in some other
regions of the PFC did not significantly improve. In a sample
of older patients, Wei et al. (2018) reported that rCBF increases
were linked to reductions in depressive symptoms. This led the
authors to state that their observations were consistent with the
vascular depression hypothesis in late-life depression.

On incidence of dementia

Antidepressant treatment may reduce cognitive decline
(Mossello et al., 2008). It is estimated that the incidence
of dementia would decline by 4% in the population if
antidepressant treatment is applied (Mossello et al, 2008).
Bartels et al. (2020) sought to determine the result of
antidepressant drug classes on the risk for developing dementia
using multiple treatment intervals. The researchers analyzed
data of 62,317 individuals with an incident dementia diagnosis
who were included in the German Disease Analyzer database
and compared outcomes to those of controls matched by age
and sex. They conducted logistic regression analyses, which
were adjusted for health insurance status and comorbid diseases
linked to dementia or antidepressant treatment, to evaluate
the links between dementia incidence and treatment with four
major classes of antidepressant drug, as well as 14 of the
most commonly prescribed individual antidepressants. Results
showed an association between treatment for 2 years or longer
with any antidepressant and a lower risk for dementia among
17 of 18 comparisons. Particularly for long-term treatment,
tricyclic antidepressants were linked to a reduction in the
incidence of dementia. Long-term treatment with escitalopram
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(OR =0.66;95% CI, 0.5-0.89) was associated with the lowest risk
for dementia on an individual antidepressant basis.

However, it is important to emphasize that antidepressant
medications have a host of risks, contradictions and side effects
that must be considered for each individual prior to starting
treatment. As has been stated, some antidepressants may be
ineffective or even have negative effects on cognition (Lu and
Tune, 2003; Wang et al., 2016; Moraros et al., 2017).

Summary and conclusion

This review highlights that depression is a risk factor for
dementia and details the physiological steps that link depression
to its negative cognitive function. These steps begin with
activation of inflammatory mediators, followed by a decline in
the density of cerebral small vessels, which then leads to a drop
in cerebral blood flow. This sequence is evident in the brains of
depressed individuals when they are still cognitively normal but
predicts the eventual decline in memory function.

The multifaceted physiological consequences of depression
described here conform to the already outlined pattern for other
recognized risks for dementia such as obesity, sedentary lifestyle
and inadequate sleep (Hakim, 2021). The major difference
between depression and the other cognitive risk factors is the
possibility of offering various therapeutic modalities to the
affected individuals.

This review cautions, however, that some antidepressant
medications may worsen the cognitive impact of depression and
recommends a careful evaluation of the proposed therapy on the
subsequent decline in cognitive function. In addition, the use
of social supports to reduce cognitive decline and depression
should also be considered. Reducing social isolation has been
shown to potentially delay the onset of dementia (Xiang et al,,
2021). Positive social support was shown to reduce the risk of
dementia whereas negative support increased the risk among
persons aged 50 years and over (Khondoker etal., 2017). Overall,
high quality social relationships appear to be important for
overall cognitive health and can also reduce depression in older
people (Murata et al., 2017).

With the identification of the proposed intermediary
steps to link depression and other risk factors to cognitive
decline, research can focus on identifying and neutralizing
the inflammatory mediators, with the goal of interrupting the
negative impact they have on cognitive function.
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High blood pressure is a well-established risk factor of dementia. However,
the timing of the risk remains controversial. The aim of the present study
was to compare trajectories of systolic blood pressure (SBP) over a 35-year
follow-up period in the Health Survey in Trandelag (HUNT) from study wave
1 to 4 in people with and without a dementia diagnosis at wave 4 (HUNT4).
This is a retrospective cohort study of participants aged > 70 years in HUNT4,
where 9,720 participants were assessed for dementia. In the HUNT study all
residents aged > 20 years have been invited to four surveys: HUNT1 1984 -86,
HUNT2 1995-97, HUNT3 2006-08 and HUNT4 2017-19. The study sample
was aged 70-102 years (mean 77.6, SD 6.0) at HUNT4, 54% were women and
15.5% had dementia, 8.8% had Alzheimer's disease (AD), 1.6% had vascular
dementia (VaD) and 5.1% had other types of dementia. Compared to those
without dementia at HUNT4, those with dementia at HUNT4 had higher SBP
at HUNT1 and HUNTZ2, but lower SBP at HUNT4. These differences at HUNT1
and 2 were especially pronounced among women. Results did not differ
across birth cohorts. For dementia subtypes at HUNT4, the VaD group had
a higher SBP than the AD group at HUNT2 and 3. Age trajectories in SBP
showed that the dementia group experienced a steady increase in SBP until
65 years of age and a decrease from 70 to 90 years. SBP in the no- dementia
group increased until 80 years before it leveled off from 80 to 90 years.
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The present study confirms findings of higher midlife SBP and lower late-life
SBP in people with dementia. This pattern may have several explanations and
it highlights the need for close monitoring of BP treatment in older adults, with
frequent reappraisal of treatment needs.

blood pressure, dementia, trajectory, cohort study, Alzheimer, vascular dementia

Introduction

Dementia is a chronic, progressive syndrome which affects
cognition, behavior, and daily life functioning. The steeply
rising prevalence of dementia presents an immense individual,
societal and economic burden. In 2019, there were 57,4
million persons with dementia globally. This number is
projected to increase to 152,8 million by 2050 (GBD Dementia
Forecasting Collaborators, 2022). In Norway, 101,000 persons
have dementia, set to exceed 236,000 by 2050 (Gjora et al,
2021). With a few exceptions, such as antiretroviral therapy for
HIV-associated dementia, treatment of vascular diseases causing
dementia and the recently FDA approved monoclonal antibody,
aducanumab, there is at present no disease-modifying treatment
available for any of the diseases causing dementia. However,
modifiable lifestyle risk factors for dementia may be a target
for intervention. The recent Lancet commission on dementia
prevention, intervention and care identified 12 modifiable risk
factors and estimated that more than 40% of dementia cases
could be delayed or prevented by excluding these risk factors
(Livingston et al., 2020).

Hypertension is one of these risk factors. It has been
suggested that the observed decrease in dementia incidence
over the last decades is partly due to better blood pressure
(BP) control, especially in people with midlife hypertension
(Satizabal et al,, 2016). Ample evidence suggests that midlife
hypertension is associated with an increased risk of dementia
(McGrath et al,, 2017; Abell et al, 2018). However, as age
increases the association is attenuated and might even be
reversed. Previous studies have found that hypotension in old
age may be associated with an increased risk of dementia
(Hestad et al., 2005; Qiu et al., 2009; Gabin et al., 2017).
Alternatively, both late-life hypertension and hypotension may
be associated with an increased risk of dementia (Walker et al.,
2019). This may be due to reverse causality. The development
of degenerative brain disorder may induce a decrease in BP.
This is particularly relevant for the most common dementia
disorder, Alzheimer’s disease (AD), in which the degenerative
process starts in the brain decades before cognitive and
functional impairment become apparent (Frisoni et al., 2022).
The association between hypertension and risk of AD is still
not well understood. Whereas there seems to be a rather robust
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association between midlife diastolic hypertension and AD risk,
the results regarding midlife systolic hypertension and AD
risk are conflicting (Walker et al, 2017). Few studies have
investigated the association between midlife hypertension and
risk of vascular dementia (VaD) but the association between
hypertension and risk of VaD seems to be more robust
than for AD (Walker et al, 2017). Sex differences in the
association between hypertension and dementia risk are not well
characterized and a recent review concluded that studies rarely,
and inconsistently analyzed or reported sex effects (Blanken and
Nation, 2020). Two recent studies indicated that sex differences
exist both for risk of dementia (Gong et al., 2021) and the risk of
memory decline (Anstey et al., 2021).

To be able to intervene in clinical settings, we need precise
information on patterns of how risk factors change over the life
course. However, very few studies have been able to follow the
trajectories of blood pressure from early or midlife until late life.
A recent review identified only four trajectory studies reporting
on risk of all-cause dementia and three studies reporting on risk
of AD or VaD. Only two of the studies had a follow-up longer
than 10 years (Peters et al., 2020).

The present study aims to test the hypothesis that midlife
hypertension is associated with dementia in late life, but that this
association is attenuated and even reversed with increasing age.
Furthermore, we hypothesize that different risk profiles exist
between men and women, older and younger age groups, and
between participants with AD and VaD.

Materials and methods

Study population

In this retrospective cohort study, we employed data from
the Trondelag Health (HUNT) study for our analyses. The
HUNT study is a unique database of questionnaire data,
clinical measurements, and biological samples from the former
Nord-Trendelag county’s population from 1984 onward. The
study includes data from persons 20 years or older, gathered
during four waves: HUNTI (1984-1986), HUNT2 (1995-
1997), HUNT3 (2006-2008), and HUNT4 (2017-2019). In
each HUNT wave, data were collected over a 2-year period
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(Asvold et al, 2022). In HUNT4 all participants who were
70 years and older were invited to participate in the HUNT4
70+ study (Gjora et al,, 2021) where they underwent cognitive
assessments.

Our study population included participants from the
HUNT4 70+ study, born 1914-49. Among a total of 9,904
participants, those with missing dementia assessment at HUNT4
(n = 178) and/or no BP measurements in any waves, HUNT1-
HUNT4 (n = 6) were excluded. A total of 9,720 individuals
were included in the analysis. In this study population of
HUNT4-participants, we studied systolic blood pressure (SBP)
trajectories retrospectively during the HUNT1-HUNT4 waves
and analyzed them by dementia status at HUNT4.

Procedures for diagnosis of dementia
or mild cognitive impairment

In HUNT4 70+, dementia diagnoses were set by experts
from a diagnostic group of nine medical doctors with both
scientific and clinical expertise (geriatrics, neurology or old-age
psychiatry). A diagnosis was made for each case by two experts
independently, applying the DSM-5 diagnostic criteria to
classify the following conditions: no cognitive impairment, mild
cognitive impairment (mild neurocognitive disorder), dementia
(major neurocognitive disorder) and dementia subtypes;
AD, VaD, Lewy body dementias (LBD), frontotemporal
dementia (FTD), mixed dementia, other specified dementia
and unspecified dementia (Gjora et al., 2021). If no consensus
for the diagnosis was reached a third expert was consulted.
During the diagnostic process the experts had access to all
relevant information from the HUNT4 70+ dataset, such as
cognitive tests, patient history, physical diseases including
stroke, function in activities of daily living, neuropsychiatric
symptoms assessment and a structured interview with the
closest family proxy.

Blood pressure, dementia status and
covariates

BP (mmHg) was measured in HUNTI-4. In the study
population 75% had BP measured at all waves (HUNT1-4),
90% had a BP measurement from at least 3 waves, 96% had
a BP measurement from at least two waves, and 4% had a BP
measurement from only one wave. Participants were included if
there was at least one valid BP measurement in HUNT1-4 and
a valid dementia assessment at HUNT4.

Dementia status was categorized as no dementia and
dementia. Dementia subtypes were categorized as AD, VaD
and “other dementia.” The category “other dementia” included
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LBD, FID, mixed dementia, other specified dementia, and
unspecified dementia.

