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Abstract: Background: Cardiovascular disease and dementia represent two health problems that may
be causally connected. Studies have shown patients with dementia to have reduced cardiovascular
health measures, where patients with dementia also have reduced electrophysiological brain activity
as measured by event-related potentials (ERP’s). Few studies have attempted to correlate the two:
cardiovascular health and ERP brain activity. The objective of this study is to determine if there are
ERP differences between patients with lower versus higher measures of cardiovascular risk. Methods:
For 180 patients ages 53 (16) years, Audio P300 ERP amplitudes and latencies (speeds) were measured
upon initial patient visit alongside other clinical evaluations. Cardiovascular risk was categorized
into good versus poor levels for blood pressure resting and stressed, E/A Ratio, atherosclerosis, and
carotid intima-media thickness. Results: Groups with good levels had lower latencies (faster P300’s)
and higher amplitudes than those with poor levels across all cardiovascular risk measures, significant
to p < 0.05 for most parameters. While both cardiovascular health and P300 metrics decline with age,
poor blood pressure and plaque was seen to affect P300 performance across all age groups in this
study. Conclusion: These data suggest correlation between brain activity, as measured by the P300,
and five standard measures of cardiovascular health and this correlation may begin at an early age.
While further explorations are warranted, these results could have implications on the management
of preventative medicine by bringing preventative cardiology and brain health together.

Keywords: electroencephalogram (EEG); P300; event related potential (ERP); brainwave; cardiovas-
cular disease (CVD)

1. Introduction

Cardiovascular Disease (CVD) and dementia represent two pressing health problems
and there is strong evidence that links the risk factors of both [1-4]. Countries with
growing economies are seeing an extreme increase in people developing CVD, already a
major cause of death and one of the most frequent causes of hospitalization in the United
States [5]. Hypertension (HTN), defined as elevated systolic blood pressure or diastolic
blood pressure, remains a leading cause of CVD and the effects of HTN on the brain from
CVD are numerous. A recent study of 22,000 healthy individuals, for example, found
that elevated blood pressure correlated with reduced executive function [6]. The cognitive
decline associated with HTN is the result of vascular changes resulting from long-term,
elevated blood pressures. Elevated blood pressure is a direct cause of vascular remodeling
and has been repeatedly shown to cause an increase in arterial wall thickness and a
decrease in lumen diameter [7,8]. This remodeling in cerebral arteries occurs as an adaptive
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process that protects the brain from increased blood pressures. Failure to remodel cerebral
arteries can lead to vasogenic edema and a breakdown of the blood-brain barrier resulting
in damage to the surrounding cerebral tissues [7]. Likewise, the vascular remodeling
undergone to protect the brain from damage as a result of these elevated pressures can
have detrimental effects on cognitive functioning as findings such as increased arterial wall
thickness and decreased lumen diameter result in decreased blood flow to the cerebral
tissues. A recent study found that although the brain continues to create new neurons
throughout old age, angiogenesis, the formation of new blood vessels, slows with age
causing a decrease in cerebral blood flow and a resultant decrease in neuroplasticity [9].
The study’s findings suggest that through behavior modification to increase cerebral blood
flow, it may be possible to decrease the risk for age-related cognitive decline.

Dementing diseases affect 5.6 million Americans, and the associated costs are approach-
ing $290 billion annually [10,11]. A recent Harris poll confirms the generally accepted idea
that populations of all ages, and particularly the baby boomer population, is increasingly
concerned about mental decline in the aging process, with those over 50 citing Alzheimer’s
Disease as their greatest fear even over cancer and heart disease [12]. Dementing diseases
notwithstanding, as the population ages, a wealth of cultural value is lost as general mental
performance declines—declines that are a part of normal aging and not dementia.

While cardiovascular risk factor modification may play an important role in brain
health and cardiovascular health measurements are commonly used in clinical practice,
physiologic measurements of brain activity are virtually absent in clinics except for patients
with a pending neurologic diagnosis. Given the advent of new technologies, in-clinic mea-
sures of brain function can now be obtained alongside standard cardiovascular health mea-
sures and the goal of this study, therefore, is to investigate the relation between commonly
measured cardiovascular-risk markers and brain activity to identify potential correlates.
These are important questions where the hope is that risk factor modification may prove as
effective in the prevention of dementia as it has for CVD [13]. In addition, given the climate
of fear surrounding Alzheimer’s Disease and other dementias, this brain-heart information
may also aid in patient compliance to prescribed interventions.

1.1. Clinical Measures
1.1.1. Vascular Risk

This study focuses on five common clinical measures of vascular risk: blood pressure
during stress (BPS), blood pressure resting (BPR), presence of atherosclerosis (Plaque) in
the common carotid artery, carotid intima-media thickness (CIMT), and E/A Ratio.

Blood pressure is the most common clinical measure of cardiovascular health where
decreasing blood pressure levels have been associated with a decreased risk of cardiovas-
cular events [14,15]. As discussed, HTN is a major health concern that is pervasive across
class, gender, and race [16,17].

