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ABSTRACT
Neurocardiovascular Instability (NCVI) Risk as A Predictor of Cognitive Function in the
Long Life Family Study
by
Rebecca E. Abraham
Advisor: Dr. Elizabeth Chua
Co-Advisor: Dr. Stephanie Cosentino, Dr. Yian Gu
In aging populations, the abnormal neural control of the cardiovascular system has been
examined within the construct of neurocardiovascular instability (NCVI). NCVI leads to
hypotension (low blood pressure (BP)) or other associated presentations (e.g., syncope (fainting),
falls). Previous work within The Irish Longitudinal Study on Aging cohort has found a
considerable association between NCVI and global cognitive decline. NCVI prevalence is
increased in those at advanced stages of neurodegenerative disorders (e.g., Alzheimer’s Disease).
Much less is known regarding the causality of this association and whether it exists at less
advanced stages of cognitive decline. It is useful to consider younger cohorts, especially those from
longevous families, who have not yet developed advanced cardiovascular or neurodegenerative
diseases. It is also valuable to include more robust neuropsychological tests to discern if certain
cognitive domains are more sensitive to NCVI. The main research aim addressed whether baseline
features of NCVI could predict cognitive function (i.e., decline) at follow-up within long-lived
families. Across 941 subjects, baseline NCVI risk was indexed by two features: (1) self-reported
syncopal or fall events and (2) average seated BP. The Low NCVI risk group included those who
were normotensive (e.g., within normal BP range) and reported no NCVI features (n=379). The
Moderate NCVI risk group included those who elicited pre-hypertensive (elevated BP) or
hypertensive (high BP) readings, indicating secondary NCVI risk (n=354). The High NCVI risk
group included those who presented NCVI features (n=208). Secondly, we investigated whether
the association between NCVI and cognition differs between relatives (i.e., offspring of long-lived
families) compared to spouse controls. We anticipated that relatives would demonstrate lower
NCVI prevalence, as previously supported by evidence of prolonged healthy aging behaviors.
Generalized Estimating Equation models were run to compare baseline and follow-up cognitive
performance (using global and multi-domain tests) by NCVI risk group. Models were
subsequently adjusted for different confounders (e.g., age, sex, medication use) and interaction
terms (i.e., Relative Status * NCVI Risk). Cross-sectionally, we found a consistent main effect of
poorer processing speed within the High NCVI risk group (both in relatives and spouse controls).
Although relatives were found to perform either identically or better on all cognitive outcomes,
spouses within the High NCVI risk group were found to have a more robust “protective effect”
against NCVI (e.g., generally performed better on cognitive outcomes) compared to other spouses.
At follow-up, both global cognition and semantic fluency in the Low NCVI risk group were more
likely to decline with respect to the other two risk groups. Once medication use was also adjusted
for, semantic fluency continued to elicit a significant main effect. To our knowledge, this is the
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earliest empirical study which 1) investigates the association of NCVI and cognition in longevous
families, 2) broadly incorporates NCVI features, and 3) utilizes more comprehensive
neuropsychological tests. Assessing these questions may aid in our understanding of NCVI prior
to the onset of other parallel, neurodegenerative processes and subsequently inform optimized
treatment plans.
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Introduction
I.

Background
Cognitive Decline Across the Lifespan
A seminal topic of study in cognitive neuroscience has been that of detrimental aging
mechanisms, especially with regards to the brain and cognition. While the length of the average
life span continues to rise, many older adults frequently experience various diseases as they age,
diminishing the length of their overall “health span” (Falah et al., 2020). To prolong the time
spent in good cognitive and physical health, it is crucial to consider interventions taken in the
earliest and even preclinical stages of age-related neurological diseases (e.g., Alzheimer’s
Disease (AD)). Many funding bodies (i.e., National Institute of Aging [NIA]) have devoted
extensive resources within the last few decades to study how cognition and brain health falter as
we age, especially by utilizing more robust, longitudinal research designs (Hadley & Rossi,
2005).
Additionally, further work has emerged to consider the role of comorbidities in this
relationship (Antón Jiménez & González Guerrero, 2017). Risk factors which have been found to
contribute to cognitive impairment and/or progression to dementia vary by clinical domain and
include vascular (e.g., hypertension), metabolic (e.g., dyslipidemia, hyperglycemia) and lifestyle
factors (e.g., alcoholism, smoking) (Duron & Hanon, 2008; Letenneur et al., 2004).
Furthermore, it is valuable to more concretely consider how these risk factors, especially those
captured in mid-life, may influence future neurodegenerative processes.

Early Markers of Vascular Health can Predict Cognition in Later Life
It has since been well established that cognitive impairment is directly correlated to
detrimental aging mechanisms (Murman, 2015). Especially in vulnerable (i.e., elderly)
populations, much work has recently investigated the role of certain vascular risk factors on
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cognition. Results from these studies can serve to improve current quality of life and general
health outcomes. The comprehensive term ‘vascular cognitive impairment (VCI)’ has been
coined to discern how certain cerebrovascular risk factors (e.g., vascular brain injury), despite
distinct etiological pathways, ultimately contribute to cognitive deficits (Dichgans & Leys, 2017).
However, within the heterogenous construct of VCI, there is more work needed to navigate and
untangle the intricate pathological relationship between aging vasculature and cognitive
impairment (Skrobot et al., 2018). Recruitment selection methods (e.g., clinical vs. research
subjects) and research methodologies (e.g., self-reported medical history, neuroimaging
techniques, clinical assessments), which have been utilized to study vascular health have not
been standardized across studies (Novak & Hajjar, 2010; van Beek et al., 2008; Vinciguerra et
al., 2020). Furthermore, no one diagnostic method has yet been found to allow for a
comprehensive evaluation or prognosis in the context of cerebrovascular diseases (e.g., diseases
which result in impaired vascular and cognitive outcomes) (Vinciguerra et al., 2020).
Blood Pressure, Neurovascular Coupling and the Aging Brain
Even still, one simple marker of vascular health, blood pressure (BP), has been found to
be a reliable indicator of one’s cognitive health (Ernst et al., 2021; Hestad et al., 2020).
Specifically, those who experience hypertension (e.g., abnormally high BP) in mid-life stages
have been found to be at greater risk for developing more advanced neurological disorders (e.g.,
AD) in late life (McGrath et al., 2017; Walker et al., 2019). More recent work has emphasized the
predictive role of other vascular risk factors on cognition, like hypotension (e.g., abnormally low
BP), which may be more prevalent amongst older cohorts (Maule et al., 2008; Molander et al.,
2010a). Interestingly, hypotension and hypertension, respectively, have both paradoxically been
found to trigger higher prevalence of cognitive impairment compared to those who are
normotensive (Forte et al., 2019; Novak & Hajjar, 2010; Reitz & Luchsinger, 2007).
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The mechanism by which abnormal BP (e.g., hypertension in mid-life, hypotension in
late-life) impacts cognitive outcomes is likely that of suppressed neurovascular coupling, which
typically reduces cerebral circulation and regulation within the brain (Iadecola & Gottesman,
2019). Neurovascular coupling allows for appropriate cerebral blood flow in metabolically active
brain areas, resulting in stronger connectivity between functional brain networks (Iadecola,
2017). When BP deteriorates, you can also expect brain perfusion and metabolism to gradually
deteriorate. As such, abnormal BP can contribute to altered neurovascular coupling and thereby
more severe neurodegenerative disorders (see Figure 1 below).

Figure 1: Mid- and Late-Life Pathways Contributing to Neurodegeneration.
Note. This model was originally produced in Qiu in 2005 to indicate probable mechanisms by which midlife hypertension and late-life hypotension can contribute to AD. Solid lines refer to risk factors while
dashed lines refer to probable pathways which link these risk factors (e.g., small vessel lesions, stroke) to
AD pathology.

Neurocardiovascular Instability (NCVI) and Cognition in Later Life
In aging populations, the delicate interplay between declining cardiovascular (e.g., BP
dysregulation) and neurological (e.g., cognitive impairment) outcomes has been examined
within the construct of neurocardiovascular instability (NCVI), as coined by investigators from
The Irish Longitudinal Study on Aging (TILDA) (R. A. Kenny, 2002). NCVI has been
characterized by age-related hypotension (i.e., low BP) or bradyarrhythmia (i.e., slow heart rate
(HR)) due to abnormal neural control of the cardiovascular system (O’Callaghan & Kenny,
2016a).
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Since previous research paradigms have been conducted in elderly populations, it is
understandable that NCVI has most notably been demonstrated in advanced disorders including
orthostatic hypotension (OH), postprandial hypotension (PPH), carotid sinus hypersensitivity
(CSH), and vasovagal syncope (VVS) (R. A. M. Kenny et al., 2002; Mehrabian et al., 2010). NCVI
has also been found to be prevalent amongst individuals with coexisting neurodegenerative
diseases including AD and Parkinson’s Disease (PD) (Ballard et al., 1998; Isik et al., 2022; Mu et
al., 2020; Rocha et al., 2021).
Clinically, NCVI also manifests as fatigue, dizzy spells, falls, and syncope (fainting) (R. A.
Kenny, 2002; Newton et al., 2007; Shaw, 2002). Furthermore, those with frail or advanced
syndromes (e.g., OH) have been found to be at a greater risk for enduring future falls and
syncopal events especially in advanced age (Rivasi et al., 2020). However, since these instances
typically result in a full return to “normal” health capacities (e.g., recovering to fully conscious
state), they are often underreported or misrepresented, especially in elderly and amnesic
patients (O’ Brien & Anne Kenny, 2014). Emerging research has demonstrated that syncope and
unexplained falls, especially with respect to orthostatic hypotension, could also contribute to
subsequent lower cognitive performance, with recurrent events resulting in increased burden
and accelerated cognitive decline (de Ruiter et al., 2017; R. A. M. Kenny et al., 2002). As
previously posited, lower cognitive performance may be caused by burgeoning
neurodegenerative processes (i.e., cerebral hypoperfusion) resulting from a syncopal episode
(Frewen et al., 2015).
Current Limitations of NCVI vs. Cognition Research
Previously, the associations between NCVI and cognitive impairment have been extensively
examined in The Irish Longitudinal Study on Aging (TILDA) (Cronin et al., 2013). Specifically,
TILDA subjects who experienced syncope and/or fall events had poorer cognitive performance
(as measured by MoCA) at one-year follow-up (Frewen et al., 2015). In addition to clinical
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presentation, NCVI as measured by advanced autonomic disorders (e.g., OH) have been found
to be associated with poorer global cognition in TILDA subjects aged 65 and over (Frewen et al.,
2014). Even still, there are numerous limitations with current research that has examined the
association between NCVI and cognitive impairment that we wish to highlight below:
1. How NCVI has been measured: NCVI methodologies vary from paper to paper but
have primarily been operationalized through the lens of autonomic disorders (e.g., VVS)
to independently assess advanced BP disorders (e.g., OH) or its associated symptoms
(e.g., syncope) in relation cognition. However, this is likely an insufficient way to assess
NCVI as a unitary construct. Previous work that has examined the long-term effects of
NCVI in older people further classified NCVI criteria into symptomatic NCVI and
asymptomatic NCVI (McDonald, 2014). Symptomatic NCVI arises in those who present
clinical symptoms such as syncope or dizziness and even unexpected falls while
asymptomatic NCVI elicits no such presentation, despite evidence of impaired BP or HR
in line with advanced syndromes like CSH (Kerr et al., 2006; McDonald, 2014). Future
work should aim to utilize both asymptomatic (e.g., BP or HR impairment) and
symptomatic (e.g., syncope, falls) indications to consider NCVI more comprehensively.
a. NCVI measured exclusively through BP: Traditionally, clinical
examinations for NCVI have used arterial BP machines and head-up tilt tests to
measure postural BP changes (i.e., BP readings taken after long periods of being
in a supine position [lying down] followed by vertical position [standing]
(Aponte-Becerra & Novak, 2021; Bendini et al., 2007)). If these readings result in
a systolic blood pressure (SBP) decrease of at least 20 mm Hg within 3 minutes of
standing or 30 minutes of tilt testing in older adults, it is an indicator of OH
(Bradley & Davis, 2003; Gurevich et al., 2014). Subsequent clinical studies which
have examined NCVI, especially in neurodegenerative and other age-related
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cohorts, have relied heavily on orthostatic measures (e.g., postural BP changes) of
NCVI (Donoghue et al., 2021; McNicholas et al., 2018; Mehrabian et al., 2010).
These specialized measures (e.g., OH testing, head up tilt-tests) are typically
recommended upon the onset of one or more self-reported syncopal episodes or
an unexpected fall (Zysko et al., 2022). However, as orthostatic hypotension is
difficult to reproduce, previous work has stated that the actual prevalence of this
clinical condition is likely underestimated, using simple measurements during
initial consultations (Cremer et al., 2019). Further, the sensitivity of sit-to-stand
testing has been critically examined to find very low diagnostic accuracy for
disorders like OH (Cooke et al., 2009). In addition, there has been much
conversation regarding the optimal position in which one should take BP, as
different postures (e.g., seated, supine [lying down] elicit different readings (Yap
et al., 2008)). Additionally, the diagnostic value of utilizing supine BP has not
been clear and has even been advised against in the context of recent BP
guidelines (Privšek et al., 2018).
a.