Time dependent covariates at HUNT1-4 included self-
reported antihypertensive medication use (yes/no), daily smoker
(never, ever, current) and history of stroke (yes/no). Obesity was
defined as body mass index [calculated as weight (in kilograms)
divided by squared height (in meters)] > 30 and included
as a dichotomous time dependent variable. Time invariant
covariates included the following: birth year, sex (male/female)
and education level (compulsory, secondary, tertiary) obtained
from the National Education Data Base (registry based data).
Missing values for education (n = 25) were imputed as
compulsory education. Missing values for history of stroke
(n = 70) for HUNT2-4 were imputed based on reports on
previous HUNT-study waves.

Procedures for blood pressure
assessment

At HUNT1 BP was
sphygmomanometer, by trained nurses or technicians. BP

assessed using a mercury
was recorded twice in the seated position after resting for a
minimum of 5 min (Gabin et al., 2017). In HUNT1 the mean
of the first and the second readings was used to calculate mean
systolic or diastolic BP.

HUNT2-HUNT4, three

oscillometric BP-measurements were recorded at

In repeated  automated
1-min
intervals. The measurements were started after the participant
was seated for 2 min with the cuff on the arm, and the arm
resting steadily on a table. The mean of the second and third
readings were used to calculate mean systolic or diastolic BP.

In HUNT2, measurements were done at the stationary
assessment team in the five larger municipalities by
oscillometry., using a Critikon Dinamap monitor (845XT
and X1.9301) (Gabin et al., 2017).

In the HUNTS3 study, BP and heart rate were measured using
a Critikon Dinamap (8,100) based on oscillometry (Krokstad
et al,, 2013). Dinamap XL model 9301 (Johnson & Johnson
Medical Inc.) was also used for the measurements by the mobile
team in the 19 smaller municipalities in both HUNT2 and
HUNTS3. The Dinamap XL model 9301 measures mean arterial
pressure directly, and hence does not estimate it from systolic
and diastolic pressure. In HUNT4 the Dinamap CARESCAPE
V100 (GE Healthcare) with GE TruSignal for pulse oximetry was
used, also based on automatic oscillometry.

Cognitive assessments

In HUNT4 70+ the following cognitive assessment
instruments were applied:
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The Montreal Cognitive Assessment (MoCA) scale is a
multidomain cognitive screening instrument that tests memory,
visuospatial and executive functions, naming, attention,
abstraction, language, and orientation. Scores range from 0 to
30; higher scores indicate better cognitive function (Nasreddine
et al., 2005).

The Word list from the Consortium to Establish a Registry
for Alzheimer’s Diseases (CERAD) (ten-word immediate and
delayed memory test) tests memory with a list of 10 words that
the person being tested is asked to recall after each of three initial
presentations (immediate recall) (score 0-30) and again after
10 min (delayed recall) (score 0-10) (Morris et al,, 1989). In
nursing home patients with moderate to severe dementia, the
Severe Impairment Battery 8-item version was applied (Schmitt
etal., 2013).

Ethics

This study was approved by the Regional Committee for
Medical and Health Research Ethics in Norway (REK Southeast
251687) and the Norwegian Center for Research Data (NSD
571736). Participation in the HUNT studies was based on an
informed written consent.

Statistical methods

Stata 16 was used for all analyses. SBP was used as the
outcome in a random intercept and random slope multilevel
mixed-effects linear regression model with HUNT study survey
as time variable (1-4) and dementia status at HUNT4 as
independent variable. Year of birth, sex, and educational level
were added to the model as time invariant adjustment variables,
while BP medication use, obesity, daily smoking, and history of
stroke were allowed to vary over the HUNT surveys 1-4 and
treated as time dependent covariates in the regression model. All
interactions between age, sex and dementia status were included.
SBP values by dementia status, sex and survey time point were
predicted from the regression model post hoc using the margins
command. Stratified predictions were performed to investigate
differences between men and women, between age groups (birth
years 1914-34 vs. 1935-49), and between dementia subtypes.
Analyses were run on the total study population (n = 9720)
in a minimally adjusted model with these variables included:
dementia, time, time*dementia, birth year, sex, as well as in the
study population with non-missing values for all the adjustment
variables (n = 9484).

In a second multilevel mixed-effects linear regression model
analysis (random intercept and random slope), age was used as
the time variable, thus the age trajectories by dementia status
at HUNT4 70+ were modeled. Age was included as a linear
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and quadratic term and the interactions with dementia status
were included. The model was adjusted by all the adjustment
variables mentioned above and performed on the sample with
non-missing values for all the adjustment variables (n = 9484).

Since only two BP measurements were performed in
HUNT1 and three BP measurements were taken in HUNT2-
4, we did three sensitivity analyses using the same SBP
measurement at all surveys; first we used the first SBP
measurement at all surveys, secondly, we used the second
measurement at all surveys, and lastly we used the mean from
reading number one and two for all surveys.

Results

At HUNT4 the mean age was 77.6 years (SD 6.0) (range
70-102) and 54% were women. In 1984, the initial year of the
HUNT study (HUNT1), the mean age was 44.1 years (SD 6.4)
(range 35-70). During cognitive assessments at HUNT4, 1503
(15.5%) were found to have dementia, of which 856 (8.8%)
had AD, 156 (1.6%) had VaD and 491 (5.1%) had other types
of dementia. In the total sample, mean SBP increased from
129.2 (SD 15.9) mmHg in HUNTI to 138.8 (SD 19.2) mmHg
in HUNT2 and remained stable from HUNT2 to HUNT3
(137.6 mmHg, SD 18.9) and HUNT4 (139.4 mmHg, SD 20.2).
Descriptive characteristics of the population from HUNT1 to
HUNT4, by dementia status at HUNT4 are presented in Table 1.

Systolic blood pressure trajectories by
all-cause dementia status at HUNT4,
adjusted for confounders

SBP from HUNT1 to HUNT4 comparing those with and
without dementia is presented in (Figure 1A) total sample
adjusted for sex and age, (Figure 1B) complete cases sample
adjusted for sex and age and (Figure 1C) complete cases fully
adjusted for sex, age, antihypertensive use, obesity, smoking
status and history of stroke.

Adjusted by sex and birth year (centered at 1939, and
45% men), the SBP trajectory for those with dementia, for
HUNT study waves 1-4 was 131.8, 143.3, 138.4, 132.2 mmHg,
respectively. For those without dementia the SBP trajectory
was 128.7, 137.9, 137.8, 140.7 mmHg from HUNTI-4
(Figure 1A). Thus, compared to those without dementia,
those with dementia at HUNT4, had higher SBP levels at
both HUNT1 (3.1 mmHg higher, 95%CI 2.1, 4.2) and at
HUNT2 (5.3 mmHg higher, 95%CI 4.3, 6.4) (Table 2). At
HUNT3 the SBP levels were similar (0.6 mmHg higher,
95%CI -0.6, 1.8), and at HUNT4 the pattern was reversed;
the BP level was 8.5 mmHg lower (95%CI -9.6, -7.3)
in the dementia group. In the sample with no missing
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TABLE 1 Characteristics of the study participants at the HUNT surveys (HUNT1-4: 1984, 1995, 2006, 2017) by dementia status (assessed at HUNT4).

Characteristic No dementia at HUNT4 Dementia at HUNT4

HUNT1 HUNT2 HUNT3 HUNT4 HUNT1 HUNT2 HUNT3 HUNT4

1984 1995 2006 2017 1984 1995 2006 2017

No. of participants with 7,295 7,267 7,214 8,181 1,358 1,316 1,138 1,403
BP measurements
Age mean (SD), years 43.7 (5.7) 55.3 (5.7) 66.4 (5.6) 76.8 (5.5) 50.5 (7.5) 62.1(7.5) 72.6 (7.1) 82.5(7.2)
Women (%) 3,993 (54.7) 3,976 (54.7) 3,904 (54.1) 4,373 (53.4) 814 (59.9) 794 (60.3) 673 (59.1) 809 (57.7)
Men (%) 3,302 (45.3) 3,291 (45.3) 3,309 (45.9) 3,808 (46.6) 544 (40.1) 522(39.7) 465 (40.9) 594 (42.3)
Education (%)
Compulsory 1,670 (22.9) 1,634 (22.5) 1,565 (21.7) 1,835 (22.4) 610 (44.9) 581 (44.1) 481 (42.3) 613 (43.7)
Secondary 3,200 (43.9) 3,169 (43.6) 3,142 (43.5) 3,475 (42.5) 517 (38.1) 509 (38.7) 434 (38.1) 535 (38.1)
Tertiary 2,425 (33.2) 2,464 (33.9) 2,507 (34.7) 2,871 (35.1) 231 (17) 226 (17.2) 223 (19.6) 255 (18.2)
Systolic BP mean (SD) 128.2 (15.2) 137.5(18.4) 137.1 (18.5) 140.1 (19.9) 134.7 (18.2) 146.1 (21.7) 140.8 (20.7) 134.9 (21.6)
mm Hg
Antihypertensive use (%) 301 (4.1) 843 (11.6) 2,519 (34.8) 4,130 (65.7) 125 (9.1) 285 (21.6) 554 (48.4) 538 (65.2)
Smoking status (%)
Current 1,595 (25.2) 1,507 (20.9) 814 (11.6) 493 (6.2) 313 (26.5) 269 (20.7) 121 (11.1) 71 (6.6)
Previous 1,837 (29.0) 2,497 (34.6) 2,971 (42.2) 4,025 (50.5) 303 (25.6) 430 (33.1) 432 (39.9) 536 (50.0)
Never 2,904 (45.9) 3,209 (44.5) 3,248 (46.2) 3,457 (43.4) 567 (47.9) 601 (46.2) 529 (48.9) 466 (43.4)
Obesity (BMI > 30) (%) 438 (6.0) 1,139 (15.7) 1,765 (24.4) 1,696 (21.4) 132 (9.7) 274 (20.9) 304 (26.8) 396 (29.9)
History of stroke (%) 8(0.1) 49 (0.7) 254 (3.5) 653 (8.8) 7(0.5) 21 (1.6) 92 (8.0) 226 (23.2)

BMI, body mass index; BP, blood pressure; HUNT, The Trondelag Health Study. Missing N in antihypertensive use: 1,007, 1,132, 1,330, 2,607 in HUNT1,2,3,4, respectively; missing N in
smoking status: 2,198, 1,207, 1,605, 672 in HUNT1,2,3,4, respectively; missing N in obesity: 1,070, 1,148, 1,362, 473 in HUNT1,2,3,4, respectively; missing N in history of stroke: 1,008,

1,131, 1,319, 1,363 in HUNT1,2,3,4, respectively.

values for all confounders (n = 9,484), the SBP trajectories
by dementia status at HUNT4 were similar to the full
sample (N = 9,720), except that there was a slightly
smaller difference at HUNT4; the level was 5.3 mmHg
lower (95%CI -6.9, -3.8) in the dementia group (Figure 1B
and Table 2). In a fully adjusted model, with education,
antihypertensive medication, smoking, obesity and stroke,
results were minimally attenuated and almost identical to
those adjusted only for age and birth year (Figure 1C and
Table 2).

Systolic blood pressure trajectories by
dementia status at HUNT4: Differences
according to sex, birth cohort and
dementia subtype (fully adjusted
model, complete case sample

n = 9484)

The SBP difference between the no dementia group and
the dementia group at HUNT4, over the four HUNT waves
is shown in Figure 2 and Table 2, with stratification by
(Figure 2A) sex, (Figure 2B) birth cohort and (Figure 2C) type
of dementia.
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Compared with the no dementia group, women in the
dementia group had a higher SBP at HUNT1 and HUNT2
and a lower SBP at HUNT4. There was no difference between
the groups at HUNT3. In men, SBP was higher in the
dementia group at HUNT?2 and lower in the dementia group at
HUNT4, whereas there was no difference between the groups
at HUNT1 and HUNTS3. The difference in SBP according to
dementia status at HUNT4, was significantly larger in women
compared to that in men at HUNT1 (p = 0.003) and HUNT2
(p < 0.001), while the difference was similar across sexes at
HUNT3 (p = 0.43) and HUNT4 (p = 0.72) (Figure 2A and
Table 2).