Plaque is another commonly measured clinical marker as atherosclerosis has long-been
thought to be a leading cause of CVD and stroke, where plaque development can lead to
a greater arterial wall thickness, atherosclerosis, and acute coronary syndromes [18,19].
Atherosclerosis is a buildup of plaque in the arteries caused from excessive amounts of
cholesterol and other products [20]. Presence of plaque can be an important cardiovascular
risk factor and early detection is often considered a top clinical priority [21]. CIMT, an
ultrasonic measure of carotid thickness, can also provide an affordable and noninvasive
option for monitoring the development of atherosclerosis and is therefore included in this
study [20,22].

Finally, E/ A ratio is another common measure included in this study. Diastolic heart
failure, or heart failure with preserved ejection fraction, is cited by the American Academy
of Family Physicians as a major cause of morbidity and mortality in patients with car-
diovascular risk factors [22]. The most common cause of diastolic heart failure is chronic,
uncontrolled HTN which leads to left ventricular hypertrophy and decreased compli-
ance [23]. It is additionally more common in the elderly as aging leads to increased collagen
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cross-linking and loss of elastic fibers which causes ventricular stiffness and decreased
compliance [24]. Diastolic dysfunction is an early sign of diastolic heart failure and Doppler
echocardiography has been used as a noninvasive tool for detecting abnormalities by
measuring the ratio between the peak velocity of early filling (E) and the peak velocity of
late filling (A) [22,25]. Monitoring E/A Ratio may assist in early identification of diastolic
abnormalities [26].

1.1.2. Brain Activity Measures

This study utilizes event-related potentials (ERP) as an in-clinic measure of cerebral
activity. ERPs are a measurement of the electroencephalogram (EEG) signal time-locked to
the onset of a given stimulus and consist of different components labeled by their polarity (P
for positive or N for negative) and their time of occurrence after the stimulus in milliseconds
(e.g., P300).

This study employs the P300 during an audio oddball task. This protocol is well suited
for in-clinic measurements because it has been extensively studied, is readily standardizable
and can be implemented on a large scale [27]. The P300 parameters reported here include
amplitude and latency that focus on the brain’s recognition of the odd tone as different as
measured by cortical voltage changes, most reliably in the central-parietal regions. P300
amplitude is thought to be proportional to the number of attentional resources devoted
to a given task where P300 latency (the delay between stimulus delivery and recognition
of the oddball tone as different) is a measure of stimulus classification speed [28]. As
an increase in the P300 peak latency, and/or a decrease in the P300 peak amplitude are
observed in various conditions accompanied by the impairment of cognitive functions,
including aging, dementia, mild traumatic brain injury (mTBI), and depressive disorders,
these measurements are considered nonspecific [29].

While P300 has been investigated for a large variety of conditions, few studies have
focused on heart health. One study found delays in P300 latencies in hypertensive elderly
patients, relative to normotensives but the sample size was not large enough to draw any
statistically significant conclusions regarding P300 and blood pressure [30].

The main objective for this study is to use an audio P300 protocol alongside the
above-mentioned measures of heart health to determine if there is a correlation with
heart health and cognitive brain processing. Specifically, is there a statistically significant
difference in P300 parameters between those with healthy and unhealthy cardiovascular
biomarker levels?

2. Materials and Methods
2.1. Subjects and Clinical Procedure

The subjects for this study were comprised of all healthy subjects who visited the
Boone Heart Institute for a combined preventative cardiology and EEG/ERP evaluation for
the 2-year duration of the study. This clinic is self pay and its patients enroll in the program
for health optimization and not to treat a disease state. Exclusion criteria included taking
beta-blockers or psychiatric medication, had a history of stroke, or suspected dementia,
and those who had lower than 80% yield on the audio P300 protocol due to artifact. Out
of the total sample size of 321 subjects, heart-health and brain-function parameters were
obtained on 180, of whom 119 were male and 61 female and with an average age of 53 (16)
years. Of these 180 patients, 21 were excluded based on the criteria outlined above. The
study was approved by the Solutions Institutional Review Board and written informed
consent was obtained from the participants before study intake.

The evaluation included a blood test, WAVi Brain Assessment which included EEG,
and audio P300, blood pressure readings at rest (BPR) and during stress on the treadmill
(BPS), genetic tests, carotid ultrasound, Doppler echocardiography, and electrocardiogram.
Measures relevant for this study are audio P300, blood pressure (sitting and stress), E/ A
Ratio, and CIMT using standard B-mode ultrasound with measures obtained using multiple
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carotid images one centimeter proximal to the carotid bifurcation and extracted with
Sonocalc software (SonoSite Inc., Bothell, WA, USA) (https://www.sonosite.com/).

After fasting overnight, subjects arrived at Boone Heart Institute in the morning (9
a.m.—12 p.m.) for a blood test, blood pressure readings, treadmill and other standard clinical
evaluations. Immediately following, subjects were allowed a small snack (i.e., Trail Mix),
hydration, and time to relax before the WAVi Brain Assessment.

2.2. EEG Acquisition and Preprocessing

The EEG was recorded using the WAVi® Research Platform (WAVi Research, Boulder,
CO, USA) sampled at 250 Hz and bandpass filtered between 0.5-30 Hz. The electrodes
were placed according to the International 10-20 system using caps with 19 tin electrodes
(both with the WAVi Headset and Electro-cap International Inc., Eaton, OH, USA). Linked
reference electrodes were placed at the earlobes.