NCVI measured exclusively through self-reported events: With
increasing age, NCVI symptoms may go unnoticed (e.g., no caretakers to
witness). Often, due to accompanying loss of consciousness (LOC) followed by
swift recovery periods, these events are further misdiagnosed (e.g., unawareness
of syncope reported as falls) or are underreported (e.g., unrecalled at annual
checkups) (O’ Brien & Anne Kenny, 2014). TILDA investigators have previously
stated the importance of incorporating more clinical manifestations of NCVI,
especially as they relate to cognitive performance (Frewen et al., 2015).
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2. How NCVI and cognition has been examined: Despite the introduction of NCVI
over two decades ago, few empirical studies have examined NCVI in relation to cognition
to date (Allcock & O’Shea, 2000; Ballard et al., 2000; R. A. M. Kenny et al., 2002).
a. The relationship between NCVI and cognition has been traditionally
examined in advanced stages: Typically, subject cohorts who have been
recruited for assessing these questions are those who are already at advanced
autonomic (OH, VVS, CSH) and/or neurodegenerative (AD, PD) stages of
disease. Such work has helped substantiate evidence of increased prevalence of
NCVI in age-advanced cohorts. However, even in those who are at chronic
dysautonomic stages and/or suffer from medication mismanagement, very little
is understood regarding the causal direction between NCVI and cognitive
impairment (O’Callaghan & Kenny, 2016a). TILDA investigators have previously
theorized NCVI to result in or occur concurrently with neurodegenerative
pathologies. In order to further probe this association, it may be useful to include
younger samples who have not yet developed any signs of neurodegenerative
diseases.
b. The use of global measures of cognition: Previous studies (i.e., TILDA)

have previously relied on global cognition screening tests such as the MiniMental State Examination (MMSE) and Montreal Cognitive Assessment (MoCA)
(McNicholas et al., 2018). TILDA researchers have since critically discussed the
limitations posed with using global, non-domain specific measures of cognition
to better advise future research (Coen et al., 2016). While such assessments may
be useful in impaired populations, it is crucial to include more sensitive measures
to assess the association between NCVI and cognition in younger cohorts.
Can measuring NCVI in exceptionally aging cohorts aid in our current understanding of the
construct?
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Older adults may be more susceptible to cerebrovascular aging due to decreased
baroreflex sensitivity across the lifespan, which results in a reduction of cerebral homeostasis
(Kaye & Esler, 2008). More recently, baroreflex sensitivity has been found to further depreciate
in older adults with mild cognitive impairment and dementia (Ogoh & Tarumi, 2019). Previous
literature has found greater prevalence for NCVI amongst elderly populations, especially
amongst those who have pre-existing medical conditions (dysautonomic, neurodegenerative) or
suffer from medication mismanagement (Collins & Kenny, 2007; Mossello et al., 2015).
With respect to cognition, it has been theorized that NCVI may stem from
neurodegenerative processes (O’Callaghan & Kenny, 2016a). TILDA investigators have
previously theorized that these processes may be due to frequent hypoperfusion (i.e., from
hypotensive or syncopal episodes) which subsequently results in lower cognitive performance.
In other words, cognitive decline and NCVI may have parallel neurodegenerative pathways
which add another level of complexity to this debilitating syndrome. Despite these
investigations, the underlying pathophysiological mechanisms which may explain the etiology
behind NCVI have not been fully understood (O’Callaghan & Kenny, 2016b; Paling et al., 2011).
Recent NIA-funded studies (e.g., Long Life Family Study [LLFS], Longevity Consortium
[LC]) have started to address our current gaps in aging research by recruiting from exceptionally
long-lived individuals across the United States. Previously, centenarians have been shown to
have protective effects with regards to their physical and cognitive health until the last few years
of life (Evert et al., 2003; Silver et al., 2001; Terry et al., 2008). By a similar accord, including
long-lived cohorts in less advanced stages may aid in our understanding of NCVI prior to the
onset of other parallel, neurodegenerative processes which may inform treatment plans.
The Long Life Family Study (LLFS) was developed in 2006 to enroll long-lived probands,
as well as their offspring and respective spousal controls, to investigate various (i.e., vascular,
genetic, cognitive) factors which contribute to healthy aging (Wojczynski et al., 2021). Families
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that were found to be enriched for exceptional longevity (EL) were also observed to live longer
and experience prolonged healthy aging behaviors (i.e., absent and/or later onset of diseases)
compared to other age-adjusted (non-EL) cohorts (Sebastiani et al., 2013). Additionally, EL
families also uniquely shared healthy aging phenotypes across multiple organ systems (e.g.,
blood pressure (BP), memory, lung function, grip strength and metabolism) (Marron et al.,
2019). EL families have since become a robust model of longevity and healthy aging (e.g.,
prolonged delay or total absence of age-related diseases). By focusing on such cohorts, we may
be able to gain valuable insights as to potential lifestyle interventions, improved health
screenings, and thorough prognoses for those with less healthy and longevous outcomes
(Pignolo, 2019).
II.

Intended Research Aims
Building on existing constructs, these questions will be examined within the exceptional
LLFS cohort, which has previously been shown to have enriched vascular and cognitive health
outcomes compared to other similarly aged cohorts. Moreover, the emphasis of this cohort on
relatively healthier subjects allows us to examine NCVI from a larger sample of speculatively
normotensive individuals from long lived families to compare their cognitive outcomes to those

without such familial history. Specifically, we seek to examine NCVI in prodromal stages (i.e.,
with no pre-existing cardiovascular diseases or cognitive impairment/dementias reported)
within long-lived individuals and families. To our knowledge, this has not been previously
explored. At enrollment, recruited families included a proband generation, which consists of a
proband and at least one sibling, and at least one member of the proband’s offspring (i.e.,
offspring generation). Spouses from both generations were also enrolled. we will focus on the
LLFS offspring generation to examine how asymptomatic and symptomatic markers of NCVI in
mid-life may contribute to cognitive performance in later life and whether these associations
vary between offspring from EL (long-lived) families and spouse controls from non-EL families.
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Using a longitudinal research design, we will use both asymptomatic (e.g., BP) seated readings
and symptomatic (e.g., syncope, falls) self-reported events as indicators of NCVI to better
understand the etiology and development course of NCVI from mid to late life.
The main research aim is to investigate if various subclinical factors related to NCVI
(e.g., BP, syncope, falls) predict cognitive function in older adults from EL families and non-EL
families. We expect that impaired systolic blood pressure (e.g., hypotensive) and clinical
manifestations (e.g., falls, syncope) measured at baseline will be associated with poorer
cognitive function at baseline (V1). Further, we hypothesize that prevalence of NCVI-related
factors at V1 will predict cognitive decline at follow-up (V2).
Secondly, we will investigate whether the association between NCVI and cognition
differs between offspring from EL families and spouse controls from non-EL families. We
anticipate that spouse controls will experience more NCVI behaviors (e.g., increased
hypotensive or hypertensive BP, syncopal events or falls). It is also expected for controls to
demonstrate an age-related trend between increased NCVI and poorer cognition over time,
similar to that which was previously reported by the TILDA cohort. Conversely, it is expected
that offspring from EL families will be relatively protected against the effects of NCVI and
ultimately present an attenuated relationship between NCVI and cognitive function (e.g.,
perform better on cognitive outcomes despite similar or reduced NCVI behaviors).
Subsequently, we are interested to see if the traditional association between NCVI and
cognition (e.g., increased NCVI risk associated with greater cognitive decline) emerges at
prodromal stages (e.g., absence of advanced dysautonomia or neurodegenerative disorders).
Contrary to previous work that has measured NCVI with respect to cognition by solely using a
global screener (i.e., MMSE, MoCA), we will also incorporate more sensitive neuropsychological
tests in order to better depict cognitive change over time. It is interesting to see if there are
certain cognitive domains that may be more influenced by greater NCVI prevalence than others.
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Finally, we are most interested to investigate the extent to which asymptomatic NCVI (as
measured by seated SBP readings) and symptomatic NCVI (as measured by self-reported events
caused by hypoperfusion such as falls and fainting spells) captured at baseline predicts cognitive
function (as measured by comprehensive neuropsychological tests) at follow up. These answers
may help us to better discern the insidious trajectory of NCVI from prodromal to advanced
stages.
It has also been suggested that polypharmacy, or the use of multiple medications
concurrently or beyond what is recommended, as well as other co-morbidities, such as
hypertension and diabetes, can further exacerbate age-related NCVI (Collins & Kenny, 2007). As
a result, these confounders will be investigated in both cross-sectional and longitudinal models
in additional analyses.

I.

Study Participants

Methods

The LLFS cohort consists of multigenerational families previously selected for
exceptional longevity (EL) in the United States and Denmark. Participants were recruited across
four Field Centers including Columbia University, Boston University, University of Pittsburgh
and University of Southern Denmark. Further characteristics of the LLFS cohort have been
extensively described elsewhere (Newman et al., 2011). Participants were evaluated at baseline
or Visit 1 (V1) between 2006 and 2009 and followed up at Visit 2 (V2) between 2014 and 2017,
with an average of 8 years between visits (Wojczynski et al., 2021). The LLFS cohort consists of
4,472 participants from 574 families (3,972 LLFS family members and 1,092 spouse controls).
The Institutional Review Boards across the four Field Centers and the Data Management and
Coordinating Center (Washington University, St. Louis) in the United States reviewed and
approved the project. Data on demographic characteristics included age, gender, relative status,
education and LLFS field center (e.g., BU, CU, DK, and PT).
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Selection Criteria
For the purposes of this analysis plan, only the LLFS offspring generation (e.g., offspring
of long-lived families who will henceforth be referred to as relatives) as well as their spouse
controls (e.g., relatives’ spouses) over the age of 50 who were recruited at baseline were included
(N = 2,956; 2,222 LLFS relatives and 734 spouse controls). To explore the primary effect of
NCVI on cognition independent of concurrent neurodegenerative processes, we excluded 617
subjects with mild cognitive impairment (MCI) and/or dementia status, as these may be
precursors and/or consequences of NCVI (N = 2,339; 1,752 LLFS relatives and 587 spouse
controls). Cognitive impairment characteristic of AD was based on a diagnostic algorithm which
was previously developed specific to this study’s design (Cosentino et al., 2013). Further, to
investigate this association independently of overt vascular disease, we further excluded 1,226
subjects who previously self-reported cardiovascular risk factors (e.g., stroke, heart disease,
peripheral arterial disease) or certain co-morbidities (e.g., diabetes, hypertension) which are
likely to be associated with NCVI in older adults, further reducing the total eligible cohort for all
subsequent analyses (N = 1,113; 857 LLFS relatives and 256 spouse controls), shown in Figure 2.