The difference in SBP according to dementia status at
HUNT4 was similar across birth cohorts (Figure 2B and
Table 2).

For those without dementia the SBP trajectory was 129.1,
137.8, 137.3, 139.7 mmHg from HUNT1-4 (almost identical
to the trajectories described above for the full sample). For
those with AD the SBP trajectory was 131.2, 141.3, 136.8,
134.0 mmHg from HUNT1-4, and for those with VaD the
SBP trajectory was 133.7, 147.7, 143.3, 137.6 mmHg from
HUNTI1-4. Thus, there were substantial differences among
dementia subtypes. Compared to the no dementia group,
the VaD group had a higher SBP at HUNT1, HUNT2 and
HUNTS3, but there was no difference at HUNT4. Compared
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Systolic blood pressure trajectories by dementia status (yes/no) at HUNT4 70+ in 2017-19 with 95% confidence intervals. Multilevel mixed
methods with random intercept and slope. In the fully adjusted models in C, these time-dependent variables are included: blood pressure
medication (yes/no), smoking (current, previous, never), obesity (yes/no), and history of stroke (yes/no), and the following time-invariant

variables: education (compulsory, secondary, tertiary), birth year, and sex.

TABLE 2 Absolute difference in SBP (mmHg) at HUNT1, HUNT2, HUNT3 and HUNT4, respectively, for those with dementia at HUNT4 vs those
without dementia at HUNT4 (95% Cl).

Number of participants (%) HUNT1 1984 HUNT?2 1995 HUNT3 2006 HUNT4 2017
All
Model 1 9,720 3.1(2.1,4.2) 5.3 (4.3,6.4) 0.6 (0.6, 1.8) -8.5(-9.6,-7.3)
Model 2 9,484 2.9(1.8,4.1) 5.0 (3.9, 6.0) 0.5(-0.7,1.7) -5.3(-6.9,-3.8)
Model 3 9,484 2.7 (1.6,3.7) 4.6 (3.6,5.7) 0.4 (-0.8, 1.6) -5.2(-6.7,-3.7)
By sex (A), model 3
Men 4,313 (45.5) 0.9 (-0.7, 2.6) 2.4(0.7,4.0) -0.2(-2.0, 1.6) -5.0 (-7.3,-2.8)
Women 5,171 (54.5) 42(2.8,5.6) 6.2 (4.8,7.6) 0.8 (-0.8,2.3) 5.6 (~7.6, -3.5)
By birth cohort (B), model 3
Born 1935 or later 7,247 (76.4) 2.5 (0.9, 4.0) 4.5 (3.0,6.1) 2.1(04,3.8) 2.1 (-4.1, -0.01)
Born before 1935 2,237 (23.6) 4.3(2.8,5.9) 4.8(3.2,6.4) 1.4 (-0.4, 3.1) -4.4 (-6.8, -2.0)
Dementia type (C), model 3
No dementia 8,037 (84.7) - - - -
AD 831 (8.8) 2.1(0.8,3.5) 3.4(2.1,4.8) -0.6 (-2.1,0.9) -5.7(-7.7,-3.7)
VaD 147 (1.5) 4.6 (1.6,7.6) 9.9 (6.9, 12.9) 6.0 (2.6,9.3) -2.1(-6.2,2.0)
Other dementias 469 (4.9) 3.0 (1.3,4.8) 5.2(3.4,7.0) 0.6 (-1.4,2.6) -5.2(-7.8,-2.6)

Model 1 Total sample (N = 9,720), age and sex adjusted; Model 2 Complete cases sample (N = 9,484), age and sex adjusted; Model 3 Complete cases sample (N = 9,484), adjusted by age,

sex, education, and histories of blood pressure medication, smoking, obesity, and stroke.

to the no dementia group, the AD group had a higher SBP
at HUNT1, HUNT?2 and a lower SBP at HUNT4. There was
no difference at HUNT3. Those with VaD had significantly
higher SBP than those with AD, both at HUNT2 (6.5
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mmHg higher, p < 0.001) and HUNT3 (6.5 mmHg higher,
p < 0.001) (Figure 2C and Table 2). The VaD group had
similar SBP as the AD group at HUNTI (p = 0.14) and HUNT4
(p=0.12).
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Trajectories in difference in systolic blood pressure between those with dementia at HUNT4 70+ (2017-19) vs those without dementia
(reference line 0) by sex, birth cohort, and dementia type (restricted to AD and VaD) with 95% confidence intervals. Multilevel mixed methods
with random intercept and slope. In all models, these time-dependent variables are included: blood pressure medication (yes/no), smoking
(current, previous, never), obesity (yes/no), and history of stroke (yes/no), and the following time invariant variables: education (compulsory,

The SBP of the “other dementias” group did not differ from
the AD group from HUNT1-HUNT4 (Table 2).

Age trajectories

Fully adjusted age trajectories in SBP between those with and
without dementia at HUNT4 70+ are presented in Figure 3. By
visual inspection we saw in the dementia group a steady increase
in SBP until 65 years of age, a stable level from 65 to 70 and a
steady decrease from 70 to 90 years of age. In the no dementia
group we saw that SBP increased until age 80 before it leveled off
from 80 to 90.

Compared to the no dementia group the dementia group
had higher SBP from 45 to 75 years of age. At 80 and 85 years
of age there was no difference between the groups and at
90 years of age the dementia group had lower SBP than the
no dementia group.

Sensitivity analyses

Using alternative BP measurements in the analyses
did not impact the main findings (results not shown).
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Age trajectories in systolic blood pressure between those with
dementia at HUNT4 70+ (2017-19) vs those without dementia
with 95% confidence intervals. Multilevel mixed methods with
random intercept. In all models, these time-dependent variables
are included: blood pressure medication (yes/no), smoking
(current, previous, never), obesity (yes/no), and history of stroke
(yes/no), and the following time invariant variables: education
(compulsory, secondary, tertiary), and sex.
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the choice of BP measure was robust and did not affect
our conclusions.

Discussion

In this retrospective population-based cohort study, we
found that persons with dementia had a higher SBP in HUNT1-
HUNT?2 but a lower SBP in HUNT4. The decrease in SBP in the
dementia group started 10-20 years prior to dementia diagnosis
at HUNT4. The results were largely confirmed in both the AD
and VaD groups. Although the overall pattern of SBP trajectories
remained the same across sex and age groups, some differences
between groups were observed.

A pattern with higher BP in midlife but lower BP in late
life in persons with dementia, compared to persons without
dementia was demonstrated in the seminal study by Skoog et al.
(1996) and has later been confirmed in several studies (Qiu et al.,
2005; Li et al., 2007; Abell et al., 2018). However, studies on
midlife hypertension cover a wide age range. Also in the present
study, the age range of the participants at each assessment spans
more than 30 years. However, when considering the sample
in two age groups (35-49 and 50-70 years at HUNT1), we
found that the pattern with higher SBP at HUNT1 and HUNT2
and lower SBP at HUNT4, in those with dementia at HUNT4
remained the same in both age groups. When modeling age
trajectories of SBP we found substantial differences between
the groups. The dementia group had an increase in SBP until
the age of 70 and a significant drop in SBP afterward. The no
dementia group experienced a slower increase in SBP but no
significant drop in SBP in old age. These findings indicate that
higher SBP is associated with an increased risk for dementia
over a long period, from 45 years until 75 years of age and
that it is only in later life that lower SBP is associated with a
higher risk of dementia. These findings highlight the importance
of monitoring SBP closely in older people with dementia as
antihypertensive medication might need to be adjusted or even
deprescribed to avoid negative outcomes, such as increased
morbidity and mortality (Benetos et al., 2015). Furthermore,
current evidence does not show any clear benefit of initiation of
antihypertensive treatment in older age groups (Benetos et al,,
2019).

Potential mechanisms that may explain the association
between hypertension and dementia risk are multifaceted.
It seems that higher BP and older age have a synergistic
deleterious effect on the structural and functional integrity of the
cerebral microcirculation (Ungvari et al., 2021). Hypertension
leads to dysregulation of cerebral blood flow. This in turn
exposes the cerebral microvessels to hemodynamic instability
causing pathological changes termed small vessel disease.
This includes endothelial dysfunction, lipohyalinosis, fibrinoid
necrosis, lacunes and microhaemorrhages (McGrath et al,
2017). All these events are associated with cognitive decline.
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Chronic hypertension may also disrupt blood-brain-barrier
(BBB) function impeding transport of essential substances into
the brain and transport of waste products out of the brain.
Furthermore, BBB disruption promotes neuroinflammation,
synaptic dysfunction and myelin damage contributing to
cognitive decline and dementia and exacerbate amyloid
pathologies associated with Alzheimer’s disease (Ungvari
et al, 2021). Chronic hypertension is also associated with
arteriosclerosis and cardiac failure, both conditions which
may negatively affect cerebral blood flow and thereby cause
cognitive decline. Long-standing hypertension may induce a
state of hypoperfusion in the brain. It has been postulated that
brain hypoperfusion is involved in the pathogenesis of AD, by
constituting an upstream event before amyloid formation (De la
Torre, 2018).

There might be several explanations as to why midlife
hypertension, but not late-life hypertension is associated
with dementia. Hypertension usually begins long before the
neurodegenerative process and it acts as a powerful contributor
to cognitive impairment in midlife (Veldsman et al, 2020).
While hypertension is one of very few contributors to cognitive
impairment in midlife, its contribution might be obscured by
several other factors in late life, such as neurodegeneration
because of AD. Other factors associated with development
of dementia, such as people with dementia becoming more
immobile, more fragile and being underweight, might in
combination contribute to a decrease in blood pressure along
the disease course. Recently, a new evolutionary interpretation
of the brain’s circulation has been proposed, indicating that
the brain circulation comprises complementary low-pressure
and high-pressure systems (the ambibaric brain). This model
highlights the need for the development of methods of assessing
the best blood pressure for the individual brains and for close
monitoring of BP to optimize brain health (Hachinski and
(stergaard, 2021).

Most previous studies report that dementia and AD are
more common in women than in men whereas VaD is more
common in men (Cao et al,, 2020). This was also found in
our recent study using the same HUNT4 70+ group as the
present study (Gjora et al,, 2021). Suggested explanations for
this sex difference include longevity (women live longer than
men), biological differences (hormones, epigenetics, frailty),
differences in cognitive performance and gendered social roles
and opportunities (Andrew and Tierney, 2018). Recent studies
have indicated that sex differences in dementia prevalence may
be influenced by sex differences in the profile of dementia
risk factors. A recent review concluded that higher midlife
SBP was associated with a greater risk of all-cause dementia,
AD and VaD in women compared to men (Blanken and
Nation, 2020). Another recent study found that mid-adulthood
hypertension was associated with increased dementia risk in
women, but not in men (Gilsanz et al, 2017). A large UK
biobank study found that the association between several midlife
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cardiovascular risk factors and risk of dementia did not differ
between the sexes, but BP affected men and women differently.
The relationship between higher SBP and dementia risk was
U-shaped in men but had a dose-response relationship in
women. This difference was not affected by antihypertensive
use and was consistent across dementia subtypes, like AD
and VaD (Gong et al, 2021). Our study strengthens the idea
that sex differences exist since SBP was higher at HUNT1
in the dementia group only in women. Furthermore, the
difference in SBP between those with and without dementia was
larger in women than in men at both HUNT1 and HUNT2.
These differences remained when the analysis was adjusted for
antihypertensive use and other risk factors which may differ
between the sexes.