The test administrators were instructed to establish electrode impedances below 30 k(2
for EEG locations and below 20 k() for the ground-to-ear locations where possible. These
targets are well below the 1 G} input impedance of the WAVi amplifiers, are practical
regarding preparation time, and produced sufficient yield [31].

To be consistent with the goal of administering a simplified test, a continuous 4 min 2-
tone audio oddball eyes- closed P300 protocol was used. Here, 200 common tones (1000 Hz)
and 40 rare tones (2777 Hz) were delivered in random order over the span of 4 min, using
a 0.95 s interstimulus interval with a 50 ms tone length. The tones were delivered using
Skullcandy™ over the ear headphones, at 65 dB. The time, and strength, of the brain’s
identification of the rare tone provides the brain metrics for this study.

2.3. EEG Extraction

The WAVi Research Desktop V 0.9.7.2 was used to extract and analyze the EEG data,
which included automatic artifact (noise) rejection where EEG segments with excessive
amplitude and/or frequency activities were automatically excluded from analysis on a
channel-by-channel basis. While many methods exist for removing movement and other
artifacts, this technique produces acceptable test-retest variance. Data were then visually
inspected for noise to verify the accuracy of the automated artifacting.

P300 components were measured by identifying the positive extremum in the latency
range of 240-500 ms. The depth (P300V) was then extracted from the mean amplitude of
all stimuli and the latency (P300T) is the delay recorded for that depth. Each independent
ERP epoch was baseline corrected using the 100 ms pre-stimulus period.

P300 parameters are typically extracted from the Cz, or Pz, or the average of various
sites. Here, we report a P300 uV that is the highest amplitude from the 6 central-parietal
(C-P) scalp sites (C3, Cz, C4, P3, Pz, P4), and the fastest P300 time (smallest latency) from
these same 6 C-P sites. These sites both produce an acceptable test-retest variance but have
also been noted as the most useful for mTBI identification in previous studies [32,33].

2.4. Statistics

The goal of this paper is to compare ERP values between groups of healthy individuals
deemed to have good cardiovascular markers and those deemed poor according to the
Boone Heart Institute protocol (Table 1). As this clinic focusses on health optimization or
prevention and not on disease states, these procedures may be more stringent than other
standards, though the values of good and poor blood pressure targets are consistent with
previously cited studies [3,6]. Note that in the case of blood pressure and E/A ratio, the
middle range has been excluded in order to create the two analysis categories. In Table 1,
either poor systolic OR poor diastolic blood pressure qualifies as poor blood pressure for
this study.
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Table 1. Good vs. Poor Levels for the heart biomarkers used in the study, with ranges following the

protocols of the Boone Heart Institute.

\ Heart Biomarkers \ Good Levels \ Poor Levels

‘ Blood Pressure (stress) ‘ <130/90 mmHg ‘ >141/101 mmHg
‘ Blood Pressure (rest) ‘ <120/80 mmHg ‘ >136/91 mmHg
‘ Plaque ‘ No ‘ Yes

\ CIMT \ <0.6 mm \ >0.61 mm

‘ E/A Ratio (supine) ‘ >1.3 ‘ <1.1

The groups of Table 1 were compared using unpaired two-sample t-tests. As studies

have shown that P300 parameters decline with conditions that affect cognition, we hypothe-
size that P300 metrics should improve when cardiovascular biomarkers are deemed healthy.

We therefore use a 1-tailed t-test and set our significance to p < 0.05 in comparing group
differences. Note that we also compared P300 parameters between medication categories,
discussed below. In these cases, we use a 2-tailed test. In response to a concern over the
lack of reproducibility of certain medical studies, we set our p value cutoff to 0.05 with a

minimum meaningful effect size of Cohens D > 0.50 [34].

3. Results

P300 responses were larger and faster for all groups with the healthier cardiovascular
markers, averaging a 16% increase in voltage and 8% decrease in latency for the healthy

groups across all clinical measures (Table 2).

Table 2. Differences in P300 between subjects classified as good versus poor for the cardiovascular
biomarkers of Table 1. Bold values represent significant differences, p < 0.05, and large effect sizes,
Cohen’s D > 0.55. No effect sizes are given for non-significant parameters.

| Heart Biomarkers | N \ P300T (SD) \ P300V (SD)
| BPStress Good | 28 \ 304 (44) ms \ 16.1(7.7) uvV
‘ BP Stress Poor ‘ 80 ‘ 325 (51) ms ‘ 11.9 (4.6) uv
| pValue (CohD) | \ 0.020 (0.44) \ 0.005 (0.60)
\ BP Rest Good \ 30 \ 306 (47) ms \ 16.0 (7.8) uV
\ BP Rest Poor \ 58 \ 322 (50) ms \ 11.3 (4.3) uV
| p Value (CohD) \ \ 0.061 \ 0.002 (0.79)
| EARatioGood | 50 \ 302 (43) ms \ 13.6 (5.7) uV
\ EA Ratio Poor \ 69 \ 327 (63) \ 12.7 (5.5) uV
| pValue (CohD) | \ 0.005 (0.46) \ 0.2