Relatives (N = 3,972)

All Subjects (N = 4,472)

Controls (N = 1,092)

Included only Offspring Generation over 50 (N = 2,956)
Relatives (N = 2,222)
Controls (N = 734)
Included only those free of cognitive impairment characteristic of AD (N = 2,339)
Relatives (N = 1,752)
Controls (N = 587)
Included only those free of cardiovascular Diseases and co-morbidities (N = 1,113)
Relatives (N = 857)
Controls (N = 256)
Figure 2: Participant Selection Flowchart. This flowchart represents the exclusionary
criteria used to determine the final sample of eligible participants who were included for all further
analyses.

12

In both cross-sectional and longitudinal models, the final samples of eligible subjects
included only those with valid and available SBP and fainting/fall data (thus allowing valid
NCVI data) as well as cognition data. Therefore, the cross-sectional analyses at baseline ranged
between 999 and 1,113 subjects, depending on valid and available NCVI (e.g., SBP Group,
Faint/Fall Events) and cognition variables (e.g., MMSE, Animal Fluency) (see Table 1 for
specific Ns). Finally, only those subjects who were also enrolled at follow-up were eligible for all
longitudinal analyses, ranging from 939 and 958 subjects (see Table 2 for specific Ns).
Table 1: Frequency Table of Total Subjects for Baseline Variables of Interest
Frequency of Eligible Subjects at Baseline (V1)

N

1

Relative
Status

SBP
Group

Faint/Fall
Events

NCVI

MMSE

Animal
Fluency

LM
(avg)

Included

1113

1110

999

1004

1002

1002

1002

Excluded

0

3

114

109

111

111

111

Digits
F/B
(sum)

DSST

Med
Use

1000

1002

930

113

111

183

Table 2: Frequency Table of Total Subjects for Variables of Interest at Follow-Up
Frequency of Eligible Subjects at Follow-Up (V2)

N

2

Relative
Status

SBP
Group

Faint/Fall
Events

NCVI

MMSE

Animal
Fluency

LM
(avg)

Digits
F/B
(sum)

Included

958

955

943

941

939

939

939

938

939

800

Excluded

0

3

15

17

19

19

19

20

19

158

DSST

Med
Use

1

This frequency table represents all frequencies (included and excluded) for all dependent, independent and
covariate variables of interest. SBP Group = Systolic Blood Pressure Group; average SBP value of 3 readings was
calculated as either hypotensive, hypertensive or normotensive in accordance with BP guidelines (see Table 3).
Faint/Fall Events = self-reported fainting or fall episodes were either indicated as ‘yes’ if occurred or ‘no’ if not. NCVI
= Neurocardiovascular Instability. MMSE = Mini-Mental State Examination. LM (avg) = an average of Immediate
and Delayed trials for Logical Memory was utilized for all future analyses. Digits F/B (sum) = total sum of both Digits
Forward and Digits Backward trials was utilized for all future analyses. DSST = Digit Symbol Substitution Test total
score was used. Med Use = four medication types that were collected at baseline were consolidated into a binary
variable to indicate “yes (1)” if at least one medication was used and “no (0)” if not.
2
This frequency table represents all frequencies (included and excluded) for all dependent, independent and
covariate variables of interest. Note: Total values depreciate over time, either due to withdrawal or termination (i.e.,
demise) of study participation. Therefore, the predictor variable (e.g., NCVI) is reduced such that only the final
sample (N = 941) is used for longitudinal analyses. Cognitive outcomes measured at V2 (e.g., MMSE, Animal Fluency,
LM (avg), Digits F/B (sum), DSST) are used in longitudinal models.
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II.

Clinical Measurements & Neuropsychological Materials
Blood Pressure Measurements
As part of the study protocol, seated blood pressure readings were taken at both baseline
(V1) and follow-up (V2) using the clinically validated BpTru BPM-300 (VSM MedTech,

Coquitlam, British Columbia, Canada) automatic blood pressure monitor. Based on the arm
circumference measured, an arm cuff of suitable size was applied by a trained research assistant.
Participants were asked to stay seated for five minutes with feet flat on the floor and keep
conversations to a minimum, in order to elicit resting conditions. A BP cuff was applied to the
upper right arm (or left if there was a medical reason) in a relaxed position at their side. Five
available cuff sizes were available: extra-large, large, regular, small, or child. In the event that
the largest cuff did not fit the participant’s upper arm, BP was measured on the forearm.
Technicians measuring BP went through a stringent certification procedure to minimize
observer variations. According to the LLFS study protocol, a total of three readings were taken
within one-minute intervals between measurements before they were averaged out. If BP was
out of the normal range, participants were advised to see their physician.
Furthermore, as orthostatic BP readings were not evaluated in this cohort, the average
seated systolic blood pressure (SBP) measurements taken at V1 were used for the primary
marker of NCVI. Measurements taken from all eligible participants were further classified into 5
SBP groups: Hypotensive SBP < 100 mmHg, Normotensive (100-119 mmHg), Elevated BP (120129 mmHg), Stage 1 (S1, 130-139 mmHg) Hypertensive and Stage 2 (S2, > 140 mmHg)
Hypertensive based on recent guidance (Sharma et al., 2022; Whelton et al., 2018), see Table 3.
Building on previous frameworks, abnormally low SPB values (hypotensive; lower than 90
mmHg) are indicative of NCVI symptomatology and abnormally high values (hypertensive;
higher than 120 mmHg) are indicative of co-morbidities (e.g., cardiac disease), both
contributing to NCVI risk (Kenny, 2016). While prior self-reported medical history was
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excluded, both abnormally low and abnormally high baseline SBP groups were followed both
cross-sectionally and longitudinally to measure various risk trajectories towards NCVI
progression.
Table 3: Systolic Blood Pressure (SBP) Categories 3
BP Category
Systolic Pressure Ranges
Hypotension (Low BP)

<90 mmHg* (<100 mmHg)

Normotension (Normal BP)

<120 mmHg* (100 - <120 mmHg)

Pre-Hypertension (Elevated BP)

120-129 mmHg

Stage 1 Hypertension (High BP)

130-139 mmHg

Stage 2 Hypertension (High BP)

≥140 mmHg

Self-Reported Medical History, NCVI-Related Events and Medication Use
At V1 and/or V2 home visits, interviewers recorded pertinent medical conditions based
on self-reported medical history (physician diagnoses, recent medical procedures, or surgeries)
of vascular risk factors or diseases (e.g., hypertension, diabetes, ischemia, congestive heart
failure, atrial fibrillation, and stroke). A person was considered having vascular comorbidities if
there was a positive response (e.g., indicated as “1” in “0-1” scale) to any of the above diseases
from self-report.
In addition to self-reporting prevalent diseases, participants also reported syncopal
(fainting or loss of consciousness) and/or fall events during the in-home evaluations with
trained research staff. Subsequently, NCVI related events were coded in a similar fashion (e.g., a
“1” in “0-1” scale indicated one or more syncopal and/or fall events or “0” if none).

3
This chart represents five SBP Groups created for all eligible LLFS participants based on average systolic readings
taken at baseline in the seated position. These ranges are based on recent 2021 guidelines from the American Heart
Association/American College of Cardiology. *These values (<90 mmHg, <120 mmHg) represent what current
guidelines reflect. However, these ranges were amended to ensure that all subjects were included into the final sample
(<100 mmHg, 100 - <120 mmHg).
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Likewise, participants self-reported medication use, and interviewers also manually
inspected medication intake during home-visit. The medications included antihypertensives,
lipid-lowering, and those taken for angina (i.e., localized chest pain) and diabetes mellitus (see
full chart of Medications Use in Supplementary Figure 1). Use of any of these four medication
types at baseline was consolidated into one binary variable to indicate any/all medication intake
(e.g., where “1” indicated at least one medication and “0” indicated no intake) at baseline.
In addition to these in-home evaluations, participants were also contacted annually by
phone to evaluate any new medical developments within the past year or since the last
evaluation (e.g., self-reported diagnoses/surgeries/procedures as well as falls or fainting
episodes). Prevalent diseases were previously coded, either via self-reported medical history or
medication, to represent “0” if none reported and “1” for each prevalent disease type (see full
chart of Prevalent Diseases in Supplementary Figure 2).
Baseline Neuropsychological Assessments
In addition to the Mini-Mental State Examination screener (MMSE, range:0-30), LLFS
participants also undergo a comprehensive neuropsychological battery which spans specific
cognitive domains (i.e., episodic memory, executive functioning, language, attention, working
memory). The Digit Symbol Substitution Test (DSST) measured information processing speed,
working memory, and visual scanning (range: 0–100). A Semantic (e.g., Animal) Fluency (AF)
test (range: 0–77) was administered in which participants listed out as many animals as they
could think of as possible, respectively, in one minute, to assess executive functioning and
language. Digit Span Forward and Backward tests (both tests ranging from 0 to 12) captured
attention and working memory abilities. Participants listened to various sequences of numbers
of increasing difficulty and were asked to repeat the sequences forward and backward,
respectively, and a total, summated score was calculated and used for all subsequent analyses
(range: 0-24). Episodic memory was measured by participants’ ability to recall a short story
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both immediately as well as after a thirty-minute delay (both tests ranging from 0 to 25) and
ultimately an average score was calculated for further analyses. All five cognitive outcomes
(MMSE, AF, Logical Memory (average), Digit Span (sum of Forward and Backward), and DSST)
were measured separately for all future analyses.
Covariates
Age (in years), sex (where male equals 1 and female equals 2;), education (in years),
relative status (relative of long-lived family or spousal control) and field center (institution
where participant was recruited; see Study Participants section) were included as covariates in
all models. Subsequent models that adjusted for medication use also included the binary
medication variable as an additional covariate of interest. Finally, longitudinal models also
included a visit duration covariate to additionally adjust for the length of time between the
baseline and follow-up visit and to account for any differences captured at baseline.
III.