The association between midlife hypertension and AD risk
is unclear, with most studies showing consistent association
between increased midlife diastolic BP and AD risk, whereas
studies regarding increased midlife BP and AD risk are
conflicting. An association between late-life hypotension and
AD risk has been documented in several studies (Walker et al.,
2017). Our study confirms a clear pattern of SBP trajectory
and AD risk, where a higher SBP in midlife and a lower
SBP in late life was associated with a diagnosis of AD in late
life.

The evidence supporting an association between midlife
hypertension and increased VaD risk is stronger than for
AD risk but the results regarding BP and VaD risk in old
age are conflicting. Only a few studies have addressed this
specifically (Walker et al, 2017). A registry-based study of
4.28 million individuals found that higher SBP was associated
with increased VaD risk, irrespective of preceding transient
ischemic attack or stroke but no inverse association in old
age (Emdin et al, 2016). Our findings confirm that people
with VaD have higher SBP in midlife than those with AD.
Additionally we found that SBP decreases substantially in the
VaD group with increasing age. However, not to the extent
that VaD was associated with lower SBP compared to the no
dementia group, as observed in the AD group at HUNT4.
Comparisons between the AD and VaD group should be
interpreted with caution as there probably is considerable
overlap with a large group of people with mixed AD and
VaD pathology (Custodio et al., 2017). One could argue that
most dementias constitute a mix, often including AD pathology
with a typical case harboring several pathologies (Boyle et al,,
2018).

Strengths and limitations

The main strength of the present study is the large

population-based sample, a follow-up period of more
than 30 years and a thorough consensus-based method

for diagnosing dementia and subtypes of dementia. By
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including nursing-home patients, the sample covers all
levels of dementia. Furthermore, BP was measured in
a standardized way and 75% of the participants had BP
measurements at all four assessments. We were able to adjust
for several potential confounders, limiting the chance of
residual confounding.

There are a few limitations that should be taken into
consideration when interpreting the results. We did not have
information about race/ethnicity. However, recent reports show
that only 1.6% of the population 67 + in the catchment area
of the present study had a minority background (StatBank
Norway, 2022). Hence, the present results may not be
generalized to groups beyond a Nordic population. Although
the diagnostic process conforms to the quality indicators
of population-based dementia studies, the reliance on data
collected by others and the lack of biomarker data may
make the diagnosis less valid, especially regarding subtypes of
dementia. The lack of cognitive assessments prior to HUNT4
is a major limitation. It is reasonable to assume that the
participants did not have dementia at HUNT1 and HUNT2
and that very few if any had dementia at HUNT3. However,
it is difficult to gauge the importance of reverse causality,
especially because of disease development in the preclinical
stage in some of the dementia subtypes. Even though the
participation rate is relatively high, some selection bias is
likely. A study on non-participation in HUNT3 showed that
those who did not participate had lower socioeconomic status,
higher mortality and a higher prevalence of chronic diseases
(Krokstad et al.,, 2013). Another limitation is the substantial
amount of self-reported data, which is inherent to most
large-scale population studies. Even though we have adjusted
for the most common confounders residual confounding
cannot be excluded. Finally, our study may be prone to
survival bias. This would most likely attenuate the association
between the exposure in midlife (BP) and the outcome
(dementia).

Conclusion

In the present study, dementia was associated with systolic
hypertension in midlife but not in late life. In general, the same
pattern existed across sex, age groups and types of dementia
although some variation was apparent. Our findings underline
that the trajectories of blood pressure should be closely
monitored in clinical practice and the need for continuing
antihypertensive treatment should be reappraised regularly.
Separate blood pressure targets for men and women may need
to be developed. To identify the ideal blood pressure for the
individual brain is an urgent question in personalized medicine.
Future studies should also include measurements of standing
and sitting/lying blood pressure since orthostatic instability may
contribute to the cognitive impairment.
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Background: Despite the emerging clinical relevance of heart rate variability
(HRV) as a potential biomarker of cognitive decline and as a candidate target
for intervention, there is a dearth of research on the prospective relationship
between HRV and cognitive change. In particular, no study has addressed
this issue in subjects with a diagnosis of cognitive status including cognitive
impairment.

Objective: To investigate HRV as a predictor of cognitive decline in subjects
with normal cognition (NC) or Mild Cognitive Impairment (MCI). Specifically,
we tested the literature-based hypothesis that the HRV response to different
physical challenges would predict decline in different cognitive domains.

Methods: This longitudinal study represents the approximately 3-year follow-
up of a previous cross-sectional study enrolling 80 older outpatients
(aged > 65). At baseline, power spectral analysis of HRV was performed on
five-minute electrocardiographic recordings at rest and during a sympathetic
(active standing) and a parasympathetic (paced breathing) challenge. We
focused on normalized HRV measures [normalized low frequency power
(LFn) and the low frequency to high frequency power ratio (LF/HF)] and
on their dynamic response from rest to challenge (A HRV). Extensive
neuropsychological testing was used to diagnose cognitive status at baseline
and to evaluate cognitive change over the follow-up via annualized changes
in cognitive Z-scores. The association between A HRV and cognitive change
was explored by means of linear regression, unadjusted and adjusted for
potential confounders.
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Results: In subjects diagnosed with MCI at baseline a greater response to
a sympathetic challenge predicted a greater decline in episodic memory
[adjusted model: A LFn, standardized regression coefficient (8) = —0.528,
p = 0.019; A LF/HF, B = —0.643, p = 0.001] whereas a greater response to a
parasympathetic challenge predicted a lesser decline in executive functioning
(adjusted model: A LFn, B = —0.716, p < 0.001; A LF/HF, B = —0.935,
p < 0.001).

Conclusion: Our findings provide novel insight into the link between HRV and
cognition in MCI. They contribute to a better understanding of the heart-brain
connection, but will require replication in larger cohorts.

autonomic nervous system, cognition, episodic memory, executive function, heart

rate variability, mild cognitive impairment, longitudinal study, older adults

Introduction

Mild cognitive impairment (MCI) is a transitional state
lying along the continuum between normal cognitive aging
and dementia (Petersen et al, 2018). It is characterized by
slight cognitive deficits with no or minimal impairment in the
activities of daily living (Petersen et al., 2018). MCI is emerging
as a major health issue because it is considered to be the
prodromal stage of dementia (Petersen et al,, 2018) and because
it will affect an ever-growing number of individuals. In fact, its
prevalence increases with age (Petersen et al., 2018) and is bound
to soar with the exponential aging of the population [United
Nations [UN], and Department of Economic and Social Affairs
Population Division [DESA], 2020]. In Italy, the prevalence of
MCT has been reported to reach 34% in those over 90 (Pioggiosi
et al., 2006).

Heart rate variability (HRV) is the physiological
phenomenon by which the heart rate (HR) changes from beat
to beat, producing fluctuations in the time intervals between
adjacent R waves (RR intervals) on an electrocardiographic
(ECQG) recording (Malik et al., 1996; Laborde et al., 2017; Shaffer
and Ginsberg, 2017). HRV reflects the influence on sinus node
activity of the two branches of the autonomic nervous system
(ANS)—sympathetic and parasympathetic (Malik et al., 1996;
Laborde et al.,, 2017; Shaffer and Ginsberg, 2017)—and HRV
analysis therefore provides a simple and reliable method for the
assessment of autonomic function in clinical research (Nicolini
et al., 2012).

An increasing number of cross-sectional studies have
indicated an association between cognition and HRV. They
have enrolled older subjects with neurocognitive disorders (for
reviews see Cheng et al, 2020; Liu et al, 2022) or generally
healthy individuals across the age spectrum [for a review see
Forte et al. (2019a)], more seldom within the geriatric age range
(e.g., Dalise et al,, 2020).
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The link between cognition and HRV appears to be
related to their common neural substrate which is the Central
Autonomic Network (CAN). The CAN is a complex network
of central nervous system regions that are implicated in
both cognitive processing and in the autonomic regulation
of cardiovascular function (Thayer et al., 2009; Silvani et al,
2016). It encompasses brain structures such as the hippocampus,
insula, locus coeruleus and prefrontal cortex, which project to
preganglionic neurons of the sympathetic and parasympathetic
nervous system. Thus, the CAN represents the neuroanatomical
correlate of the brain-heart axis (Silvani et al,, 2016). Also,
autonomic dysfunction can lead to blood pressure (BP)
dysregulation (Julius and Weder, 1989) which can contribute to
cognitive impairment via cerebral hypoperfusion (Forte et al,
2019b; Jia et al., 2021).

The clinical relevance of the connection between cognition
and HRYV lies in the fact that HRV could serve as a potential
biomarker of cognitive decline as well as a candidate target for
intervention. There is a growing recognition that dementing
illnesses follow a chronic disease model in which cognitive
symptoms emerge late in the course of the disease process and
are predated by pathological changes and/or neural dysfunction
occurring several years before (Tan et al., 2014). Since traditional
cerebrospinal fluid (CSF) and neuroimaging biomarkers are
costly and/or invasive and not widely accessible or applicable
(Tan et al,, 2014), over the last decade particular momentum
has been gained by measures of brain activity (Cassani et al.,
2018; Engedal et al,, 2020). Although data on HRV is still sparse
and novel, it is acknowledged that HRV reflects a state of the
brain (Ernst, 2017) and as such it is believed to hold considerable
promise as an early biomarker of cognitive impairment (Forte
etal, 2019a). Also, within the context of scant and controversial
pharmacological treatment for MCI (Petersen et al,, 2018;
Chen et al,, 2021; Tampi et al,, 2021), HRV-biofeedback is a
convenient and increasingly popular method of enhancing HRV
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(Lehrer and Gevirtz, 2014; Lehrer et al., 2020) with beneficial
effects on cognitive performance across healthy and pathological
populations of different ages (Lehrer et al., 2020; Tinello et al,,
2021).

Nonetheless, to the best of our knowledge, no study has
so far addressed the question of whether HRV can predict
cognitive decline in subjects with cognitive impairment or has
differentiated between individuals with normal cognition (NC)
and MCI. As far as we are aware, there are only six studies in
the literature that have investigated the longitudinal association
between HRV and cognitive functioning (Britton et al., 2008;
Mahinrad et al, 2016; Zeki Al Hazzouri et al.,, 2017; Knight
et al., 2020; Schaich et al,, 2020; Costa et al., 2021). Only one
has exclusively involved older adults (Mahinrad et al., 2016) and
none have included a diagnosis of cognitive status. They are all
secondary analyses of large-scale epidemiological studies carried
out for other purposes and therefore, despite their large sample
sizes, they may suffer from some limitations. These comprise the
use of routine ECG recordings and limited cognitive batteries,
the lack of cognitive data at baseline, and the paucity of findings
concerning episodic memory, and are described at length in the
Supplementary Introduction.