\ Plaque Good \ 46 \ 293 (35) ms \ 14.2 (5.7) uV
\ Plaque Poor \ 105 \ 327 (53) ms \ 125 (5.7) uV
| p Value (CohD) \ \ <0.001 (0.76) \ 0.047 (0.33)
\ CIMT Good \ 84 \ 308 (46) ms \ 13.0 (6.1) uvV
\ CIMT Poor \ 68 \ 327 (54) ms \ 13.0 (5.2) uV
| pValue (CohD) | \ 0.014 (0.39) \ 0.3

Figure 1 shows the result for patients with plaque and patients without plaque, both
as topographs highlighting voltage amplitudes across the cortex and as voltage versus
time plots. Figure 2 shows voltage plots for blood pressure groups. In both plots the delay
and reduction of the P300 evoked response is evident (large positive downward peak near
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Amplitude (uV)

Evoked Voltages at channel FZ

300 ms) for the groups with poorer heart health. It is interesting to note that this reduction
is not seen on the frontal locations and only at the central-parietal locations where the P300
is strongest and thought to be most reliable.

Evoked response (no plaque) Evoked response (with plaque)

Amplitude (UV)
Amplitude (uV)

0 100 200 300 400 500 600 700 0 100 200 360 400 500 600 700
time (ms) time (ms)

Evoked Voltages FZ Evoked Voltages PZ

Figure 1. P300 response for patients with and without plaque. Top display shows P300 amplitudes
(blue-red = 0-10 uV) across scalp locations and bottom shows response voltages as a function of
post-stimulus time for two scalp locations (frontal Fz and parietal Pz). Arrows illustrate the link to
scalp locations (bottom plots) where the black curves represent voltages averaged for all patients
without plaque and the red curve is the average for all patients with plaque. Note that it takes around
300 ms for the brain to cognitively distinguish the novel signal (vertical blue lines) as indicated by
the prominent positive downward peak. This study utilizes the depth and timing of this peak as
dependent variables of interest. Here, it can be seen that the patients with plaque had on average a
smaller and slower parietal (but not frontal) P300 response than those without.

Evoked Voltages at channel PZ

— Poor BP
— Good BP

Amplitude (uv)
B

| —— Poor BP
1 — Good BP

100

200

300 400 500 600 700 0 100 200 300 400 500 600 700
time (ms) time (ms)

Figure 2. Evoked responses for patients with Good and Poor blood pressure (stressed) as a function
of post-stimulus time for two scalp locations (frontal Fz scalp location and parietal Pz location). Black
curves represent voltages averaged for all patients with good levels and the red curve is the average
for all patients with poor levels. Here, it can be seen that the patients with poor blood pressure had
on average a smaller and slower parietal P300 response than those with good levels. Again, we do
not see this effect in the frontal locations.
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The higher P300 amplitudes were statistically significant (p < 0.05) for the blood
pressure stressed, resting, and E/A groups, whereas Plaque and CIMT differences were
not (Table 2). The faster P300 speeds (lower latencies) were significant for all groups with
the healthier cardiovascular markers across all clinical measures (p < 0.05 with medium
to large effect sizes) for all parameters except blood pressure sitting. The blood pressure
differences are comparable in direction to a previous study with a smaller sample size [32].

All clinical measures agreed with the hypothesis in that the direction of the effect
showed increased P300 parameters (speed and voltage) with better cardiovascular health
(as shown in Figures 3 and 4).

P300 Latency

330 -

325
320
315
295
290
285
280 r : : : S -

BPS Good BPS Poor BPR Good BPR Poor E/AGood E/A Poor Plague Good Plaque Poor CIMT Good CIMT Poor

w
-
o

P300 Latency (ms)

Figure 3. The average P300 latency for all tested heart biomarkers comparing Good versus Poor
Levels. In all categories, Good Levels displayed faster latencies than for Poor Levels.
P300 Voltage

-15 -
-14 -
-7 4 I — I I v I — I

BPS Good BPS Poor BPR Good BPR Poor E/AGood E/A Poor Plague Good Plaque Poor CIMT Good CIMT Poor

. P300 Voltage (IuV)

1
©

-

Figure 4. The average P300 amplitude for all tested heart biomarkers comparing Good versus Poor
Levels. In all categories, Good Levels displayed larger amplitudes than for Poor Levels.
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As this is an in-clinic study with limited exclusion criteria, it’s important to understand
medication as a confounding variable. Since this population is prescribed a variety of
medication, in order to test possible medication affects we divided the medication groups
into 5 subgroups: Statins, Blood Pressure, Psychiatric, Other, and None. Table 3 shows
the effects of the various medications for this population compared to the entire data set.
The only significant finding was a decrease in latency (increase in speed) for the excluded
psychiatric group. While we use a simple t-test here because we are interested in exploring
differences from the study population, a single set, these findings were also confirmed
by ANCOVA tests, which is used to test the effects of categorical variables (medications)
on a continuous dependent variable (P300V /P300T), controlling for the effects of selected
other continuous variables (age), which vary with the dependent (P300V /P300T). Both
P300 Voltage and P300 Delay depend on age (quantitative covariate) and medications
(single-factor) and the main question we want to ask when doing ANCOVA is, once we
account of changes in P300V/P300T due to the age of the patients, what is the effect on
P300V /P300T that is left due to the medications that the patient is taking? The ANCOVA
analysis showed that the variation, accounted for by age alone, and then by medication, are
not significant, in any of the two cases. This is due to the fact that there is more variance in
P300 voltage and time within each medication group (illustrated in Table 3) than between
medication groups. While the sample size does not warrant making any inferences from
the statin group, this potential voltage increase should be explored further.