Statistical Analysis
Descriptive Analyses of NCVI Risk Group and Cognitive Outcomes
To approach our research aims more comprehensively, a new NCVI variable was
developed to best reflect probable NCVI risk across all subjects (n=941), using both SBP group
(e.g., hypotensive, normotensive, hypertensive) as measured by average of 3 seated SBP
readings and NCVI symptomatology (e.g., fainting and/or fall events). The Low NCVI risk group
included subjects who were normotensive (SBP = 100-119 mmHg) and reported no clinical
symptoms related to NCVI at baseline (n=379). The Moderate NCVI risk group included all
subjects who were either pre-hypertensive (SBP = 120-129 mmHg) or hypertensive SBP > 130
mmHg) and presented no clinical symptoms (n=354). The High NCVI risk group included all

subjects who were either hypotensive (SBP < 100 mmHg) or presented NCVI symptomatology at
baseline (n=208). These measures were further stratified by sex and relative status (i.e.,
offspring of long-lived proband vs. spouse control without familial longevity) and can be found
in Supplementary Tables 1-3.
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Since the primary outcome variables of interest were cognitive outcomes, we conducted
separate descriptive analyses for each cognitive test: MMSE, AF, LM (averaged score), Digits
F/B (sum), DSST. Similarly, binary cognitive change was also calculated for each cognitive test
to reflect cognitive performance at follow-up (V2). Descriptive analyses on both V1 and V2
cognitive outcomes were also stratified by sex and relative status, as described in
Supplementary Table 3.
General Estimating Equation Models
GEE models were used in this research design in order to appropriately adjust for
familial relatedness and family size within the Long Life Family Study cohort. In all models,
both moderate (e.g., hypertensive only) and high (e.g., hypotensive and/or have reported at least
one faint/fall event) NCVI risk groups were included as predictors. All five cognitive outcomes
were also included in all models and analyzed separately as shown. Additionally, all prior
cognitive impairment and/or other prevalent diseases (e.g., heart disease) were filtered out prior
to the analyses. We hypothesized that polypharmacy would influence the primary association
between age-related NCVI and cognition and thereby adjusted for medication use in subsequent
cross-sectional and longitudinal models (Collins & Kenny, 2007). Finally, a relative interaction
term was included in both medication-unadjusted and medication-adjusted models to
understand the effects of relative status on the primary association on NCVI risk and cognition.
Cross-Sectional Association between NCVI Risk Group and Cognition
The association between NCVI-related risk group (i.e., low, moderate, or high) and
cognition was assessed using both cross-sectional (e.g., baseline NCVI risk group vs. baseline
cognition) and longitudinal models (e.g., baseline NCVI risk group vs. cognitive change). Low
NCVI risk group was utilized as the reference group throughout. All prior cognitive impairment
and/or other prevalent diseases (e.g., heart disease) were excluded.
First, we investigated the cross-sectional association of V1 NCVI-related risk group and
V1 cognition (Model 1). This model was adjusted for family relatedness and size, age, sex,
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education, field center and relative status. In addition to these variables, Model 2 also adjusted
for medication use. Since these medications have been previously found to influence blood
pressure, we included them here to investigate whether V1 medication use may have influenced
the relationship between NCVI-related risk factors (e.g., SBP) or clinical symptoms (e.g.,
syncope) and cognition.
Longitudinal Association between NCVI Risk Group and Cognitive Change
As we are also interested in cognitive change (calculated as V2-V1), subsequent
longitudinal models utilized a binary cognitive variable to either indicate decrease or
stability/increase in score. First, GEE models were run on NCVI-related risk groups assigned at
baseline and binary cognitive change from V1 to V2, separately for each cognitive outcome
(MMSE, AF, Logical Memory (average), Digit Span (sum of Forward and Backward), and DSST).
Model 1 adjusted for age, sex, field center, relative status, education, and duration between
baseline and follow up visits. In addition to these covariates, Model 2 also adjusted for
medication use.
Moderation of the Association between NCVI and Cognition by Relative Status
To investigate if the association differs between relatives (i.e., offspring of long-lived
proband) compared to spouse controls, subsequent cross-sectional and longitudinal models
(e.g., medication-unadjusted and medication-adjusted) were re-run with the addition of an
interaction term between relative status (relative versus spouse control) and NCVI risk group.
Significant interaction terms were investigated by subsequent stratified analyses by relative
status to observe how the association differs between relatives and spouses.
Sensitivity Analyses
Finally, sensitivity analyses were conducted on both cross-sectional and longitudinal
models to exclude all subjects who reported medication use at baseline as this may have
impacted the primary association of interest. A full diagram of models is included in
Supplementary Table 4.
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For all subsequent analyses, p < 0.05 was considered statistically significant. All analyses
were performed using SPSS V27 for Windows statistical package (SPSS Inc., Chicago, IL, USA).
Continuous variables were presented as mean and SD and were analyzed by the independent‐
samples t test. Categorical data were presented as total number of subjects (N) and percentages.
In order to examine the demographic variables which were significant in the association
between NCVI risk group and cognition, a series of ANOVA tests (e.g., age, education, duration
between visits, average SBP) and Chi-Square tests (e.g., field center, sex, relative status, NCVI
symptomatology, medication use) were conducted based on variable type (i.e., continuous vs.
categorical, respectively).

I.

Demographic Variables

Results

Age, sex, education and field center were found to be highly significant. To our surprise,
relative status was not significant. A full list of demographics from V1 and V2 are included in
Supplementary Tables 5 and 6.
II.

Descriptive Analyses
Descriptive analyses were first conducted for secondary syncopal and/or fall events that
were self-reported at baseline with respect to SBP group. Across all five SBP groups, syncopal
and/or fall events occurred in 19.5% (144/738) of all relatives while these events occurred in
15.8% (32/202) of all spouse controls (see Supplementary Tables 7-9 in Appendix for more
detailed characteristics). Therefore, such events are more prevalent in offspring from long-lived
families compared to those without such history. However, since previous NCVI literature has
been most concerned with hypotensive cases, it is worth noting that in spouse controls, syncopal
and/or fall events experienced within the hypotensive group accounted for 12.5% (4/32) of all

events (across all SBP groups). On the other hand, only 3.5% (5/144) of all syncopal and/or fall
events occur in relatives with hypotensive SBP. We also ran descriptive analyses on all cognitive
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tests at baseline: Mini Mental State Examination (mean: 29.2), Animal Fluency (mean: 23.0),
average Logical Memory (mean: 13.2) sum of Digit Span Forward and Backward (mean: 15.5),
Digit Symbol Substitution (mean:52.8). Using follow-up data, this was repeated: Mini Mental
State Examination (mean: 29.1), Animal Fluency (mean: 23.0), average Logical Memory (mean:
13.8) sum of Digit Span Forward and Backward (mean: 14.4), Digit Symbol Substitution
(mean:49.5). Descriptive statistics are noted below in Tables 4 and 5 to detail cognitive
performance based on NCVI risk group at V1 and V2. Descriptive analyses on the cognitive
outcomes both at V1 and V2 stratified by sex and relative status are more extensively described
in the Appendix (see Supplementary Tables 10 and 11).
Table 4: V1 Cognitive Performance by NCVI Risk Group (N = 1,004)
Cognitive Outcome

Low NCVI Risk Group

Moderate NCVI Risk
Group
29.15(1.14)

High NCVI Risk
Group
29.21(1.11)

MMSE

29.25(1.12)

AF

23.30(5.61)

22.69(5.56)

22.78(5.30)

LM (avg)

13.28(3.64)

12.95(3.61)

13.24(3.61)

Digits F/B (sum)

15.58(3.93)

15.00(3.92)

16.23(3.84)

DSST

53.59(11.94)

51.51(11.99)

53.08(10.81)

396

370

238

N

From an absolute standpoint, the Low NCVI risk group performed slightly better,
numerically, on all five cognitive tests at baseline except for Digits F/B (sum) compared to both
Moderate and High NCVI risk groups (see Table 4). At V2, the opposite trend is seen such that
the High NCVI risk group performs better, numerically, on most cognitive tests apart from
DSST, compared to the other two risk groups, as shown in Table 5.
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Table 5: V2 Cognitive Performance by NCVI Risk Group (N = 941)
Cognitive Outcome

Low NCVI Risk Group

High NCVI Risk Group

MMSE

29.17(1.89)

AF

22.74(5.94)

22.86(6.46)

22.91(5.71)

LM (avg)

13.67(3.56)

13.48(3.98)

13.79(3.76)

Digits F/B (sum)

14.80(4.08)

13.96(4.14)

15.36(3.97)

DSST

51.27(12.02)

48.63(11.80)

50.92(10.72)

379

354

208

N
III.

Moderate NCVI Risk
Group
29.06(2.05)

29.44(.91)

Cross-sectional Analyses
Association between NCVI Risk Groups and Cognitive Performance
All cross-sectional models used predictor (e.g., NCVI risk group) and outcome (e.g.,
cognition) variables captured at baseline. The High NCVI risk group indicated either
hypotensive SBP or reported fainting/fall events, the Moderate NCVI risk group reflected
hypertensive SBP, and the Low NCVI risk group was considered the reference group (e.g., no
signs of symptomatic and/or asymptomatic NCVI). Model 1 included the following covariates:

age (mean: 60.01 years old, std: 6.35), sex (mean: 1.60, std: .49), education (mean: 13.07 years,
std: 2.84), relative status (either a relative of long-lived family or spouse control) and field
center (either BU, PT, NY or DK). Depending on the cognitive outcome, the total number of
subjects ranged from 1000 (i.e., Digits F/B) to 1002 (i.e., MMSE, Animal Fluency, Logical
Memory, DSST) from a total of 382 families (see Table 1). Model 1 results are summarized in
Table 6. Results from Model 1 found that the High NCVI risk group was found to perform better
compared to the Moderate NCVI risk group on most cognitive tests except for the DSST.
Moreso, DSST performance was found to be marginally significant within the High NCVI risk
group (p = .059). In addition to the covariates added into Model 1, we ran a second model which
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was also adjusted for medication intake. The total number of subjects ranged from 839 (i.e.,
Digits F/B) to 841 (i.e., MMSE, Animal Fluency, Logical Memory, DSST) from a total of 366
families. Demographics included age (mean: 60.16 years old, std: 6.43), sex (mean: 1.63, std:
.48), education (mean: 13.23, std: 2.76) and medication use (mean: 0.26, std: .44). After
additionally adjusting for medication intake in Model 2, the High NCVI risk group still performs
better on some (e.g., AF, Digits F/B) but not all (e.g., MMSE, Logical Memory, DSST) tests,
compared to the Moderate NCVI risk group. Furthermore, DSST performance remained
significant within the High NCVI risk group compared to the Low NCVI risk group (p = .039).
Estimated Marginal Means (EMMs) were also calculated to better reflect main effects of DSST
performance by NCVI risk group. In Model 1, EMMs reflect that the High NCVI risk group
performs worst on DSST (mean: 52.2, SE: .635) compared to Low (mean: 53.7, SE: .528) and
Moderate (mean: 53.8, SE: .558) NCVI risk groups (see Supplementary Table 12). Likewise,
EMMs from Model 2 show a similar DSST trend between Low (mean: 53.9, SE: .535), Moderate
(mean: 53.8, SE: .606) and High (mean: 52.2, SE: .688) NCVI risk groups.
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Table 6: Cross-Sectional Results
Model
Characteristics

All Subjects,
mean(sd)

Moderate Risk Group (NCVI = 2)

Relative
*NCVI
Model 1: Adjusted for Age, Sex, Education, Field Center, Relative Status
b

SE

p

1

High Risk Group (NCVI = 3)
b

SE

p

Relative
*NCVI

MMSE

29.2 (1.13)

-.020

.0787

NS

NS

-.012

.0839

NS

.006

AF

23.0 (5.52)

-.456

.3758

NS

NS

-.215

.4213

NS

NS

LM (avg)

13.2 (3.62)

-.128

.2506

NS

NS

-.007

.3006

NS

NS

Digits F/B (sum)

15.5 (3.92)

-.019

.2409

NS

NS

.307

.2681

NS

NS

DSST

52.7 (11.74)

.091

.6856

NS

.085

-1.514

.8017

.059

NS

Model 2: Adjusted for Age, Sex, Education, Field Center, Relative Status, Medication Use
MMSE

29.2 (1.15)

-.065

.0885

NS

NS

-.076

.0916

NS

.020

AF

23.0 (5.54)

-.327

.4214

NS

NS

-.079

.4514

NS

NS

LM (avg)

13.2 ( 3.56)

-.111

.2748

NS

NS

-.174

.3125

NS

NS

Digits F/B (sum)

15.8 (3.93)