In an attempt to fill this gap in the literature we report
the findings from the 3-year cognitive follow-up of NC and
MCI subjects aged > 65 who were enrolled in a previous cross-
sectional study on HRV and underwent HRV analysis in resting
conditions and during a sympathetic and parasympathetic
challenge. The study details have been described elsewhere
(Nicolini et al,, 2014) and will be recapitulated in the “Baseline
assessment” section of the Methods.

We hypothesized that the autonomic response to the two
challenges would predict decline in different cognitive domains.
In particular, we supposed that the response to the sympathetic
challenge would negatively predict decline in episodic memory
whereas the response to the parasympathetic challenge would
negatively predict decline in executive functioning.

Our assumptions were based on diverse lines of evidence
from the literature that have shown that different components
of the CAN are differentially involved in cognitive processing
and in sympathetic versus parasympathetic autonomic control.
Specifically, the hippocampus/parahippocampus, insula and
locus coeruleus have been demonstrated to play a role in
episodic memory and to generate sympathetic outflow, while
the prefrontal cortex has been proved to be responsible for
executive functioning and for parasympathetic activity. The
evidence supporting these site-specific functions of the CAN
is extensively reviewed in the Supplementary Introduction.
Accordingly, within the more general relationship between
cognition and HRYV, several cross-sectional studies have found
episodic memory to positively correlate with sympathetic
HRV (Frewen et al., 2013; Nicolini et al, 2020; Hilgarter
et al, 2021) and negatively correlate with parasympathetic
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HRV (Vasudev et al,2012; Kim et al,, 2018), and a number
of investigators have noted a positive association between
executive functions and parasympathetic HRV, both cross-
sectionally (e.g., Forte et al, 2019a) and longitudinally
(Mahinrad et al., 2016; Zeki Al Hazzouri et al.,, 2017; Knight
et al., 2020; Schaich et al., 2020; Costa et al., 2021).

Materials and methods
Baseline assessment

Study population

We considered for inclusion 475 community-dwelling older
subjects (aged > 65) who consecutively attended a first geriatric
visit at the Geriatric Outpatient Unit of our university hospital
from January to December 2012. Referrals were made by
general practitioners for a wide spectrum of age-related health
problems. Eighty subjects with a known diagnosis of dementia
were excluded. Of the remaining 395 subjects, 117 were eligible
based on a number of exclusion criteria and were invited to
undergo neuropsychological testing (see following sections). Of
the 113 subjects who consented to neuropsychological testing,
23 were diagnosed with dementia and excluded, leaving 90
subjects with a diagnosis of NC or MCI. Of these, 5 declined
44 NC and
n = 41 MCI) were asked to take part in the subsequent

further participation, so that 85 subjects (n =

clinical and autonomic assessment, which was carried out within
1 month from the neuropsychological assessment. Of the 85
participants, 2 were excluded during the autonomic assessment
(n =1 baseline respiratory rate < 9 breaths/min, n = 1 postural
vasovagal reaction) and 3 during the HRV analysis (n = 1
paroxysmal supraventricular tachycardia, n = 2 excessive ectopic
beats). Thus, the study ultimately enrolled 80 subjects, 40 with
NC and 40 with MCI.

Exclusion criteria

Exclusion criteria were conditions precluding HRV analysis
as well as diseases and medications with an established and
significant effect on HRV. They have been extensively accounted
for and referenced in our previous work (Nicolini et al., 2014)
and were as follows: (a) non-sinus rhythm (atrial fibrillation and
other arrhythmias, paced rhythms), (b) heart disease (coronary
artery disease, heart failure), diabetes mellitus, neurological
and psychiatric diseases (Parkinson’s disease, stroke, major
depression) and severe diseases (respiratory, renal, autoimmune
and neoplastic), (c) cardioactive medications: beta-blockers,
alpha-blockers, centrally-acting calcium-channel blockers, class
I and III antiarrhytmic drugs, digoxin, (d) psychotropic
medications: tricyclic antidepressants, selective serotonin-
noradrenaline reuptake inhibitors, atypical antidepressants,
antipsychotics and cholinesterase inhibitors.
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Neuropsychological assessment

The neuropsychological assessment was performed by
means of a comprehensive battery of tests covering different
cognitive domains: episodic memory, executive functioning,
language, visuospatial skills and ideomotor praxis. The
neuropsychological tests and their references can be found
in Supplementary Table 1. MCI was diagnosed according
to consensus criteria of objective cognitive impairment
on neuropsychological testing, essentially preserved daily
functioning [i.e., intact basic activities of daily living (BADL)
with no or minimal impairment of instrumental activities of
daily living (IADL)] and no dementia (Petersen et al., 2018).

Raw neuropsychological test scores were converted to
age-, sex- and education-adjusted scores based on published
normative data for the Italian population and objective cognitive
impairment was defined as having an adjusted score in at least
one neuropsychological test below the 10th percentile of the
normative score distribution. We selected the 10th percentile
threshold, in accordance with several other Authors (e.g.,
Solfrizzi et al., 2004; Delano-Wood et al., 2009), because we
believe that, relative to the 1 and 1.5 standard deviation cut-
offs (i.e., the 7th and 16th percentiles), also commonly accepted
(Albert et al, 2011), it provides a more appropriate balance
between the risk of under- and over-diagnosing MCIL.

Clinical assessment

During the clinical assessment we collected information
on sociodemographics (age, sex, education), anthropometrics
(Body Mass Index), lifestyle habits (alcohol and coffee
consumption, physical activity), blood tests for vascular risk
(glucose and lipid panel), history of hypertension (defined
as current antihypertensive drug therapy), medication history,
psychological symptoms [short Geriatric Depression Scale
(GDS-s) and State-Trait Personality Inventory-trait anxiety
subscale (STPI-TA)] and comorbidity [Cumulative Illness
Rating Scale-comorbidity (CIRS-m)]. Functional status was
assessed by means of the BADL and IADL scales. The Mini
Mental State Examination (MMSE), corrected for age and
education, was used to provide a crude measure of global
cognitive functioning.

All measures used in the clinical assessment have been
referenced in our previous work (Nicolini et al,, 2014).

Autonomic assessment

The autonomic assessment was conducted in a quiet room,
with dimmed lighting and a comfortable temperature (22-
24°C) between 8:30 and 10:30 a.m. in order to minimize the
effect of circadian changes in HRV. Participants were instructed
to consume a light breakfast and refrain from caffeinated
beverages, alcohol, smoking and vigorous physical activity in the
12 h prior to testing. Three-channel ECG recordings for HRV
analysis were obtained by means of a digital Holter recorder
(Spider View, Sorin Group Company).
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The experimental protocol was composed of three stages:
(1) supine rest with free breathing (resting condition): 15 min
during which the subjects were asked to remain awake,
silent and still, breathing spontaneously, (2) active standing
(sympathetic challenge): 10 min in which the subjects were
asked to remain still and silent, breathing spontaneously, after
standing upright in as smooth a motion as possible, and
(3) supine paced breathing at 12 breaths/minute (0.2 Hz)
(parasympathetic challenge): 15 min during which the subjects
breathed, as regularly as possible and at a “comfortable” tidal
volume, in time to an electronic metronome set at 24 acoustic
signals per minute (2.5 s inspiration, 2.5 s expiration). Given the
nature of our study population, this stage was made as simple
as possible: the first 10 min were devoted to familiarization
with the breathing protocol and, throughout, the subjects
were not asked to directly synchronize their breathing rhythm
with the metronome but to follow voice indications from
the experimenters. To allow for stabilization, only the last
5 min of each stage were analyzed. The spontaneous respiratory
rate was visually monitored and subjects with a respiratory
rate < 9 breaths/min (i.e., < 0.15 Hz) or > 24 breaths/min
(i.e., > 0.40 Hz) were excluded from HRV analysis because,
in these conditions, there is a shift of the high frequency
power (HF) band that precludes proper interpretation of power
spectral analysis (PSA) (Laborde et al., 2017).

Heart rate variability analysis

As far as HRV analysis was concerned, three methodological
issues are worth noting. First, it was performed by PSA because
the HRV Task Force guidelines (Malik et al., 1996) recommend
that 5-min recordings be processed by frequency-domain
methods, which are considered more sensitive (Malik and
Camm, 1990), and 24-h recordings by time-domain methods,
which have greater accuracy and predictive value over longer
periods (Malik et al.,, 1996; Shaffer and Ginsberg, 2017). We
employed commercial software (Synescope version 3.10, Sorin
Group Company) which conducts PSA by means of the Fast
Fourier Transform (FFT), after linear interpolation/resampling
at 4 Hz of the discrete event series (to obtain a regularly
time-sampled signal) and filtering with a Hanning window (to
attenuate leakage effects). Although the software automatically
detects non-sinus beats, the recordings were always manually
overread by an experienced investigator, blinded to the subjects’
cognitive status, in order to ensure correct QRS complex
classification and rhythm identification. Since there is no clear
indication in the literature as to the amount of ectopic beats that
it is acceptable to remove or remove and interpolate, we selected
the most restrictive criterion of 1% of the total number of beats
(Nicolini et al., 2014). Thus, recordings with excessive atrial or
ventricular ectopic beats were excluded from analysis as were
those with other arrhythmias.

Second, PSA can yield several different indices: total power
(TP, & < 0.40 Hz), very low frequency power (VLE < 0.04 Hz),

frontiersin.org


https://doi.org/10.3389/fnagi.2022.886023
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

Nicolini et al.

low frequency power (LE 0.04-0.15 Hz), HF (0.15-0.40 Hz),
normalized low frequency power [LFn = LF/(TP-VLF) x 100],
normalized high frequency power [HFn = HF/(TP-VLF) x 100]
and the low frequency power to high frequency power ratio
(LF/HF). We chose to focus on LFn and LF/HF as markers of
autonomic function because they can be considered indices of
sympathetic activation/parasympathetic withdrawal (e.g., Malik
et al,, 1996, 2019; Montano et al,, 2009) while other measures
are less physiologically meaningful. TP only quantifies overall
autonomic modulation (Malik et al., 1996). VLF is best assessed
over 24 h (Malik et al,, 1996; Shaffer and Ginsberg, 2017) and
its interpretation is still uncertain (Shaffer and Ginsberg, 2017).
The nature of LF is highly controversial and it has been viewed
as reflecting prevalently sympathetic modulation (Malik et al,
1996), mixed sympathetic and parasympathetic modulation
(Malik et al., 1996; Goldstein et al., 2011), and predominantly
parasympathetic modulation (Reyes del Paso et al., 2013). Even
if HF is an index of pararasympathetic modulation (Malik et al.,
1996; Laborde et al., 2017; Shaffer and Ginsberg, 2017), there is
evidence that HFn provides more accurate information on the
state of the parasympathetic nervous system (Montano et al.,
2009), also because HF is a more highly dispersed variable
(Nunan et al., 2010). However, HFn was not taken into account
because it is specularly correlated with LFn, which thus shares
the same advantages (Montano et al, 2009; Nunan et al,
2010).

Third, we decided to concentrate on the changes of
LFn and LF/HF from rest to challenge, i.e, A HRV = HRV
challenge—HRV rest. This approach is based on the notion
that A HRV indices are especially sensitive measures of
autonomic modulation since they directly quantify the
response to a stressor and explore the dynamic range of the
ANS (Montano et al.,, 2009; Malik et al,, 2019). Accordingly,
much HRV literature uses A HRV indices (e.g., Niu et al,
2018; Suga et al, 2019; Knight et al, 2020) and studies in
subjects with cognitive impairment by us (Nicolini et al,
2014, 2020) and others (e.g., Mellingseeter et al,, 2015) have
found differences in challenge-associated but not resting HRV.
In particular, active standing A LFn and A LF/HF reflect
sympathetic activation/parasympathetic withdrawal, while
paced breathing A LFn and A LF/HF reflect parasympathetic
activation/sympathetic withdrawal.