Table 3. Differences in P300 between subjects for each medication group as compared to the entire
study sample. “Other” refers to those not on statins, psychiatric medications, or blood pressure
medication. A 2-tailed ¢-test was utilized. Bold values represent significant differences, p < 0.05, and
large effect sizes (D) Cohen’s D > 0.55. No effect sizes are given for non-significant parameters.

‘ Medication ‘ P300T (SD) ‘ p Value (D) ‘ P00V (SD) ‘ p Value (D) ‘ N
| Population |  317(50) | | 13067 | \ 152
| Statin | 316(49) | 0.9 | 146(72) | 0.2 \ 23
| Psychiatric | 275(25) | 0.03(1.0) | 147(74) | 05 \ 7
Blood
‘ Pressure ‘ 313 (22) ‘ 0.7 ‘ 124 (5.2) ‘ 0.7 ‘ 16
| Other | 310(100) | 07 | 13.0(7.0) | 0.9 \ 20
| None | 313(77) | 0.7 | 13349 | 0.8 \ 30
Age Trends

Blood pressure and plaque concerns can begin early, often before the age of 30 [35,36],
and this study population also follows this trend (as Figure 5 suggests). Likewise, P300
parameters generally decline with age, where decreases are on the order of 1 uV and 10
ms per decade are reported, with more stability expected in the 35-65 age range [30,37]. It
would be interesting to determine the relationship between age-related cognitive decline
and cardio health. While answering this question is beyond the scope of this study, we did
find that age was not a significant variable (discussed above) and also found that young
adults in this study (32 (10) years) with poor blood pressure also have significantly reduced
P300 voltage (Table 4). This is illustrated in Figure 6, where the population of all subjects
under the age of 55 in this study show similar cardio-related trends seen in Figures 1 and 2
for the full population aged 17-95 years.
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Amplitude (uV)

104

124

Heart measures vs Age
100%

80%
60%
40%
20%
0%
29 44 59 70
)

Age (yrs

% Poor vs Good

M BP Stress plaque

Figure 5. The percentage of patients in this study showing Poor BPS vs. Good BPS and Plaque vs.
No Plaque (as per Table 1) as a function of age.

Table 4. Differences in P300 between younger subjects classified as good versus poor blood pressure
measures. Bold values represent significant differences, p < 0.05, and large effect sizes, Cohen’s
D > 0.55.

 Heart N Age (SD) P300T (SD) P300V (SD)
Biomarkers
| BP Stress Good | 13 | 33(12)years | 292(BL)ms | 16(@®)uv |
‘ BP Stress Poor ‘ 10 ‘ 32 (10) years ‘ 307 (46) ms ‘ 11 (6) uV ‘
| p Value (CohD) | \ | 017(039) | 004079 |
BP stress — channel PZ Plague — channel PZ
s e
i i
: 01 :
] I
i Z o i
i 8 i
1 % 4 1
£
<<
6 4
— Poor BP 81 —Plaque
— Good BP : 1 =—No Plaque b
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
time (ms) time (ms)

Figure 6. Evoked responses at Pz for good and poor levels of blood pressure (left) and plaque (right)
averaged for all patients in this study younger than 55 years. Red curves represent poor levels and
black represent good. Note that the trends of Figures 1 and 2 remain where poor cardio health
corre-sponds to low P300 performance even for this younger population.

4. Discussion

The purpose of the present study was to investigate the relationship between a clini-
cally accessible measure of brain activity, the audio P300 during EEG, and CVD. The P300 is
an objective measure of cognitive brain processing that can assist physicians in compliance
and tracking. These P300 results were compared between good and poor levels of multiple
cardiovascular measures and it was found that faster speeds correlated with healthier heart
metrics. Similar results were witnessed when investigating P300 amplitudes where higher
voltages were seen in the healthy-heart groups. Significant results were also found to have
medium to large values for effect size and support previous studies linking heart health
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to brain health [1-8]. The results of this study may also support a case for more stringent
blood pressure targets in order to improve cognition [3].

To investigate additional confounding variables, we examined the effect of medica-
tions on P300 values. The only statistically significant finding we observed was a decreased
latency with psychiatric medications. While there were insufficient numbers to fully inves-
tigate statins, the increased voltage is intriguing and warrants further study, particularly in
a test-retest study.

Finally, we sought to investigate age as another confounding variable, where P300
parameters decline with age as do cardiovascular measures. Here, we found significant
reduction in P300 voltage with poor blood pressure even in the young adult group ages 30
(10) years. This is consistent with previous work that found an association between high
blood pressure and poor executive function for ages 44—69 (but in this study not for the >70
age group) [6]. While more studies are needed, a link between blood pressure and cognitive
function at earlier ages could have profound implications for helping reduce age-related
cognitive decline.