-.041

.2723

NS

NS

.335

.2795

NS

NS

DSST

53.1 (11.54)

-.077

.7383

NS

NS

-1.709

.8278

.039

NS

Sensitivity Model: Excluded Medication Use
MMSE

29.3 (1.07)

-.093

.1024

NS

NS

-.108

.1074

NS

.025

AF

23.1 (5.41)

-.656

.4944

NS

NS

-.362

.5529

NS

NS

LM (avg)

13.2 (3.55)

-.370

.3116

NS

NS

-.500

.3622

NS

NS

Digits F/B (sum)

15.6 (3.91)

-.176

.3091

NS

NS

.419

.3388

NS

NS

DSST

53.5 (11.66)

-.655

.8725

NS

NS

-1.962

1.016

.054

NS

1

Values shown in bold text represent statistical significance (p < 0.05).
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Interaction between Relative of Long-Lived Family Status and NCVI Risk Group
Since we were also interested to see if relative status moderated the association between
NCVI risk and cognition, Models 1 and 2 were repeated to also include a relative interaction
term, Relative of Long-Lived Family (with controls as reference) *NCVI risk group (with low
NCVI risk group as reference). These results are summarized in the “Relative * NCVI” columns
by NCVI risk group in Table 6.
When added into Model 1, the relative interaction term was significant within the MMSE
test (p = .006). To further investigate NCVI in relation to MMSE performance in relatives
compared to spouse controls, Model 1 was stratified by relative status. A significant association
was found such that spouse controls within the High NCVI risk group performed significantly
better on MMSE (mean: 29.3) compared to the Low NCVI risk group (mean: 28.9) (b = .374, p =
.019) while no such association was found amongst relatives (MMSE mean in High NCVI risk
group = 29.2, MMSE mean in Low NCVI risk group = 29.3, b = -.115, p > 0.05). On all other
cognitive measures, relative status did not modify the association between NCVI risk groups and
cognition. Likewise, when added into Model 2, the relative interaction term remained significant
for MMSE (p = .020). Subsequently, we re-ran the initial Model 2 to stratify by relative status to
find an attenuated association both in spouse controls (mean in High NCVI risk group = 29.3,
mean in Low NCVI risk group = 29.0, b = .288, p > 0.05) and relatives (mean in High NCVI risk
group = 29.1, mean in Low NCVI risk group = 29.3, b = -.176, p > 0.05). EMM tables were
subsequently populated for both models that additionally accounted for the relative interaction
term with respect to MMSE performance. In Model 1, spouses within the High NCVI risk group
perform better (mean: 29.48, SE: .104) compared to spouses in either the Low (mean: 29.10, SE:
.117) or Moderate (mean: 29.18, SE: .138) NCVI risk groups. However, relatives within the High
NCVI risk group perform slightly worse on MMSE (mean: 29.11, SE: .079) compared to relatives
in either the Low (mean: 29.22, SE: .057) or Moderate (mean: 29.17, SE: .066) NCVI risk
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groups. Similar trends were found in Model 2 EMMs (see Supplementary Table 12). However,
once stratified by relative status, this association became attenuated both in spouse controls and
relatives.
Sensitivity Models
Finally, we excluded 238 subjects who reported any medication use at V1 (e.g., coded as
“1” from binary medication intake variable). An additional 71 to 72 subjects were also excluded
due to invalid or missing data, bringing the total range of subjects to either 620 or 621 based on
cognitive outcome. Once excluded, two sensitivity models were run with and without the relative
interaction term (see bottom of Table 6). Similar to Model 1, which also did not include relative
interaction, the first sensitivity model demonstrated that NCVI was marginally associated with
DSST performance (p = .054) but not with other cognitive measures.
The relative interaction term was included into the second sensitivity model,
demonstrating a similar MMSE trend between significant relative interaction within high NCVI
risk group (p = .025) to that of Models 1 (p = .006) and 2 (p = .020). Spouse controls within the
High NCVI Risk Group performed marginally better on MMSE compared to the Low NCVI Risk
Group. In relatives, there was no association with respect to MMSE (mean in High NCVI Risk
Group = 29.2, mean in Low NCVI Risk Group = 29.3, b = -.200, p > 0.05).
IV.

Longitudinal Analyses
Association between NCVI Risk Groups and Cognitive Change from Baseline to Follow-Up
Similar to the cross-sectional models, all longitudinal models used spouse controls and
low NCVI risk groups again as reference groups, respectively. Likewise, secondary models
included binary medication intake and relative interaction terms, respectively. A final sensitivity
analysis excluded subjects who indicated baseline medication use. While the predictor (e.g.,
NCVI risk group) was identical to those used in cross-sectional models, the outcome was binary
cognitive change from baseline to follow-up performance. Specifically, a decreased score was
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indicated as “1” (experimental group) while a stable or increased score was indicated as “0”
(reference group). Binary cognitive change scores were calculated for each cognitive outcome
such that the larger the binary score (e.g., approaching or equaling 1), the greater the likelihood
of worse cognition at follow-up. If the score is smaller (e.g., approaching or equaling 0), there is
a greater likelihood that subjects performed better or similar to the baseline visit.
Model 1 included age (mean: 60.00 years old, std: 6.32), sex (mean: 1.61, std: .49),
education (mean: 13.06 years, std: 2.85), visit duration (mean: 7.09, std: 2.71), relative status
(e.g., relative of long-lived family or spouse control) and field center as covariates. Depending on
the cognitive outcome, the total number of subjects ranged from 938 (i.e., Digits F/B) to 939
(i.e., MMSE, Animal Fluency, Logical Memory, DSST) from a total of 366 families (see Table 2).
With respect to MMSE change, the Low NCVI Risk Group was significantly more likely to
perform worse at follow-up compared to the High NCVI risk group (p = .039) (see Table 7). This
was further supported by EMMs for Model 1 which reflected poorer MMSE performance in the
Low NCVI risk group (mean: 0.23, SE: .025) compared to that of the High NCVI risk group
(mean: 0.15, SE: .026) (see Supplementary Table 13). Likewise, the Low NCVI risk group was
significantly more likely to perform worse on AF at follow-up compared to both Moderate (p =
.008) and High (p = .053) NCVI risk groups. EMMs demonstrated a similar trend for Low
(mean: 0.47, SE: .029), Moderate (mean: 0.37, SE: .030) and High (mean: 0.38, SE: .038) NCVI
risk groups.
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Table 7: Longitudinal Results
Model
Characteristics

All Subjects,
mean(sd)

Moderate Risk Group (NCVI = 2)

Relative*
NCVI
Model 1: Adjusted for Age, Sex, Education, Field Center, Relative Status
b

SE

p

2

High Risk Group (NCVI = 3)
b

SE

p

Relative*
NCVI

MMSE Change

.194 (.016)

-.119

.1898

NS

NS

-.481

.2331

.039

NS

AF Change

.405 (.021)

-.423

.1606

.008

NS

-.385

.1991

.053

NS

LM Change (avg)

.336 (.020)

-.214

.1556

NS

NS

-.158

.1929

NS

NS

Digits F/B
Change (sum)
DSST Change

.473 (.023)

.022

.1588

NS

NS

.185

.1944

NS

NS

.613 (.024)

-.182

.1719

NS

NS

-.017

.1977

NS

NS

Model 2: Adjusted for Age, Sex, Education, Field Center, Relative Status, Medication Use
MMSE Change

.191 (.018)

-.023

.2028

NS

NS

-.341

.2422

NS

NS

AF Change

.386 (.022)

-.398

.1745

.023

NS

-.339

.2133

NS

NS

LM Change (avg)

.315 (.021)

-.085

.1840

NS

NS

-.096

.2171

NS

NS

Digits F/B
Change (sum)
DSST Change

.468 (.024)

.064

.1722

NS

NS

.157

.2061

NS

NS

.603 (.026)

-.267

.1950

NS

NS

-.121

.2127

NS

NS

Sensitivity Model: Excluded Medication Use
MMSE Change

.191 (.019)

-.004

.2337

NS

NS

-.386

.2845

NS

NS

AF Change

.378 (.025)

-.422

.1791

.019

NS

-.326

.2271

NS

NS

LM Change (avg)

.307 (.022)

-.104

.2094

NS

NS

-.238

.2356

NS

NS

Digits F/B
Change (sum)
DSST Change

.438 (.027)

.154

.1773

NS

NS

.219

.2111

NS

NS

.564 (.028)

-.228

.2034

NS

.036

-.298

.2353

NS

NS

2

Values shown in bold text represent statistical significance (p < 0.05).
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In addition to the covariates added into Model 1, we included the aforementioned binary
medication variable into a second model. The total number of subjects ranged from 782 (i.e.,
Digits F/B) to 783 (i.e., MMSE, Animal Fluency, Logical Memory, DSST) from a total of 366
families. Demographics of this slightly reduced sample included age (mean: 60.16 years old, std:
6.41), sex (mean: 1.63, .48), education (mean: 13.25, std: 2.76) and medication use (mean: 0.26,
std: .44), and visit duration (mean: 6.97, std: 2.80). With respect to AF change, we found that
those within the Low NCVI risk group remained to have greater likelihood of AF decline
compared to the Moderate NCVI risk group (p = .023) but this is no longer evident amongst the
High NCVI risk group (see Table 7). Furthermore, EMMs were again reported to reflect that the
Low NCVI risk group performed worst on average on most tests (e.g., MMSE, AF, LM
(averaged), DSST) compared to Moderate and High NCVI risk groups (see Supplementary
Table 13).
Interaction between Relative of Long-Lived Family Status and NCVI Risk Group
Next, we re-ran Models 1 and 2 to also include the relative interaction term. When the
relative interaction term was added into Model 1, there were no longer significant outcomes on
any other cognitive change outcomes. Likewise, after including the relative interaction term
within the Model 2, there were still no significant associations on any cognitive change
outcomes. This suggested that the association between NCVI and cognitive change were not
significantly different between spouses and relatives.
Sensitivity Models
A final sensitivity analysis excluded 238 subjects who reported medication use at
baseline in addition to 71 to 73 subjects with invalid or missing data, depending on cognitive
outcome, bringing total N between 619 to 621. Similar to Models 1 and 2, two sensitivity models
were run with without the relative interaction term. Results from the first sensitivity model
(without relative interaction term) demonstrated that the Low NCVI risk group continued to be
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more likely to perform worse on AF at follow-up compared to Moderate NCVI risk group (p =
.019), supporting earlier AF results from Model 1 (p = .008) and Model 2 (p = .023).
The second sensitivity model included the relative interaction term and found a
significant interaction between relative status and NCVI risk group on DSST change (p = .036).
As a result, we further stratified the first sensitivity model by relative status and found a
significant association between NCVI and DSST change amongst relatives. Particularly, relatives
within the Moderate NCVI risk group were found to have marginally significant DSST change
(mean = .47, b = -.45, p = .053) compared to those in the Low NCVI risk group (mean = .58).
However, no such association was seen amongst spouse controls in the Moderate (DSST change
mean = .68) and Low (DSST change mean = .52, b = .67, p > 0.05) NCVI risk groups. Relative
status did not modify the association between NCVI risk groups and other cognitive scores.