Follow-up

After approximately 3 years from the baseline assessment,
in order to evaluate cognitive change, participants were
invited to attend a second neuropsychological evaluation
using the same battery of neuropsychological tests employed
at baseline. A geriatric assessment was also carried out
with the same instruments used to measure functional and

Frontiers in Aging Neuroscience

113

10.3389/fnagi.2022.886023

global cognitive status at baseline, ie., the BADL, IADL
and MMSE scales.

MCI was diagnosed as previously described. Dementia
was diagnosed by means of standard criteria: the National
Institute on Aging-Alzheimer’s association (NIA-AA) criteria
for all-cause and Alzheimer’s disease (AD) dementia (McKhann
et al, 2011) and the American Heart Association/American
Stroke Association (AHA/ASA) criteria for vascular dementia
(VAD) (Gorelick et al.,, 2011). Further details on the diagnosis
of dementia are given in the Supplementary Materials and
Methods.

It should be noted that, although a diagnosis of cognitive
status was also made at follow-up, in our study the reference for
the diagnosis of cognitive status was taken to be the same time
of the HRV assessment, i.e., baseline. Since at baseline subjects
with NC and MCI were enrolled in the study while subjects with
dementia were excluded from it, our hypotheses were tested only
in the two groups of subjects diagnosed with NC and MCI at
baseline (also see Limitations).

The study was conducted in accordance with the
Declaration of Helsinki and was approved by the ethics
committee of the Fondazione IRCCS Ca Granda Ospedale
Maggiore Policlinico in Milan, Italy. All participants gave
written informed consent to participation in the study.

Statistical analysis

Data are reported as mean (standard deviation) for

continuous variables and as number (percentage) for
categorical variables.

In the two cognitive groups at baseline (NC and MCI) the
neuropsychological test scores were compared at baseline and
follow-up by means of the paired ¢-test or the Wilcoxon sign-
ranked test as appropriate.

Linear regression was performed in the NC and MCI groups
at baseline to investigate if the autonomic response at baseline
predicted cognitive change from baseline to follow-up. The
annualized cognitive change score (see later) was taken as
dependent variable while the independent variables were the
A HRV indices (the variables of interest) as well as potential
confounders which were selected a priori from the literature
according to their being known risk factors for cognitive decline:
socio-demographic factors (age, sex and education), physical
activity and physical/mental comorbidity (e.g., Roberts and
Knopman, 2013). Adjustment was also carried out for baseline
cognition and resting HRV. Both simple (unadjusted) and
multiple (adjusted) linear regression were conducted.

In accordance with the study hypotheses, two different
regression models were fitted for each of the NC and MCI
groups: one with the episodic memory change score as the
outcome and the sympathetic A HRV indices (i.e., active

standing A LFn and A LF/HF) among the predictors (model 1),
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the other with the executive functioning change score as the
outcome and the parasympathetic A HRV indices (i.e., paced
breathing A LFn and A LF/HF) among the predictors (model 2).

Composite scores were computed for episodic memory and
executive functioning by means of a Z-score transformation.
The raw scores of the individual neuropsychological tests were
converted to Z-scores based on the mean and standard deviation
of published normative data for the Italian population (see
Supplementary Table 1) and then averaged to yield a domain-
specific score. Scores quantifying response time (i.e., Trail-
Making Tests A and B) or number or errors (i.e., Cognitive
Estimates total and bizarre) were multiplied by —1 so that
lower Z-scores consistently indicated poorer performance. We
chose to use such composite cognitive scores because they offer
several advantages: they minimize the likelihood of type I error
associated with multiple testing, have greater reliability and
reduce floor and ceiling effects (Morris et al.,, 1999; Williams
et al,, 2019). The cognitive change score for each domain was
calculated by subtracting the baseline Z-score from the follow-
up Z-score and it was then annualized by dividing it by the
number of years of follow-up, so as to account for different
follow-up durations among the study participants.

As far as comorbidity was concerned, with the aim of
achieving a more parsimonious model, physical and mental
comorbidities were combined to create an additive index.
The physical burden of illness was measured by the CIRS-
m score. Psychological distress was quantified by the GDS-
s and STPI-TA scores. For comparability, all three scores
were rescaled between 0 and 1 using a simple linear stretch
according to the formula X’ (rescaled score) = [X (original
score) — X min (minimum score value)]/[X max (maximum
score value) — X min], and were then summed. The choice to
standardize these measures to a common metric by a minimum-
maximum normalization rather than a Z-score transformation,
as was the case for the cognitive scores, is explained hereafter.
First, normative neuropsychological test data for the Italian
population are well-established and are the cornerstone of
neuropsychological assessment [see e.g., Spinnler and Tognoni
(1987) in Supplementary Table 1]. On the contrary, normative
data for the CIRS-m, GDS-s and STPI-TA scores are either
lacking (e.g., for the CIRS-m) or limited by representativeness
issues [e.g., norms for the GDS-s are available for mentally and
physically healthy older adults in New Zealand (Knight et al.,
1983); norms for the STPI-TA are available for a different 10-
item form of the STPI-TA in a French study (Bergua et al,
2016)]. Second, although the current study sample could have
been taken as a reference for norming, we believed this would
have been a less appropriate approach given its relatively small
size. Nonetheless, if the three scales are aggregated by using a
Z-score transformation based on our sample data, the pattern of
significance is unaffected (see Supplementary Tables 2, 3).

In order to meet the assumptions of normality and/or
homoscedasticity, two outliers (standardized residual > |3|)
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(Stevens, 2012) were omitted from the regression analyses:
one in the NC group for model 2 and one in the MCI
group for model 1. None of the omitted (or included) data
points were influential (Cooke’s distance < 1) (Stevens, 2012).
Indeed, retaining all data and repeating the analyses with
non-parametric testing (i.e., Spearman’s simple and partial
correlations) does not substantively change the results despite
some expected loss of statistical power (Sedgwick, 2015; see
Supplementary Tables 4, 5).

The regression models satisfied the assumptions of
normality (Shapiro-Wilks test, p > 0.05), homoscedasticity
(Breusch Pagan test, p > 0.05), independence of errors
(Durbin Watson values between 1.5 and 2.5) and no significant
multicollinearity [variance inflation factor (VIF) < 5] (Stevens,
2012).

Inflation of type I error due to multiple testing was
controlled for by means of the Benjamini-Hochberg procedure
(Benjamini and Hochberg, 1995) with the false discovery rate
(FDR) set at the conventional level for alpha (5%).

Analyses were performed by means of the statistical
packages SPSS version 25.0 (SPSS Inc., Chicago, IL,
United States) and R version 3.5.2 (The R Foundation for
Statistical Computing, Vienna, Austria) for Windows. A P
value < 0.05 was considered statistically significant.

Due to the novelty of the original study no power calculation
was performed a priori (Nicolini et al,, 2014). However, we
conducted a power determination analysis for the current
sample size with G*power (Faul et al,, 2009) based on the data of
Mahinrad et al. (2016) from a similarly aged population. Cohen’s
d for differences in cognitive test scores (Stroop, Letter-Digits
Coding and Picture-Word Learning total) between the high and
low HRV tertiles (d = 2.7-3.1) was converted to Cohen’s f>
(f2 = 1.8-2.4) according to Cohen (1988) so as to obtain an effect
size estimate for linear regression. Both measures indicated large
effect sizes and, in order to be conservative, the lowest f* value
(£ = 1.8) was used in the power analysis. The achieved sample
sizes (n =36 NC, n = 33 MCI) yielded an almost 100% power for
multiple linear regression with a 5% alpha level (two tailed) and
eight predictors.

Results

The mean duration of the follow-up was 2.8 years (range
2.0-3.6 years). Of the 80 subjects enrolled at baseline (n = 40 NC
and n = 40 MCI), 9 were lost to follow-up: 7 due to mortality
(n =2 NC and n = 5 MCI) and 2 due to refusal to participate
further (n = 1 NC and n = 1 MCI). Thus, the analyses were
performed on 71 subjects: 37 who were diagnosed with NC
at baseline and 34 who were diagnosed with MCI at baseline.
Over the follow-up, the 37 subjects with NC at baseline either
remained NC (n = 25) or evolved to MCI (n = 11) or to
dementia (n = 1), while the 34 subjects with MCI at baseline
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either remained MCI (n = 22) or reverted to NC (n = 1) or
evolved to dementia (n = 11). The study sample at follow-up
therefore included 26 subjects with NC, 33 subjects with MCI
and 12 subjects with dementia. Among the 12 incident cases of
dementia 9 were AD dementia and 3 VAD.

Tables 1, 2 show the neuropsychological test scores at
baseline and follow-up in subjects with a baseline diagnosis of
NC and MCI respectively. As expected, there was a decline in
cognitive performance over time.

Tables 3, 4 show the results of the linear regression in
subjects with a baseline diagnosis of NC and MCI respectively.
In the NC group A HRV indices were not found to
be significant predictors of cognitive change; although the
association between standing A LF/HF and episodic memory
decline was significant in the unadjusted model [standardized
regression coefficient (8) = —0.395, p = 0.016], it became
non-significant after controlling for potential confounders
(B = —0.148, p = 0.383). Instead, in the MCI group all A

TABLE 1 Neuropsychological test scores at baseline and follow-up in
subjects with NC at baseline (n = 37).

Test Baseline  Follow-up  P-value
Episodic memory

Prose recall 13.3(2.3) 12.0 (3.1) 0.021*
ROCF-delayed recall 23.4(5.3) 20.5(7.0) 0.066*
Executive functions

Bell Test 34.4 (0.8) 33.9(1.1) 0.042%
Digit Cancellation Test 53.5(5.0) 52.8 (6.4) 0.599*
Digit Span Forwards 5.7 (0.9) 5.6 (1.0) 0.827°
Digit Span Backwards 4.4 (0.6) 4.5(0.8) 0.299
Trail-Making Test A 28.8 (12.6) 30.8 (13.8) 0.561°
Trail-Making test B 58.5(32.6) 74.8 (63.6) 0.451°
Weigl’s Test 12.2(1.7) 11.4 (2.7) 0.122>
Cognitive Estimates-total 10.3 (1.5) 14.2 (3.3) < 0.001*
Cognitive Estimates-bizarre 1.6 (0.8) 3.5(2.0) <0.001*
Raven’s CPM 32.9(3.8) 31.8 (5.4) 0.421°
Letter fluency 37.5(7.6) 33.9(8.9) 0.074%
Language

Category fluency 18.6 (3.4) 18.5 (4.5) 0.777°
Picture naming 75.0 (2.8) 74.6 (4.3) 0.937°
Token Test 33.6 (1.1) 33.0 (2.8) 0.190*
Visuospatial skills

ROCF-copy 34.9 (3.7) 35.0 (2.7) 0.899°
Copy of geometric figures 13.7 (0.4) 13.6 (0.8) 0.793>
Ideomotor praxis

De Renzi’s test-right upper limb 71.6 (0.8) 71.3(1.3) 0.210°
De Renzi’s test-left upper limb 71.0 (1.6) 71.4(1.0) 0.142°

Neuropsychological test scores reported as mean (standard deviation) and
demographically-adjusted. Higher scores indicate better cognitive performance
except for the Trail-Making and Cognitive Estimates tests for which the reverse applies.
*Paired t-test, "Wilcoxon signed-rank test. Significant results are shown in bold
typeface. NC, Normal Cognition; ROCE, Rey-Osterrieth Complex Figure; CPM, Colored

Progressive Matrices.
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TABLE 2 Neuropsychological test scores at baseline and follow-up in
subjects with MCI at baseline (n = 34).