5. Limitations and Future Directions

Caution is needed when retrospectively analyzing data collected in the course of
routine clinical evaluations. First, the study samples overlap in that some patients with
Good Blood Pressure were in the Poor Plaque group, etc. This may offer some statistical
bias. The determination of what constitutes “Good” versus “Poor” levels itself is clinically
constructed and open to further discussion. Additionally, the medication and medical
history may not be complete, thus adding potential confounding variables which need to
be further investigated. Finally, the results of this study are mainly associative in nature,
thus future studies should be designed to determine if interventions designed to improve
cardiovascular health also improve cognitive health.

Age effects need to be further explored. The number of people in each age group,
and each cardio group, was limited to the population visiting the clinic. While the results
suggest associations at earlier ages for all heart metrics, only the blood pressure correlations
were significant. Associations between high blood pressure in young adults, a treatable
condition, and future cognitive decline would be an important finding for dementia risk-
factor modification.

Finally, while this dataset is structured in such a manner as to be suitable for other
analysis methods, including but not limited to spectral or machine-learning techniques, this
analysis only focused on the P300 components in the central-parietal regions. The possible
lack of change in the frontal regions is an interesting finding that should be explored further.

6. Conclusions

Our results indicate that there is a positive association between markers of cardio-
vascular health and markers of brain health. In particular, we observed higher P300
amplitudes and shorter P300 latencies in groups with healthier cardiovascular measures.
These observations corroborate previous results suggesting that poor cardiovascular health
can affect cognition. These results also show that high blood pressure can affect cogni-
tive P300 responses even for young adults, which may prove important for dementia
risk-factor modification.

While the causality of these results, including age-relations, warrant further explo-
ration, they bring preventive cardiology and cognitive health together with an objective
measure of brain activity that is clinically accessible and can assist physicians tracking
and compliance.

Author Contributions: Data curation, J.B., D.J. and M.J.O.; Formal analysis, A H.D., FA.L.and D.5.0,;
Investigation, A.H.D. and M.].O.; Methodology, A.H.D., M.J.O. and M.P,; Project administration, J.B.
and M.P; Resources, ].B.; Software, D.].; Writing—review and editing, FA.L. and D.S.O. All authors
have read and agreed to the published version of the manuscript.



J. Ageing Longev. 2022, 2 250

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Solutions Institutional Review Board.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Access to these data can be requested by qualified researchers engag-
ing in independent scientific research and will be provided following review and approval of a
research proposal and statistical analysis plan and execution of a Data Sharing Agreement. For more
information or to submit a request please contact David Oakley, davido@wavimed.com.

Conflicts of Interest: David Joffe, Francesca Arese Lucini, and David Oakley are paid consultants
and employees of WAVi Co., the company who loaned the equipment to Boone Heart. No other
authors have conflicts to report.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

McCraty, R.; Atkinson, M.; Dana Tomasino, B.A.; Bradley, R.T. The coherent heart heart-brain interactions, psychophysiological
coherence, and the emergence of system-wide order. Integral Rev. A Transdiscipl. Transcult. ]. New Thought Res. Prax. 2009, 5,
10-115.

Pase, M.P; Claudia, L.; Satizabal; Seshadri, S. Role of Improved Vascular Health in the Declining Incidence of Dementia. Stroke
2017, 48, 2013-2020. [CrossRef] [PubMed]

Nasrallah, I.M.; Pajewski, N.M.; Auchus, A.P; Chelune, G.; Cheung, A K.; Cleveland, M.L.; Coker, L.H.; Crowe, M.G.; Cushman,
W.C.; Cutler, J.A.; et al. Association of intensive vs standard blood pressure control with cerebral white matter lesions. JAMA
2019, 322, 524-534. [PubMed]

McGrath, E.R.; Beiser, A.S.; O’'Donnell, P.; Himali, J.J.; Pase, M.P.; Satizabal, C.L.; Seshadri, S. Determining Vascular Risk Factors
for Dementia and Dementia Risk Prediction Across Mid-to Later-Life: The Framingham Heart Study. Neurology 2022, 99, 142—-e153.
Fruchart, J.-C.; Sacks, F.; Hermans, M.P,; Assmann, G.; Brown, W.V,; Ceska, R.; Chapman, M.].; Dodson, PM.; Fioretto, P;
Ginsberg, H.N.; et al. The Residual Risk Reduction Initiative: A Call to Action to Reduce Residual Vascular Risk in Patients with
Dyslipidemia. Am. J. Cardiol. 2008, 102, 1K-34K. [CrossRef]

Veldsman, M.; Tai, X.-Y;; Nichols, T.; Smith, S.; Peixoto, J.; Manohar, S.; Husain, M. Cerebrovascular risk factors impact
frontoparietal network integrity and executive function in healthy ageing. Nat. Commun. 2020, 11, 4340. [CrossRef]

Iadecola, C.; Davisson, R.L. Hypertension and Cerebrovascular Dysfunction. Cell Metab. 2008, 7, 476-484. [CrossRef]

Pires, PW.; Ramos, C.M.D.; Matin, N.; Dorrance, A.M. The effects of hypertension on the cerebral circulation. Am. J. Physiol.-Heart
Circ. Physiol. 2013, 304, H1598-H1614.