Discussion
The primary aim of this paper was to consider the relationship between NCVI (as
indicated by NCVI risk group) and cognition within a disease-free, exceptionally aged cohort.
Furthermore, we sought to answer the question, does NCVI exist in prodromal stages (e.g.,
absence of advanced dysautonomia, vascular or neurodegenerative disease)? A secondary aim
was interested to examine how the association between NCVI and cognition varies between
relatives and spouse controls. While NCVI exists in prodromal stages (as elicited by Moderate
and High NCVI risk groups), its impacts on cognition seem to vary based on model type (e.g.,
cross-sectional, longitudinal). At the cross-sectional level, processing speed was significantly
reduced in those at highest risk for NCVI. At the longitudinal level, verbal fluency was
significantly better in those at moderate or highest risk for NCVI, indicative of an early
“cardiovascular paradox”. In addition to global cognition screeners, we utilized a more robust
set of neuropsychological assessments for increased sensitivity and specificity amongst healthy
aging cohorts (Barral et al., 2017). The rest of this section will focus on both cross-sectional and
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longitudinal evidence for how NCVI risk group and relative status influence certain cognitive
domains in more detail.
I.

NCVI and Processing Speed
In all baseline models, greater NCVI risk (as elicited by High NCVI risk group) was
consistently associated with psychomotor slowing or reduced processing speed, as compared to
Low and Moderate NCVI risk groups. This association did not differ between relatives or
spouses. While cross-sectional processing speed outcomes did not indicate group differences, a
longitudinal sensitivity model found a significant association between NCVI and DSST change
amongst relatives. Particularly, relatives within the Moderate NCVI risk group were less likely to

experience DSST decline over time compared to relatives of the Low NCVI risk group.
Previously, processing speed (e.g., DSST) decline has been indicated as an early marker of
cerebrovascular disease (de Jager, 2004). Reduced processing speed or psychomotor slowing
has also been found to be associated with an increased risk for a myriad of neurodegenerative
outcomes, including AD and PD (Amieva et al., 2019). Furthermore, the DSST has since been
posited to be an important and sensitive measure of cognitive dysfunction across various clinical
populations (Jaeger, 2018). By a similar accord, processing speed decline in those at highest risk
(e.g. elicit hypotensive and/or fainting or fall events) may indicate a similar early marker of
NCVI. However, while processing speed seems to be a sensitive cognitive domain related to
NCVI risk, further work should consider incorporating more composite measures of processing
speed. In response to de Jager’s earliest findings regarding processing speed performance
amongst those with cerebrovascular disease, Royall emphasized that more comprehensive tools
are required as most tests are often not sensitive enough to detect changes across different
patient subgroups (Royall, 2004). Similarly, digital neuropsychology tools (e.g., electronic
tablet, digital pen) may allow for a more precise examination of how DSST performance changes
over the lifespan in those with NCVI and other related cerebrovascular disorders (Andersen et
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al., 2021). In this way, we may be able to observe more robust psychomotor variances between
groups (e.g., relatives versus spouses, Moderate versus High) (Jonaitis et al., 2019).
II.

NCVI and Global Cognition
Global cognition, as measured by MMSE, was moderately significant in cross-sectional
models which included a relative interaction term. Surprisingly, despite presenting
asymptomatic and/or symptomatic signs of NCVI, spouses within the High NCVI risk group
were somewhat protected against cognitive impairment (i.e., generally perform better)
compared to spouses in the other two risk groups. Prior to the onset of vascular diseases, it is
conceivable that spouses who elicit hypotensive readings in mid-life may experience a withingroup benefit (e.g., physical, cognitive) compared to spouses with normal or hypertensive
readings. Notably, previous literature found that LLFS spouses were at greater odds for
developing various cardiovascular events (e.g., stroke) compared to relatives from long-living
families (Newman et al., 2011). Therefore, compared to the general spousal population,

hypotensive spouses are likely more resilient to cognitive impairment at early stages. Additional
work may consider further stratifying these analyses by age to see if this association is
maintained or reversed as spouses age. On the contrary, relatives within the High NCVI risk
group performed slightly worse on MMSE compared to relatives in other NCVI risk groups.
Although this was not what we expected, this finding is consistent with results from a longevous
Scandinavian cohort which observed that those who experienced abnormal SBP (e.g.,
hypotensive) subsequently performed worse on global cognition measures (e.g., MMSE)
compared to normotensive groups (Molander et al., 2010b). Especially since global measures of
cognition are most commonly used in NCVI research, these conflicting group-based effects of
MMSE support the need for additional cross-sectional replication studies. At follow-up, MMSE
change results found that the Low NCVI risk group was significantly more likely to perform
worse compared to the High NCVI risk group. However, this association was attenuated in
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future models. Additionally, there were no longer any significant relative interaction effects on
MMSE. While this preliminary evidence suggests that the MMSE is a moderately sensitive
measure for this work, this is mostly observed at the cross-sectional timepoint. Furthermore,
while previous work within the TILDA cohort has found substantial evidence of a strong crosssectional association between NCVI and poor global cognition, researchers have expressed the
need for more longitudinal data to confirm these associations (Frewen et al., 2014, 2015;
Tyrovolas et al., 2016). It is also worth restating that global cognitive screeners often produce
ceiling effects amongst highly educated, healthy aging cohorts and are thereby likely insufficient
to capture meaningful variances across relative NCVI risk groups (Riello et al., 2021). Further
work should investigate if global cognition sensitivity can also be explained by certain features
(e.g., orientation, spatial reasoning) which are not otherwise captured within domain-specific
tests.
III.

NCVI and Semantic Fluency
While it was not observed within cross-sectional models, one consistent longitudinal
trend was that of significant semantic fluency (e.g., AF) decline within the Low NCVI risk group.
Specifically, Moderate and High NCVI risk groups were less likely to experience AF decline at
follow-up compared to the Low NCVI risk group, although no differences between spouses and
relatives were found. This association persisted even once medications were adjusted and

ultimately excluded. Thus, semantic fluency seems to be a sensitive cognitive measure for the
longitudinal association of NCVI and cognition. Previously, a comprehensive metareview found
an age-dependent relationship between BP and cognition, or “cardiovascular paradox”, such
that both low and high BP contributed to cognitive impairment in younger adults while a
reversed effect was found amongst older adults (Forte et al., 2019). Likewise, a similar effect
may be contributing to patterns of cognitive resilience within Moderate and High NCVI risk
groups.
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However, these effects may be limited to non-Hispanic whites (Stickel et al., 2019). To
compare findings from the TILDA study (e.g., predominantly Irish sample), a subsequent
replication study examined an aging Brazilian cohort and found that those with either
hypotension or hypertension (due to postural change) had lower verbal (i.e., semantic) fluency
performances compared to those without (Suemoto et al., 2019). This confirms the U-shaped
association of BP and cognition which has been previously found amongst elderly cohorts (Lv et
al., 2017; Waldstein et al., 2005). This also supports previous work which has utilized tests like
AF to indicate clear executive dysfunction in subjects with vascular cognitive impairment, likely
due to hypoperfusion to frontal-subcortical circuitry required for such tasks yet opposes current
trends found in the LLFS cohort (Herbert et al., 2014; Jefferson et al., 2007). Thus, further use
of semantic fluency in the association between NCVI and cognition amongst other comparability
cohorts, especially bilinguals, is required. As such, further work should investigate AF change
across NCVI risk groups stratified by age to see if this longitudinal association remains.
IV.

Clinical Implications
While there are likely shared physiological pathways (i.e., decreased baroreflex function)
which result in both hypotension and hypertension, prevalence of co-existing hypertension and
OH is especially heightened in elderly subjects with vascular co-morbidities and polypharmacy
use (Biaggioni, 2018; Divisón-Garrote et al., 2020). A similar concurrence was found in those
without antihypertensive drug use (e.g., uncontrolled hypertension) due to postural changes
(e.g., OH) (Gangavati et al., 2011). Furthermore, such individuals were found to be at greater
risk for falling at annual follow-up compared to those without co-existing BP (e.g., hypotensive,
hypertensive) behaviors (Gangavati et al., 2011). Older individuals with family history of
hypotensive or hypertensive behaviors and/or neurological disorders should be screened
accordingly for early signs of vascular cognitive impairment and monitored over time.

34

Much intervention research has since focused on the role of mid-life blood pressure on
late-life cognition and brain health. On average, BP is more likely to decline due to deteriorating
pathology which directly alters BP regulation and vascularization (i.e., stiffening of blood
vessels) (Reitz & Luchsinger, 2007). Those who experience elevated or high BP may experience a
“cardiovascular paradox” effect due to reduction/protraction of BP pathology over time.
However, this seems to be age and sex dependent (Hestad et al., 2020). By developing target BP
goals early on, we may be able to prevent or delay the onset of vascular cognitive impairment
and dementia in late life. Using a subset of the Honolulu-Asia Aging Study cohort, Peila et. al.
considered an a priori antihypertensive interventional treatment in subjects with high SBP in
midlife who also carried the apolipoprotein E (APOE) gene, which has been extensively
identified as a genetic risk factor for AD (Peila et al., 2001). Especially in those with greater
genetic (e.g., APOE) predisposition, higher midlife SBP was strongly associated with worsened
cognitive function. However, when treated with the antihypertensive intervention, those with
the APOE (ε4) allele and high SBP had a similar level of risk for cognitive decline compared to
those without these risk factors.
By a similar token, there is a growing amount of evidence of shared pathologies between
age-related neurodegenerative and vascular impairment (Schneider & Bennett, 2010). As such,
there is increasing prevalence of vascular cognitive impairment in demented patients who
clinically present with and without prior cardiovascular conditions (i.e., stroke) (Dichgans &
Leys, 2017). While the association between advanced stages of NCVI (e.g. OH) and dementia has
been established, more recent work has further considered the clinical trajectory of those at
advanced stages of NCVI (e.g., OH) into consequent MCI or dementia classification. OH
prevalence was higher in individuals who progressed to both MCI and dementia (i.e.,
particularly vascular dementia and Lewy Body) compared to those who reported subjective
cognitive decline (Mossello et al., 2015).
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On the other hand, leading intellectually stimulating, physically challenging, and socially
engaging lives may counter and even delay other negative health outcomes, as seen by findings
from long-lived cohorts (Sebastiani et al., 2013). Older participants from the LLFS and New
England Centenarian Study were found to exhibit lower prevalence of major chronic diseases
(Newman et al., 2011). While this review offers a preliminary glimpse, future NCVI work should
include multiple, diverse age-related cohorts in order to examine if a similar trend for NCVI
prevalence exists amongst exceptionally long-lived cohorts.
V.