Test Baseline  Follow-up  P-value
Episodic memory

Prose recall 8.1(4.7) 7.8 (4.8) 0.656%
ROCF-delayed recall 14.3 (7.0) 11.9 (9.7) 0.027°
Executive functions

Bell Test 31.5(2.7) 32.1(3.5) 0.256%
Digit Cancellation Test 50.1 (5.7) 46.9 (8.7) 0.017°
Digit Span Forwards 5.3(0.9) 4.9 (1.4) 0.124>
Digit Span Backwards 3.7(0.7) 3.6 (1.4) 0.774>
Trail-Making Test A 45.9 (23.8) 53.2 (45.7) 0.970
Trail-Making test B 200.6 (136.8)  244.4 (169.1) 0.008>
Weigl’s Test 9.4 (2.5) 8.6 (2.8) 0.088%
Cognitive Estimates-total 13.2 (2.3) 17.8 (3.4) <0.001*
Cognitive Estimates-bizarre 2.6(1.2) 5.1(2.2) <0.001*
Raven’s CPM 27.5(4.7) 29.3 (16.1) 0.428°
Letter fluency 30.8 (8.5) 27.8 (10.3) 0.034%
Language

Category fluency 13.7 (3.1) 13.5(4.1) 0.702*
Picture naming 70.1 (5.2) 67.1(7.6) 0.005"
Token Test 30.8 (2.0) 30.3 (2.8) 0.316*
Visuospatial skills

ROCF-copy 32.1(4.2) 29.1 (5.9) 0.006°
Copy of geometric figures 12.4 (1.4) 12.0 (2.5) 0.889"
Ideomotor praxis

De Renzi’s test-right upper limb 70.5 (1.8) 69.6 (3.6) 0.136"
De Renzi’s test-left upper limb 69.9 (1.9) 69.5 (3.6) 0.927>

Neuropsychological test scores reported as mean (standard deviation) and

demographically-adjusted. Higher scores indicate better cognitive performance
except for the Trail-Making and Cognitive Estimates tests for which the reverse applies.
“Paired t-test, Wilcoxon signed-rank test. Significant results are shown in bold typeface.
MCI, Mild Cognitive Impairment; ROCFE, Rey-Osterrieth Complex Figure; CPM,
Colored Progressive Matrices.

HRV indices were significant predictors of cognitive change
in both unadjusted and adjusted models. In particular, after
adjustment for potential confounders, a greater response to a
sympathetic challenge predicted a greater decline in episodic
memory (A LFn, § = —0.528, p = 0.019; A LF/HE f = —0.643,
p = 0.001) whereas a greater response to a parasympathetic
challenge predicted a lesser decline in executive functioning (A
LFn, B = —0.716, p < 0.001; A LE/HE B = —0.935, p < 0.001).

When the regression analyses were repeated with other
A HRV indices (TP, LE HF and time-domain) and with
all resting HRV indices (frequency- and time-domain), none
were meaningful predictors of cognitive change (with rare
and scattered significances not surviving adjustment and/or
correction for multiple testing, see Supplementary Tables 6-9).

For reference, the actual values of the HRV indices at rest,
during the challenge and their change from rest to challenge are
reported in Supplementary Table 10 for LFn and LF/HF and in
Supplementary Table 11 for all other indices.
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TABLE 3 HRV indices as predictors of cognitive change in subjects with NC at baseline (n = 37).

Unadjusted model® Adjusted model®
B P-value Q-value® B P-value Q-value®

Active standing

A LFn (n.u)f 0.166 0.327 0.476 0.202 0.234 0.374
A LE/HFT —0.395 0.016 0.031 —0.148 0.383 0.500
Paced breathing

A LFn (n.u)¥¢ —0.086 0.617 0.672 0.098 0.630 0.672
A LE/HF¥ —0.143 0.406 0.500 0.071 0.786 0.786

*Simple linear regression with the A HRV index as independent variable and the annual change in the cognitive Z-score as dependent variable, ®Multiple linear regression adjusted

for age, sex, education, physical activity, morbidity (additive index), resting HRV and baseline cognitive Z-score, “P-value corrected for multiple testing by means of the Benjamini-

Hochberg procedure with a 5% False Discovery Rate (FDR), T Dependent variable: annual change in episodic memory Z-score (model 1), ¥ Dependent variable: annual change in executive

functioning Z-score (model 2), 9One outlier removed from the analyses. Significant results are shown in bold typeface. NC, Normal Cognition; f, standardized regression coefficient; LFn,
normalized low frequency power; n.u, normalized units; LF/HE low frequency power to high frequency power ratio; A index, index during challenge - index at rest.

TABLE 4 HRV indices as predictors of cognitive change in subjects with MCI at baseline (n = 34).

Unadjusted model® Adjusted model®
B P-value Q-value® B P-value Q-value®

Active standing

A LFn (n.u)'f —0.531 0.001 0.003 —0.528 0.019 0.034
A LE/HF® —0.639 <0.001 <0.001 —0.643 0.001 0.003
Paced breathing

A LFn (n.u)* —0.658 <0.001 <0.001 —0.716 <0.001 <0.001
A LE/HF —0.620 <0.001 <0.001 —0.935 <0.001 <0.001

2Simple linear regression with the A HRV index as independent variable and the annual change in the cognitive Z-score as dependent variable, ®Multiple linear regression adjusted

for age, sex, education, physical activity, morbidity (additive index), resting HRV and baseline cognitive Z-score, “P-value corrected for multiple testing by means of the Benjamini-

Hochberg procedure with a 5% False Discovery Rate (FDR), T Dependent variable: annual change in episodic memory Z-score (model 1), ¥ Dependent variable: annual change in executive

functioning Z-score (model 2), One outlier removed from the analyses. Significant results are shown in bold typeface. MCI, Mild Cognitive Impairment; /8, standardized regression

coefficient; LFn, normalized low frequency power; n.u, normalized units; LF/HE low frequency power to high frequency power ratio; A index, index during challenge - index at rest.

During paced breathing all subjects breathed at the target
respiratory rate of 12 breaths/min, as indicated by the center
frequency of the HF peak on PSA (0.2 Hz). Also, the respiratory
rate was not significantly different between the two groups, both
at rest [14.0 (2.5) NC versus 14.7 (2.9) MCI, t-test: p = 0.276]
and during active standing [14.8 (2.7) NC versus 15.6 (3.2)
MCI, t-test: p = 0.290], thus excluding any undue influence of
respiratory rate on HRV.

The HR was slightly higher in the MCI group both at rest
[65.5 (8.8) NC versus 70.5 (10.0) MCI, ¢-test: p = 0.029], during
active standing [70.1 (10.2) NC versus 75.3 (10.2) MCI, Mann-
Whitney’s U-test: p = 0.062] and during paced breathing [58.1
(7.0) NC versus 62.0 (8.1) MCI, t-test: p = 0.033]. Although
this is likely to be a spurious finding in the context of multiple
testing, and LFn and LF/HF are not affected by HR (Zaza and
Lombardi, 2001), we rerun the analyses adjusting for HR (at
rest, standing and paced breathing for the resting, A standing
and A paced breathing HRV indices respectively) and found
unchanged results (data not shown).

The characteristics of the three cognitive groups at follow-
up (NC, MCI and dementia) are shown in Supplementary
Tables 12, 13. At baseline, the group who went on to develop
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dementia was older, had a lower MMSE score and engaged
in less physical activity. At follow-up, cognitively impaired
subjects unsurprisingly exhibited worse neuropsychological
performance than cognitively normal ones. Also, there
were no significant between-group differences in the BADL
score while the IADL and MMSE scores were lower in
subjects with dementia.

Discussion

The aim of our study was to determine whether the
baseline response to a sympathetic versus parasympathetic
challenge would differentially predict decline in specific
cognitive domains over the follow-up in subjects diagnosed
with NC and MCI at baseline. In particular, we hypothesized:
(1) that the response to a sympathetic challenge would
negatively predict decline in episodic memory, and (2) that
the response to a parasympathetic challenge would negatively
predict decline in executive functioning. While the second
hypothesis was confirmed, the first one was not. In particular,
significant findings were confined to the MCI group. The
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characteristics of the study population were consistent with
the relevant literature, the study setting as well as with the
exclusion and diagnostic criteria used, and are discussed in the
Supplementary Discussion.

Response to a parasympathetic
challenge

The observation that an increased autonomic response
to a parasympathetic challenge predicted a slower decline
in executive functioning generally aligns with a large body
of cross-sectional studies reporting an association between
parasympathetic HRV indices and executive functioning (e.g.,
Williams et al., 2016, 2019; Forte et al., 2019a). More specifically,
it conforms well to findings from the sparse longitudinal
studies available in the literature. In particular, the standard
deviation of the normal to normal intervals (SDNN), which
is largely dependent on the parasympathetic nervous system
when recorded under resting conditions (Malik et al., 1996),
has been shown to have an inverse relationship with decline in
the Letter-Digit Coding Test over a 3-year follow-up (Mahinrad
et al,, 2016) as well as a direct relationship with performance
on the Stroop Test 5 years later (Zeki Al Hazzouri et al,
2017) and the Digit-Symbol Coding Test 10 years later (Schaich
et al, 2020). Also, a greater parasympathetic responsivity to
cognitive tasks, in terms of HF recovery and reactivity, has
been demonstrated to predict an attenuated decline in executive
functioning (and, to a lesser degree, in episodic memory) across
a 9-year period (Knight et al., 2020). Although this latter study
was unable to capture an association between the HF reactivity
to an orthostatic challenge and changes in cognitive functioning,
two points should be noted. First, the orthostatic stress was
less intense since it involved standing from a sitting rather
than a supine position. Second, there was no recovery period
following the orthostatic challenge and no “true” baseline since
HF reactivity was computed as HF during standing minus HF
during the recovery epoch of the cognitive challenges. Given that
mental stress produces parasympathetic withdrawal (Castaldo
et al,, 2015), as does orthostatic stress, such methodological
choice is bound to reduce the magnitude of the orthostatic
HF response and thus the likelihood of detecting any potential
association it may have with cognition. Furthermore, even if
Britton et al. (2008) concluded for no association between HRV
and cognitive impairment, due to the lack of consistency of
the observed associations across cognitive domains, they did
identify a relationship between lower SDNN and HF and a
greater 5-year decrease in the Mill Hill Test, which can be
considered a measure of executive functioning (Raven, 1983).
Lastly, a very recent study by Costa et al. (2021) has found
that greater decline in executive functioning tests like the Digit-
Symbol Coding and the Digit Span Forwards and Backwards
over 6 years was predicted by greater heart rate fragmentation
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(HRF). This is a novel HRV metric whose physiological
underpinnings are still unresolved, but are likely reflective of a
degradation of the parasympathetic nervous system (Costa et al.,
2017). The authors do not find an association between cognitive
decline and traditional parasympathetic HRV indices [SDNN,
the root mean square of successive differences of the normal
to normal intervals (RMSSD) and HF], but the use of ECG
recordings from in-home overnight polysomnography from an
ancillary sleep study is an approach that, albeit convenient,
carries some limitations. The presence of sleep-disordered
breathing, highly prevalent in the study population (Chen
et al,, 2015), can have a confounding effect on HRV analysis
both because it actually alters autonomic control and because
abnormal breathing patterns distort the interpretation of the
power spectrum (Tobaldini et al., 2013). The same would be true
of leg movements during sleep, which are linked to autonomic
activation as well as a potential source of motion artifacts
(Guggisberg et al., 2007; Tobaldini et al, 2013). Moreover,
despite the fact that the stationarity requirements of spectral
analysis warrant the averaging of values from 5-min windows
over the entire 12-h period, such averaging obscures detailed
information on autonomic modulation (Malik et al., 1996).