Boldrini, M.; Fulmore, C.A.; Tartt, A.N.; Simeon, L.R.; Pavlova, I.; Poposka, V.; Rosoklija, G.B.; Stankov, A.; Arango, V.; Dwork,
Al].; et al. Human Hippocampal Neurogenesis Persists throughout Aging. Cell Stem. Cell 2018, 22, 589-599.e5. [CrossRef]

Facts and Figures. Alzheimer’s Disease and Dementia. Available online: https:/ /alz.org/alzheimers-dementia/facts-figures
(accessed on 7 May 2019).

Nichols, L.O.; Chang, C.; Lummus, A.; Burns, R.; Martindale-Adams, J.; Graney, M.].; Coon, D.W.; Czaja, S. The cost-effectiveness
of a behavior intervention with caregivers of patients with Alzheimer’s disease. J. Am. Geriatr. Soc. 2008, 56, 413-420.
Anderson, L.A.; Day, M.K.L.; Beard, R.L.; Reed, M.P.S.; Wu, B. The Public’s Perceptions About Cognitive Health and Alzheimer’s
Disease Among the U.S. Population: A National Review. Gerontologist 2009, 49, S3-511. [CrossRef] [PubMed]

Ford, E.S.; Ajani, U.A.; Croft, ].B.; Critchley, ].A.; Labarthe, D.R.; Kottke, T.E.; Giles, W.H.; Capewell, S. Explaining the decrease in
US deaths from coronary disease, 1980-2000. N. Engl. |. Med. 2007, 356, 2388-2398. [PubMed]

Blood Pressure Lowering Treatment Trialists’Collaboration; Turnbull, F.; Neal, B.; Ninomiya, T.; Algert, C.; Arima, H.; Barzi, F;
Bulpitt, C.; Chalmers, J.; Fagard, R.; et al. Effects of different regimens to lower blood pressure on major cardiovascular events in
older and younger adults: Meta-analysis of randomised trials. BM] 2008, 336, 1121-1123.

Mancia, G.; Grassi, G.; Pomidossi, G. Effects of blood-pressure measurement by the doctor on patient’s blood pressure and heart
rate. Lancet 1983, 322, 695-698.

Merai, R.; Siegel, C.; Rakotz, M.; Basch, P.; Wright, J.; Wong, B.; Thorpe, P. Dhsc CDC Grand Rounds: A Public Health Approach
to Detect and Control Hypertension. Morb. Mortal. Wkly. Rep. 2016, 65, 1261-1264. [CrossRef]

Chobanian, A.V.; Bakris, G.L.; Black, H.R.; Cushman, W.C.; Green, L.A; Izzo, ].L., Jr.; Jones, D.W.; Materson, B.J.; Oparil, S.;
Wright, ].T., Jr.; et al. The seventh report of the joint national committee on prevention, detection, evaluation, and treatment of
high blood pressure: The JNC 7 report. JAMA 2003, 289, 2560-2571. [CrossRef]

Cobble, M.; Bale, B. Carotid Intima-Media Thickness: Knowledge and Application to Everyday Practice. Postgrad. Med. 2010, 122,
10-18. [CrossRef]

Falk, E.; Shah, PK; Fuster, V. Coronary Plaque Disruption. Circulation 1995, 92, 657-671. [CrossRef]

Ravnskov, U. Is atherosclerosis caused by high cholesterol? QJM Int. J. Med. 2002, 95, 397-403. [CrossRef]


http://doi.org/10.1161/strokeaha.117.013369
http://www.ncbi.nlm.nih.gov/pubmed/28596460
http://www.ncbi.nlm.nih.gov/pubmed/31408137
http://doi.org/10.1016/j.amjcard.2008.10.002
http://doi.org/10.1038/s41467-020-18201-5
http://doi.org/10.1016/j.cmet.2008.03.010
http://doi.org/10.1016/j.stem.2018.03.015
https://alz.org/alzheimers-dementia/facts-figures
http://doi.org/10.1093/geront/gnp088
http://www.ncbi.nlm.nih.gov/pubmed/19525214
http://www.ncbi.nlm.nih.gov/pubmed/17554120
http://doi.org/10.15585/mmwr.mm6545a3
http://doi.org/10.1001/jama.289.19.2560
http://doi.org/10.3810/pgm.2010.01.2091
http://doi.org/10.1161/01.cir.92.3.657
http://doi.org/10.1093/qjmed/95.6.397

J. Ageing Longev. 2022, 2 251

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

Nambi, V,; Chambless, L.; Folsom, A.R.; He, M.; Hu, Y,; Mosley, T.; Volcik, K.; Boerwinkle, E.; Ballantyne, C.M. Carotid
Intima-Media Thickness and Presence or Absence of Plaque Improves Prediction of Coronary Heart Disease Risk: The ARIC
(Atherosclerosis Risk in Communities) Study. J. Am. Coll. Cardiol. 2010, 55, 1600-1607. [CrossRef]

Gutierrez, C.; Blanchard, D.G. Diastolic heart failure: Challenges of diagnosis and treatment. Am. Fam. Phys. 2004, 69, 2609-2616.
Lorell, B.H.; Carabello, B.A. Left ventricular hypertrophy: Pathogenesis, detection, and prognosis. Circulation 2000, 102, 470-479.
[CrossRef] [PubMed]

Wei, J.Y. Age and the cardiovascular system. N. Engl. J. Med. 1992, 327, 1735-1739. [PubMed]

Galderisi, M. Diastolic dysfunction and diastolic heart failure: Diagnostic, prognostic and therapeutic aspects. Cardiovasc.
Ultrasound 2005, 3, 9.