Limitations
The focus of this paper was to consider the a priori association between NCVI and
cognition in prodromal stages. Therefore, subjects who reported pre-existing, chronic conditions
were excluded from all further analysis as these have been found to influence this association,
which likely has shared, neurodegenerative pathologies. However, there is an inherent selection
bias in this approach. To this point, those who elicited elevated BP at ages 50 or older were

expected to experience cardiovascular diseases earlier on in life compared to normotensives
(Franco et al., 2005). Upon a crosstabulation of demographics between included and excluded
subjects, there was a general decline in cognitive performance as well as increased SBP on
average in those who were ultimately excluded from all analyses (see Supplementary Table 14).
Thus, it is important to be cognizant of BP consequences, especially in non-EL families. Further
work should more critically incorporate these groups.
Another limitation of this research design is that fainting and fall events were based on
self-report (i.e., either by the participant or proxy) at baseline. There is an inherent recall bias
such that the timing of such events (e.g., one month before baseline visit vs. one year before
baseline visit) is likely underreported or misremembered (Althubaiti, 2016; O’ Brien & Anne
Kenny, 2014).
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While this work offers a novel look into how the association between NCVI and cognition
varies between relatives and spouse controls, it is possible that LLFS spouse controls are not
representative of the general aging populations. It has been previously posited that the inclusion
of spouse controls within exceptional, longevous cohorts such as LLFS as controls should be
cautioned due to strong evidence of assortative mating patterns (Sebastiani et al., 2017).
Therefore, future work should strongly consider replicating these approaches in other similarly
aged cohorts to better represent aging populations without long-lived ancestry.
Most work that has assessed the association of NCVI and cognition has focused on
clinical or hospital-based samples due to the nature of these advanced stages. However, in order
to consider NCVI in earlier stages, it is crucial to recruit from more population-based samples.
By a similar note, the majority of participants enrolled in the LLFS are of predominantly
Caucasian or European descent, and these groups generally have higher socioeconomic statuses
and better access to health care (Ash et al., 2015). The generalizable, external validity of our
findings will therefore require replication in other, ethnically diverse aging populations to better
understand how mid-life NCVI risk contributes to cognition in later life.
While the current study adjusted for multiple covariates (e.g., demographical, visit
duration, medication use) across all cross-sectional and longitudinal models, there are still
many other confounders (i.e., smoking history/use, alcohol history/use, mental illness, physical
activity) which were not included. Furthermore, these variables have been extensively studied
with respect to other pertinent cardiovascular and cerebrovascular health outcomes and
therefore deserve further investigation regarding the association between NCVI and cognition
(Goel et al., 2018; Gordon & Flanagan, 2016; Kraus et al., 2019; Nielsen et al., 2021).
Finally, one phenotype that is strikingly evident amongst geriatric communities, despite
often being overlooked or misrepresented is that of frailty (Lee et al., 2015). Previous work has
suggested the value of assessing symptoms of age-associated frailty (i.e., weakness, increased
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falls, hospitalizations) especially in assessing those with vascular or autonomic disorders (Chen
et al., 2014). Here, syncopal and/or fall history was incorporated into a primary NCVI variable
(in addition to SBP) to indicate if at least one event was experienced during the baseline visit.
While this study offers a first look into how early NCVI stages variably contributes to cognitive
decline in those without other related medical history, future work should more thoroughly
examine the effects of repeated syncopal and/or fall events on this primary association. On a
similar note, while they typically experience age-related decline and disease onset later in life,
relatives from longevous families deem a closer investigation of fainting and fall-related events
to assess frailty prevalence over time. By more critically assessing signs of frailty across various
subpopulations, we may be able to develop more robust interventional tools (e.g., medication
management, counseling) for those at highest levels of risk (Clegg et al., 2013).
VI.

Closing Remarks
Human cognitive aging can be exacerbated by chronic (e.g., vascular, metabolic)
conditions which develop over the life course (Morley, 2017). On the other hand, cognitive aging
can also be enhanced by more protective factors (i.e., cognitive plasticity) (Lindenberger, 2014).
Previous work has found that both abnormally low and high BP are contributors to subsequent
brain damage and cognitive impairment (Reitz & Luchsinger, 2007). In substantial crosssectional and longitudinal models, the deleterious effects of systemic diseases on cognition have
been widely accepted and studied across various patient groups (Aging et al., 2000). While
vascular co-morbidities (in addition to other criteria) were excluded prior to the analyses, both
hypotensive (e.g., indicative of primary NCVI risk) and hypertensive (e.g., indicative of
secondary or associated NCVI risk) SBP readings were ultimately captured at baseline.
To tease out incidental NCVI risk, we thereby developed two primary groups of interest:

Moderate NCVI risk group (i.e., indicative of pre-hypertensive or hypertensive SBP) and High
NCVI risk group (i.e., indicative of hypotensive SBP or fainting/fall events) to compare cognitive
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profiles between groups. While NCVI exists in prodromal stages (as elicited by Moderate and
High NCVI risk groups), its impacts on cognition seem to vary based on model type (e.g., crosssectional, longitudinal). Typically, patterns of cognitive decline over the lifespan seem to vary
based on whether a cognitive outcome is a measure of crystallized (i.e., accumulated or acquired
over time) or fluid (i.e., information processing of novel stimuli) skills has been found to vary
across different cognitive domains (Murman, 2015). Fluid abilities (e.g., processing speed,
working memory) have been found to decline rapidly with age while crystallized abilities (e.g.,
language, semantic fluency) are usually maintained (Bajpai et al., 2022). Likewise, subjects
within the High NCVI risk group were found to elicit poorer processing speed cross-sectionally
whilst semantic fluency remained intact at the longitudinal timepoint.
In order to better understand NCVI etiology and progression towards cognitive
impairment, we encourage future research models to incorporate both individuals at prodromal
(e.g., elicit occasional NCVI features) and advanced stages (e.g., elicit pre-existing, chronic
autonomic and/or neurodegenerative conditions) concurrently.
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Appendix

Medication Intake at Baseline (V1)
189

62
26
5
Antihypertensive

Lipid-Lowering Angina Treatment Diabetes Mellitus

Supplementary Figure 1: Medication Intake at Baseline (V1)

Prevalent Diseases at Baseline (V1)
2516

470

402

Heart Disease

Stroke

Hypertension

334

213

Diabetes

Peripheral
Artery Disease

Supplementary Figure 2: Prevalent Diseases at Baseline (V1)
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Supplementary Table 1: Total Subjects by NCVI Risk Group
All Subjects N (%)

Spouse Controls N (%)

Relatives N (%)

Low Risk Group

379 (39.6)

87 (42.0)

292 (38.9)

Moderate Risk Group

354 (37.0)

79 (38.2)

275 (36.6)

High Risk Group

208 (21.7)

36 (17.4)

172 (22.9)

Total

941 (98.2)

202 (97.6)

739 (100.0)

Supplementary Table 2: V1 Cognitive Performance by NCVI Risk Group, Relative
Status, and Sex

V1
Cognitive
Outcome

NCVI Risk Group

Relative Status

Sex

NCVI = 1

NCVI = 2

NCVI = 3

Spouse
Controls

Relatives

Males

Females

MMSE

29.25
(1.12)

29.15
(01.14)

29.21
(01.11)

29.19
(1.39)

29.19
(1.89)

29.28
(1.71)

29.05
(1.91)

AF

23.30
(5.61)

22.69
(05.56)

22.78
(05.30)

22.57
(5.73)

22.83
(6.16)

22.91
(6.29)

22.57
(5.71)

LM (avg)

13.28
(3.64)

12.95
(03.61)

13.24
(03.61)

13.18
(3.85)

13.71
(3.75)

13.93
(3.76)

13.08
(3.74)

Digits F/B
(sum)

15.58
(3.93)

15.00
(03.92)

16.23
(03.84)

13.86
(4.05)

14.84
(4.10)

14.69
(4.02)

14.53
(4.24)

DSST

53.59
(11.94)

51.51
(11.99)

53.08
(10.81)

47.39
(12.14)

51.09
(11.48)

52.31
(11.97)

47.16
(10.60)
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Supplementary Table 3: V2 Cognitive Performance by NCVI Risk Group, Relative
Status, and Sex

V2
Cognitive
Outcome

NCVI Risk Group

Relative Status

Sex

NCVI = 1

NCVI = 2

NCVI = 3

Spouse
Controls

Relatives

Males

Females

MMSE

29.17
(1.89)

29.06
(2.05)

29.44
(0.91)

29.26
(1.18)

29.23
(1.06)

29.31
(1.02)

29.11
(1.17)

AF

22.74
(5.94)

22.86
(6.46)

22.91
(5.71)

23.26
(5.80)

22.95
(5.47)

23.24
(5.50)

22.66
(5.58)

LM (avg)

13.67
(3.56)

13.48
(3.98)

13.79
(3.76)

12.90
(3.66)

13.29
(3.61)

13.49
(3.66)

12.76
(3.52)

Digits F/B
(sum)

14.80
(4.08)

13.96
(4.14)

15.36
(3.97)

14.67
(4.01)

15.69
(3.89)

15.47
(3.89)

15.47
(4.02)

DSST

51.27
(12.02)

48.63
(11.80)

50.92
(10.72)

50.83
(12.46)

53.25
(11.37)

54.70
(11.54)

49.66
(11.16)
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Supplementary Table 4: List of All Cross-Sectional and Longitudinal Models

Cross sectional Models
Model 1: Adjusted for Age, Sex,

DV

IV

Alteration

V1 NCVI

N/A

V1 Cognition

V1 NCVI

Relative Status * NCVI

V1 Cognition

Education, Field Center, Relative
Status
Model 1 + Relative Interaction

interaction term included
Model 2: Adjusted for Age, Sex,

V1 NCVI

Education, Field Center, Relative

Medication use included

V1 Cognition

as covariate

Status, Medication Use
Model 2 + Relative Interaction

V1 NCVI

Relative Status * NCVI

V1 Cognition

interaction term included
Sensitivity Model 1: no relative

V1 NCVI

interaction term included
Sensitivity Model 2: relative

Model 1: Adjusted for Age, Sex,

V1 Cognition

use at V1
V1 NCVI

interaction term included
Longitudinal Models

Excluded for medication
Excluded for medication

V1 Cognition

use at V1
DV
V1 NCVI

Alteration
N/A

Education, Field Center, Relative

IV
V2-V1
Cognition

Status
Model 1 + Relative Interaction
Model 2: Adjusted for Age, Sex,

V1 NCVI
V1 NCVI

Education, Field Center, Relative

Relative Status * NCVI

V2-V1

interaction term included

Cognition

Medication use included

V2-V1

as covariate

Cognition

Relative Status * NCVI

V2-V1

interaction term included

Cognition

Excluded for medication

V2-V1

use at V1

Cognition

Excluded for medication

V2-V1

use at V1

Cognition

Status, Medication Use
Model 2 + Relative Interaction
Sensitivity Model 1: no relative

V1 NCVI
V1 NCVI

interaction term included
Sensitivity Model 2: relative
interaction term included

V1 NCVI
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Supplementary Table 5: Descriptives of V1 Demographics by NCVI Risk Group (N =
1,004)
Note: Medication use refers to all eligible subjects who self-reported at least one medication type
(antihypertensive, lipid-lowering, angina treatment, diabetic).

Demographic Variable
Age, mean (sd)

Low NCVI Risk
Group
59.5 (6.37)

Moderate NCVI
Risk Group
60.8 (6.47)

High NCVI Risk
Group
59.5 (5.97)

Sex
244

201

157

Females, N (%)

152

169

81

Relative Status

NS

Relatives, N (%)

303

286

18

Controls, N (%)

93

84

40

13.3 (2.79)

12.6 (3.00)

13.4 (2.61)

Field Center

<.001
<.001

BU Field Center, N (%)

89

85

75

NY Field Center, N (%)

79

66

62

DK Field Center, N (%)

116

144

40

PT Field Center, N (%)

112

75

61

111.1 (5.27)

128.3 (5.70)

114.8 (13.8)

Fainting/Falls, mean (sd)

N/A

N/A

0.86 (0.35)

Medication Use, N (%)

0.25.2)

0.25.1)

62 (28.8)

SBP, mean (sd)

.007
.012

Males, N (%)

Education, mean (sd)

Significance

<.001

NS
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Supplementary Table 6: Descriptives of V2 Demographics by NCVI Risk Group
(N = 941)
Demographic Variable
Age, mean (sd)

Low NCVI Risk
Group
59.5 (6.29)

Moderate NCVI
Risk Group
60.9 (6.44)

High NCVI
Risk Group
59.4 (6.01)

Sex

.040
.007

Males, N (%)

235

194

141

Females, N (%)

144

160

67

Relative Status

NS

Relatives, N (%)

292

275

172

Controls, N (%)

87

79

36

13.3 (2.80)

12.6 (3.00)

13.4 (2.57)

Education, mean (sd)

Significance

Field Center

.014
<.001

NY Field Center, N (%)

73

62

56

DK Field Center, N (%)

73

62

35

PT Field Center, N (%)

107

71

55

PT Field Center, N (%)

107

71

55

Fainting/Falls, mean (sd)

N/A

N/A

0.85 (0.36)