Response to a sympathetic challenge

The finding that an increased autonomic response to a
sympathetic challenge predicted a faster decline in episodic
memory was contrary to our expectations. Indeed, sparse cross-
sectional studies have shown that better episodic memory is
associated with enhanced sympathetic activation, as indexed
by increased sympathetic HRV or decreased parasympathetic
HRV. In fact, LF/HF has been found to positively correlate
with the episodic memory subdomain of the Montreal Cognitive
Assessment (MOCA) score in older adults (Frewen et al., 2013),
orthostatic A LFn and A LF/HF have been reported to positively
correlate with the Prose Delayed Recall Z-score in subjects
with amnestic MCI (Nicolini et al., 2020), and a stress-induced
increase in SDNN has been noticed to positively correlate with
the California Verbal Learning Task in healthy individuals of
different ages (Hilgarter et al,, 2021). Also, resting TP, which
is mostly parasympathetically-mediated (Malik et al., 1996),
and HE which is a parasympathetic index, have been found
to negatively correlate with Word Recall and Word/Picture
Recognition in late-life depression (Vasudev et al, 2012)
and with the Seoul Verbal Learning Test in subjects with
MCI/dementia (Kim et al,, 2018). Along the same lines, Dalise
et al. (2020) have described a positive adjusted association
between LF/HF and the MMSE score in geriatric outpatients
representative of a real-life setting, and it is recognized that,
especially at older ages, the MMSE primarily captures episodic
memory (Soubelet and Salthouse, 2011; Dichgans and Leys,
2017).
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There could be different potential explanations for
the association between the sympathetic response and the
change in episodic memory being in the opposite direction
than anticipated.

First, it could be a paradoxical effect stemming from
survivor bias. In fact, low HRV has been demonstrated to
increase mortality in older adults (Nicolini et al,, 2012) and
individuals with higher HRV, by living longer, could have a
greater opportunity to develop cognitive impairment. However,
this interpretation seems unlikely since, in our study, loss
to follow-up was small (11%) and well below the 20-40%
threshold recommended for cohort studies (Ramirez-Santana,
2018). Also, sympathetic A HRV indices were not significantly
different between the mortality and no-mortality groups (see
Supplementary Table 14).

Second, it could reflect a regression to the mean
phenomenon by which, on repeated neuropsychological testing,
more extreme scores at baseline tend to converge toward
the mean at follow-up, so that there is a negative association
between baseline and change cognitive scores. If this is coupled
with a positive association between baseline sympathetic A
HRYV indices and baseline episodic memory, the former would
then have a negative longitudinal relationship with change in
episodic memory, i.e., greater baseline sympathetic A HRV
indices would be linked to greater episodic memory decline at
follow-up. Nonetheless, this does not appear to be plausible
because there was no significant cross-sectional association
between the A HRV indices and cognitive tests at baseline
(see Supplementary Tables 15, 16 and the Supplementary
Discussion) and because, in any case, regression to the mean
was controlled for by adjusting the regression analyses for
baseline cognitive scores (Yu and Chen, 2015).

Therefore, it is reasonable to assume that our results
do not represent a statistical artifact, but, rather, have a
true pathophysiological basis. Support for this view comes
from a wealth of functional neuroimaging studies that have
primarily focused on individuals with MCI (O'Brien et al,
20105 Sperling et al,, 2010; Huijbers et al., 2015), mostly of the
amnestic type, but have also spanned the cognitive continuum
to include individuals with mild AD dementia (Alsop et al,
2008; Sperling et al, 2010) as well as cognitively normal
older adults at genetic risk (Sperling et al, 2010; Rao et al,
2015) or not (Leal et al, 2017) for AD. They have revealed
that in these subjects, relatively to controls, there is mostly
a hyperactivity of the hippocampal/parahippocampal region
(Alsop et al., 2008; O’Brien et al., 2010; Sperling et al., 2010;
Huijbers et al,, 2015; Rao et al,, 2015) and, additionally, that
hyperactivity is a longitudinal predictor of greater cognitive
decline (O’Brien et al.,, 2010; Sperling et al,, 2010; Huijbers
et al, 2015 Rao et al, 2015; Leal et al, 2017), especially
in episodic memory (O’Brien et al, 2010; Rao et al, 2015;
Leal et al, 2017). These data fit in nicely with the cognitive
reserve theory (Stern, 2012) according to which the brain
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can compensate for damage by engaging neural networks.
Within this context, hyperactivity is viewed as a compensatory
attempt to maintain cognitive performance in the face of
cerebral pathology (Sperling et al., 20105 Stern, 2012). Likewise,
hyperactivity is a harbinger of cognitive decline because it
signifies that the system is working closer to its maximum
capacity, i.e., closer to the threshold beyond which reserve is
depleted and compensation is no longer possible (Sperling et al.,
20105 Stern, 2012).

Somewhat more recently, similar evidence has emerged
for the insula. Hyperactivity of the insular cortex has been
demonstrated in subjects with MCI (Scarmeas et al., 2004;
Alexopoulos et al., 2012; Alfini et al., 2019), mild AD dementia
(Scarmeas et al, 2004) and cognitively normal older adults
at genetic risk of AD (Thambisetty et al,, 2010; Lin et al,
2017). Also, in subjects with MCI, insular hyperactivity has
been associated with greater cognitive decline at follow-up
(Devanand et al., 2006).

Although there is little functional (and even structural)
neuroimaging work targeting the locus coeruleus, due to the
technical challenges of imaging a small brainstem nucleus
(Mather, 2021), other lines of research converge toward the
notion that it, too, may exhibit an inverse U-shaped activation
curve in AD (e.g., Ross et al, 2015). Thus, noradrenergic
transmission would be aberrantly increased in the earlier stages
and then decline later on (e.g., Ross et al., 2015).

On the whole, it can be conjectured that a greater
HRV response to a sympathetic challenge at baseline
could be indexing an increased activity of those cerebral
that the
hippocampus/parahippocampus, insula and locus coeruleus)

regions generate sympathetic outflow (ie,
and that such hyperactivation may be signaling the impeding
breakdown of compensatory mechanisms. Accordingly, as
brain damage progresses, a point will be reached during
the follow-up when compensation can no longer occur and
there is a rapid deterioration of cognitive performance in
the domains underpinned by these brain structures, ie.,
episodic memory. It should be noted that the negative
(and not positive) longitudinal association between the
response to a parasympathetic challenge and executive
decline would appear to imply that compensation is not
operating here, and a potential reason for this is given the

Supplementary Discussion.

Strength and limitations

The study has strengths and limitations. The study strengths
include its novelty as well as the performance of a detailed and
ad hoc neuropsychological, autonomic and clinical assessment
including extensive neuropsychological testing, the use of two
physical maneuvers to differentially challenge the two branches
of the ANS and the collection of information on several
potential confounders.
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A number of limitations must also be acknowledged. Since
HRV was not measured at follow-up it was not possible to
track the trajectory of autonomic function over time. This would
have enabled us to more thoroughly examine the relationship
between HRV and cognition by determining how change in
HRV associates with change in cognition (Elias and Torres,
2017), an issue which still remains unexplored. Thus, future
longitudinal research should include concurrent HRV and
cognitive measures.

The sample size was relatively small. Although an a
posteriori power analysis with a large expected effect size
revealed an almost 100% power for multiple linear regression
(see “Statistical analysis” section), only in the MCI group
the observed effect size was large according to Acock (2014)
(standardized beta coeflicient > 0.5). Therefore, the study may
have been underpowered to detect smaller effect sizes in the NC
subjects and our findings will need to be replicated in larger
cohorts.

Only the HRV indices that were the main focus of the
study (i.e., A LFn and A LF/HF) were found to be significant
predictors of cognitive change. No meaningful results were
observed for other A HRV indices (time- and frequency-
domain) or for all resting HRV indices. This was probably the
case because it is generally recognized that, in short-term ECG
recordings performed in controlled experimental conditions,
there is a greater sensitivity of the spectral and A indices (Malik
and Camm, 1990; Montano et al., 2009; Malik et al., 2019).
The fact that this was not true of other A spectral indices
(i.e, A HE, A TP and A LF) is likely due to their statistical
properties and/or physiological significance. Although HF is
an index of parasympathetic modulation it is also a highly
dispersed variable (Nunan et al,, 2010). TP and LF are indices
of joint sympathetic and parasympathetic modulation, which
implies that, since sympathetic activity is related to episodic
memory and parasympathetic activity is related to executive
functioning, a “mixed” measure is less able to capture these
domain-specific associations, because their strength is diluted
by the presence of a second autonomic component unrelated to
the specific cognitive domain. It cannot be excluded that with a
larger sample size and/or PSA techniques based on the Welch
method, which reduces HRV variance (Stoica and Moses, 2004),
our findings could have been different. Also, it should be noted
that, even if transformed HRV indices (i.e., LFn and LF/HF)
have received ample support in the literature (e.g., Malliani et al.,
1998; Montano et al., 2009; Malik et al., 2019) and have been
extensively employed in HRV studies across topics (e.g., Niu
et al,, 2018; Dalise et al., 2020; Sun et al., 2021), they have also
been questioned (e.g., Heathers, 2014). Future works should
address other measures of sympathetic activity such as plasma
adrenaline/noradrenaline levels (Goldstein et al.,, 2011) and the
pre-ejection period (Wiley et al,, 2021).

The nature of the sample (i.e., outpatients referred to a
Geriatric Unit) can limit the generalizability of our study to
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the older community-dwelling population at large, and the
exclusion of individuals with dementia at baseline implies that
HRYV was not investigated as a predictor of cognitive decline in
this subset of older adults.

Lastly, although the role of HRV as indicator of brain
activity is grounded in much literature (see “Introduction,”
Supplementary Introduction, and “Discussion” sections),
the study lacked functional neuroimaging which could
have provided deeper insight into the complexity of the
relationship between HRV, cognition and the activity of
specific CAN regions.

Conclusion

Our study is the first to show that the HRV response to
a physical challenge predicts cognitive decline in a clinically
relevant population of older adults, ie., subjects with MCI.
In particular, a differential effect was observed for the two
branches of the ANS and for the episodic memory versus
executive functioning domain. These findings contribute to the
sparse existing literature on the prospective association between
autonomic and cognitive processes, and support the emerging
role of HRV as a biomarker for cognitive impairment and,
potentially, as a target for intervention. Our results contribute
to the understanding of the heart-brain connection, but will
require confirmation from future research on larger cohorts
with concurrent HRV and cognitive measurements as well as
functional neuroimaging data.
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