Lee, S.-W.,; Park, M.-C.; Park, Y.-B. E/E’ ratio is more sensitive than E/A ratio for detection of left ventricular diastolic dysfunction
in systemic lupus erythematosus. Lupus 2008, 17, 195-201. [CrossRef]

van Dinteren, R.; Arns, M.; Jongsma, M.L.A.; Kessels, R.P.C. P300 development across the lifespan: A systematic review and
meta-analysis. PLoS ONE 2014, 9, e87347.

Polich, ]J. Clinical application of the P300 event-related brain potential. Phys. Med. Rehabil. Clin. N. Am. 2004, 15, 133-161.
[CrossRef]

Gordeev, S.A. The use of endogenous P300 event-related potentials of the brain for assessing cognitive functions in healthy
subjects and in clinical practice. Hum. Physiol. 2007, 33, 236-246. [CrossRef]

Cicconetti, P; Cacciafesta, M.; Monteforte, G.; Thau, F; Durante, M.; Chiarotti, F.; Ciotti, V.; Piccirillo, G.F; Marigliano, V.
Event-Related Potentials in the Elderly with New Mild Hypertension. Clin. Exp. Hypertens. 2000, 22, 583-593. [CrossRef]
Kappenman, E.S.; Luck, S.J. The effects of electrode impedance on data quality and statistical significance in ERP recordings.
Psychophysiology 2010, 47, 888-904. [CrossRef]

Dupuis, F; Johnston, K.M.; Lavoie, M.; Lepore, F; Lassonde, M. Concussions in athletes produce brain dysfunction as revealed by
event-related potentials. NeuroReport 2000, 11, 4087-4092. [CrossRef] [PubMed]

Clayton, G.; Davis, N.; Holliday, A.; Joffe, D.; Oakley, D.S.; Palermo, F.X.; Poddar, S.; Rueda, M. In-clinic event related potentials
after sports concussion: A 4-year study. J. Pediatr. Rehabilitation Med. 2020, 13, 81-92. [CrossRef] [PubMed]

Benjamin, D.J.; Berger, J.O.; Johannesson, M.; Nosek, B.A.; Wagenmakers, E.-J.; Berk, R.; Bollen, K.A.; Brembs, B.; Brown, L.;
Camerer, C.; et al. Redefine statistical significance. Nat. Hum. Behav. 2018, 2, 6-10. [CrossRef] [PubMed]

Franklin, S.S. Systolic blood pressure: It’s time to take control. Am. J. Hypertens. 2004, 17, 495-54S. [CrossRef] [PubMed]

Torpy, ].M.; Alison, E.B.; Richard, M.G. Coronary heart disease risk factors. JAMA 2009, 302, 2388. [CrossRef]

Iragui, V.J.; Kutas, M.; Mitchiner, M.R.; Hillyard, S.A. Effects of aging on event-related brain potentials and reaction times in an
auditory oddball task. Psychophysiology 1993, 30, 10-22. [CrossRef]


http://doi.org/10.1016/j.jacc.2009.11.075
http://doi.org/10.1161/01.CIR.102.4.470
http://www.ncbi.nlm.nih.gov/pubmed/10908222
http://www.ncbi.nlm.nih.gov/pubmed/1304738
http://doi.org/10.1177/0961203307087303
http://doi.org/10.1016/s1047-9651(03)00109-8
http://doi.org/10.1134/s0362119707020168
http://doi.org/10.1081/CEH-100100093
http://doi.org/10.1111/j.1469-8986.2010.01009.x
http://doi.org/10.1097/00001756-200012180-00035
http://www.ncbi.nlm.nih.gov/pubmed/11192633
http://doi.org/10.3233/PRM-190620
http://www.ncbi.nlm.nih.gov/pubmed/32176669
http://doi.org/10.1038/s41562-017-0189-z
http://www.ncbi.nlm.nih.gov/pubmed/30980045
http://doi.org/10.1016/j.amjhyper.2004.08.020
http://www.ncbi.nlm.nih.gov/pubmed/15607435
http://doi.org/10.1001/jama.302.21.2388
http://doi.org/10.1111/j.1469-8986.1993.tb03200.x

	Introduction 
	Clinical Measures 
	Vascular Risk 
	Brain Activity Measures 


	Materials and Methods 
	Subjects and Clinical Procedure 
	EEG Acquisition and Preprocessing 
	EEG Extraction 
	Statistics 

	Results 
	Discussion 
	Limitations and Future Directions 
	Conclusions 
	References