<.001

6.81 (2.87)

.042

Duration between V1 and
V2, mean (sd)

7.08 (2.73)

7.26 (2.61)
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Normotensive

Hypotensive

Total

Total

Elevated BP

Faints/ Falls
Reported at
V1

S1 Hypertensive

No Faints/
Falls Reported
at V1

S2 Hypertensive

Supplementary Table 7: Crosstabulations of Fainting/Fall Events by SBP Group in
All Subjects

Count

8

134

212

379

31

764

% within Faint/Fall

1.0%

17.5%

27.7%

49.6%

4.1%

100.0%

% within SBP
Group

88.9%

79.8%

80.3%

82.6%

77.5%

81.3%

% of Total

0.9%

14.3%

22.6%

40.3%

3.3%

81.3%

Count

1

34

52

80

9

176

% within Faint/Fall

0.6%

19.3%

29.5%

45.5%

5.1%

100.0%

% within SBP
Group

11.1%

20.2%

19.7%

17.4%

22.5%

18.7%

% of Total

0.1%

3.6%

5.5%

8.5%

1.0%

18.7%

Count

9

168

264

459

40

940

% within Faint/Fall

1.0%

17.9%

28.1%

48.8%

4.3%

100.0%

% within SBP
Group

100.0%

100.0%

100.0%

100.0%

100.0%

100.0%
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No Faints/ Falls
Reported at V1

Total

Total

Hypotensive

Normotensive

Elevated BP

Count

4

29

46

87

4

170

% within Faint/Fall

2.4%

17.1%

27.1%

51.2%

2.4%

100.0
%

78.4%

86.8%

87.0%

50.0%

84.2%

% of Total

100.0
%
2.0%

14.4%

22.8%

43.1%

2.0%

84.2%

Count

0

8

7

13

4

32

% within Faint/Fall

0.0%

25.0%

21.9%

40.6%

12.5%

% within SBP Group
% of Total
Count

0.0%
0.0%
4

21.6%
4.0%
37

13.2%
3.5%
53

13.0%
6.4%
100

50.0%
2.0%
8

% within Faint/Fall

2.0%

18.3%

26.2%

49.5%

4.0%

% within SBP Group

100.0
%

100.0%

100.0
%

100.0
%

100.0
%

% within SBP Group
Faints/ Falls
Reported at V1

S1 Hypertensive

S2 Hypertensive

Supplementary Table 8: Crosstabulations of Fainting/Fall Events by SBP Group in
Spouse Controls

100.0
%
15.8%
15.8%
202
100.0
%
100.0
%
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Normotensive

Hypotensive

Total

Total

Elevated BP

Faints/ Falls
Reported at V1

S1 Hypertensive

No Faints/
Falls Reported
at V1

S2 Hypertensive

Supplementary Table 9: Crosstabulations of Fainting/Fall Events by SBP Group in
Relatives

4

105

166

292

27

594

0.7%

17.7%

27.9%

49.2%

4.5%

100.0%

80.0%

80.2%

78.7%

81.3%

84.4%

80.5%

% of Total

0.5%

14.2%

22.5%

39.6%

3.7%

80.5%

Count

1

26

45

67

5

144

0.7%

18.1%

31.3%

46.5%

3.5%

100.0%

20.0%

19.8%

21.3%

18.7%

15.6%

19.5%

0.1%
5

3.5%
131

6.1%
211

9.1%
359

0.7%
32

19.5%
738

0.7%

17.8%

28.6%

48.6%

4.3%

100.0%

100.0
%

100.0%

100.0%

100.0%

100.0%

100.0%

Count
% within
Faint/Fall
% within SBP
Group

% within
Faint/Fall
% within SBP
Group
% of Total
Count
% within
Faint/Fall
% within SBP
Group
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Supplementary Table 10: V1 Cognitive Performance by NCVI Risk Group, Relative
Status, and Sex

V1
Cognitive
Outcome

NCVI Risk Group

Relative Status

Sex

NCVI = 1

NCVI = 2

NCVI = 3

Spouse
Controls

Relatives

MMSE

29.25
(1.12)

29.15
(01.14)

29.21
(01.11)

29.19
(1.39)

29.19
(1.89)

29.28
(1.71)

29.05
(1.91)

AF

23.30
(5.61)

22.69
(05.56)

22.78
(05.30)

22.57
(5.73)

22.83
(6.16)

22.91
(6.29)

22.57
(5.71)

LM (avg)

13.28
(3.64)

12.95
(03.61)

13.24
(03.61)

13.18
(3.85)

13.71
(3.75)

13.93
(3.76)

13.08
(3.74)

Digits F/B
(sum)

15.58
(3.93)

15.00
(03.92)

16.23
(03.84)

13.86
(4.05)

14.84
(4.10)

14.69
(4.02)

14.53
(4.24)

DSST

53.59
(11.94)

51.51
(11.99)

53.08
(10.81)

47.39
(12.14)

51.09
(11.48)

52.31
(11.97)

47.16
(10.60)

Males

Females
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Supplementary Table 11: V2 Cognitive Performance by NCVI Risk Group, Relative
Status, and Sex

V2
Cognitive
Outcome

NCVI Risk Group

Relative Status

Sex

NCVI = 1

NCVI = 2

NCVI = 3

Spouse
Controls

Relatives

MMSE

29.17
(1.89)

29.06
(2.05)

29.44
(0.91)

29.26
(1.18)

29.23
(1.06)

29.31
(1.02)

29.11
(1.17)

AF

22.74
(5.94)

22.86
(6.46)

22.91
(5.71)

23.26
(5.80)

22.95
(5.47)

23.24
(5.50)

22.66
(5.58)

LM (avg)

13.67
(3.56)

13.48
(3.98)

13.79
(3.76)

12.90
(3.66)

13.29
(3.61)

13.49
(3.66)

12.76
(3.52)

Digits F/B
(sum)

14.80
(4.08)

13.96
(4.14)

15.36
(3.97)

14.67
(4.01)

15.69
(3.89)

15.47
(3.89)

15.47
(4.02)

DSST

51.27
(12.02)

48.63
(11.80)

50.92
(10.72)

50.83
(12.46)

53.25
(11.37)

54.70
(11.54)

49.66
(11.16)

Males

Females
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Supplementary Table 12: Estimated Marginal Means for All Cross-Sectional
Models

MMSE

AF

LM

F/B

Cross sectional Model 1 – Adjusted for Age, Sex, Education, Field Center, Relative
Status
NCVI = 3
29.19
22.83
13.09
15.97
NCVI = 2
29.18
22.58
12.97
15.65
NCVI = 1
29.20
23.04
13.09
15.67
Cross sectional Model 2 – Adjusted for Age, Sex, Education, Field Center, Relative
Status, Medication Use
NCVI = 3
29.16
23.07
12.99
16.11
NCVI = 2
29.17
22.82
13.06
15.73
NCVI = 1
29.24
23.15
13.17
15.77
Cross sectional Model 1 + Relative Interaction Term
NCVI = 3
29.30
22.95
13.29
16.17
NCVI = 2
29.17
22.41
12.87
15.61
NCVI = 1
29.16
23.15
13.11
15.63
Relatives Only
NCVI = 3
29.11
22.71
13.07
15.82
NCVI = 2
29.17
22.68
13.13
15.63
NCVI = 1
29.22
22.89
13.17
15.65
Spouse Controls Only
NCVI = 3
29.48
23.19
13.50
16.51
NCVI = 2
29.18
22.14
12.61
15.59
NCVI = 1
29.10
23.40
13.04
15.61
Cross sectional Model 2 + Relative Interaction Term
NCVI = 3
29.27
23.19
13.22
16.23
NCVI = 2
29.16
22.74
12.84
15.69
NCVI = 1
29.20
23.16
13.26
15.75
Relatives Only
NCVI = 3
29.08
22.82
13.08
15.98
NCVI = 2
29.15
22.69
13.42
15.69
NCVI = 1
29.24
22.94
13.29
15.73
Spouse Controls Only
NCVI = 3
29.47
23.56
13.36
16.47
NCVI = 2
29.18
22.80
12.25
15.69
NCVI = 1
29.16
23.38
13.22
15.78

DSST
52.16
53.77
53.67

52.22
53.85
53.93
52.02
53.38
54.06
51.67
53.51
52.75
52.37
53.26
55.37
51.87
53.76
54.13
51.64
53.17
53.00
52.10
54.34
55.26
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Supplementary Table 13: Estimated Marginal Means for All Longitudinal Models

MMSE

AF

LM

Longitudinal Model 1 – Adjusted for Age, Sex, Education, Field Center, Relative
Status
NCVI = 3
0.15
0.38
0.33
NCVI = 2
0.21
0.37
0.32
NCVI = 1
0.23
0.47
0.36
Longitudinal Model 2 – Adjusted for Age, Sex, Education, Field Center, Relative
Status, Medication Use
NCVI = 3
0.16
0.36
0.31
NCVI = 2
0.21
0.35
0.31
NCVI = 1
0.21
0.45
0.33
Longitudinal Model 1 + Relative Interaction Term
NCVI = 3
0.14
0.37
0.32
NCVI = 2
0.20
0.37
0.33
NCVI = 1
0.24
0.47
0.36
Relatives Only
NCVI = 3
0.17
0.36
0.32
NCVI = 2
0.22
0.35
0.29
NCVI = 1
0.21
0.45
0.35
Spouse Controls Only
NCVI = 3
0.11
0.38
0.32
NCVI = 2
0.17
0.39
0.37
NCVI = 1
0.27
0.5
0.36
Longitudinal Model 2 + Relative Interaction Term
NCVI = 3
0.15
0.36
0.29
NCVI = 2
0.20
0.36
0.33
NCVI = 1
0.22
0.44
0.32
Relatives Only
NCVI = 3
0.17
0.35
0.30
NCVI = 2
0.21
0.33
0.28
NCVI = 1
0.21
0.44
0.32
Spouse Controls Only
NCVI = 3
0.12
0.37
0.28
NCVI = 2
0.19
0.38
0.39
NCVI = 1
0.23
0.45
0.31

F/B

DSST

0.50
0.46
0.46

0.62
0.59
0.63

0.49
0.47
0.45

0.61
0.57
0.63

0.48
0.46
0.47

0.61
0.59
0.63

0.55
0.5
0.48

0.56
0.51
0.56

0.42
0.42
0.45

0.66
0.65
0.71

0.45
0.47
0.46

0.57
0.61
0.62

0.54
0.49
0.47

0.54
0.47
0.57

0.37
0.46
0.45

0.60
0.73
0.67
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Supplementary Table 14: Comparison of Demographics in Excluded vs. Included
LLFS Samples

N Excluded

Mean

Mean

Std.
Deviation

LLFS Relatives

6479

0.78

0.4140

1113

0.77

0.4210

Age

6329

70.27

15.6430

1113

59.99

6.3750

Sex

6327

1.54

0.4980

1113

1.61

0.4890

Education

6315

11.59

3.5789

1111

12.99

2.8958

SBP (mmHg)

6276

135.82

21.4600

1110

118.50

11.1980

Faints/ Falls
Reported at V1

5852

0.30

0.3981

999

0.20

0.3981

Medications
Reported at V1

5960

0.68

0.4366

930

0.26

0.4366

6283

27.84

1.1520

1113

29.19

1.1520

6833

19.61

5.5850

1113

22.89

5.5850

6743

10.74

3.6769

1113

13.14

3.6769

6819

14.54

3.9163

1112

15.42

3.9163

6608

43.77

11.8440

1113

52.39

11.8440

MMSE
AF
LM (avg)
Digits F/B (sum)
DSST

Std. N Included
Deviation
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