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ORIGINAL ARTICLE

Heart Rate Variability and Cognitive Function In Middle-Age
Adults: The Coronary Artery Risk Development in Young

Adults

Adina Zeki Al Hazzouri," Tali Elfassy,’ Mercedes R. Carnethon,? Donald M. LIoyd-Jones,? and

Kristine Yaffe3

BACKGROUND

Low heart rate variability (HRV), a marker of cardiac autonomic dysfunc-
tion, has been associated with major risk factors of cognitive impair-
ment. Yet, the direct association of HRV with cognitive function remains
relatively unexplored, particularly in midlife.

METHODS

In 2005, 2 measures of short-term HRV, the SD of normal-to-normal
intervals (SDNN) and the root mean square of successive differences
(RMSSD), were calculated for participants of the Coronary Artery Risk
Development in Young Adults study, and then categorized into quar-
tiles. Five years later, 3 cognitive tests were administered for verbal
memory (“Rey Auditory-Verbal Learning Test’, RAVLT, range 0-15), pro-
cessing speed (“Digit Symbol Substitution Test’, DSST, range 0-133),
and executive function (“Stroop interference”).

RESULTS

Two thousand one hundred and eighteen participants (57.7% female,
42.2% Black) with a mean baseline age of 45.3 years were included
in this analysis. In demographic-adjusted models, compared to

Heart rate variability (HRV) represents beat-to-beat altera-
tions in normal sinus rhythm, and results from the inter-
action between sympathetic and parasympathetic activity
of the autonomic nervous system. HRV is widely used as a
noninvasive measure to quantitatively assess cardiovascular
autonomic function."> Low HRYV is significantly associated
with cardiovascular events and mortality.>-® Reduced HRV
has also been shown to be associated with major risk factors
for worse cognitive function, including hypertension,’ dia-
betes,!*!! depression,'? and subclinical inflammation.”® In
spite of that, the direct association between HRV and cogni-
tive function remains relatively unexplored.

Most prior work has explored the relationship of HRV
and cognitive function cross-sectionally and among older
adults.>1*"!® Findings from the Irish Longitudinal Study on

participants with quartile 1 SDNN (lowest quartile), participants in the
upper quartiles of SDNN scored better on the DSST (quartile 4: 8 = 1.83
points better, P = 0.03; and quartile 3: 8 = 1.95 points better, P = 0.03)
and on the stroop (quartile 3: = 1.19 points better, P < 0.05; and quar-
tile2: B = 1.44 points better, P = 0.02). After adjusting for behavioral and
cardiovascular risk factors, higher quartile SDNN remained significantly
associated with better stroop score (quartile 3: 8 = 1.21 points better,
P = 0.04; and quartile 2: 8 = 1.72 points better, P < 0.01) but not with
DSST. There was no association between quartile of RMSSD and cogni-
tive function, from fully adjusted models.

CONCLUSIONS

Our findings suggest that higher quartile SDDN is associated with bet-
ter executive function in midlife, above, and beyond cardiovascular risk
factors.

Keywords: Aging; autonomic function; blood pressure; cognition; epide-
miology; heart rate variability; hypertension.

doi:10.1093/ajh/hpx125

Aging (mean age = 61.7 years) have shown a cross-sectional
association between HRV (measured using SD of the normal-
to-normal interval (SDNN) and frequency domain features)
and performance on the Montreal Cognitive Assessment
(MOCA), a test of global cognitive function.'® Other findings
from the Sacramento Area Latino Study on Aging, a cohort
of older adult Mexican Americans (mean age = 75.6 years),
have shown a cross-sectional association between HRV (meas-
ured by the mean circular resultant) and performance on
the Modified Mini Mental State Exam, a test of global cog-
nition.’® Furthermore, recent findings from the Prospective
study of Pravastatin in the Elderly at Risk (PROSPER, mean
age = 75.0 years) have shown cross-sectional and longitudinal
associations between HRV (measured by SDNN) and execu-
tive function and processing speed.'” While it is becoming
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increasingly clear that maintaining cognitive health is a lifelong
process,'*% the relationship of HRV with cognitive function in
a cohort early in the life course remains relatively unexplored.
The aim of our present study was to evaluate the associ-
ation between short-term HRYV, using 10-second 12-lead
electrocardiogram, and cognitive performance on multiple
tests in a large and biracial cohort of middle-aged adults
who are members of the Coronary Artery Risk Development
in Young Adults study. We hypothesized that HRV will be
associated with cognitive function, especially on tests of
processing speed and executive function. Identifying easy
noninvasive measures that may provide clues to subclin-
ical mechanisms of development of cognitive impairment
could have important clinical implications for more targeted
screening to delay the progression of cognitive impairment.

METHODS
Study population

A total of 5,115 adults aged 18 to 30 years old at base-
line in 1985-86 were recruited into the Coronary Artery
Risk Development in Young Adults study (CARDIA) from
4 field centers: the University of Alabama at Birmingham
(Birmingham, AL), the University of Minnesota
(Minneapolis, MN), Northwestern University (Chicago, IL),
and Kaiser Permanente (Oakland, CA). Recruitment was bal-
anced within center by sex, age, and education. Standardized
questionnaires were used to gather sociodemographic.
Details of the study have been described elsewhere.?! HRV
was assessed in year 2005 (our study baseline) and cognitive
function was assessed 5 years later in 2010. In year 2005, a
total of 3,549 participants were present, and of these a total of
2,404 participants had codable electrocardiography (ECGs).
HRV in milliseconds was calculated according to the cur-
rent guidelines limiting the analysis to participants on sinus
rhythm with no evidence of arrhythmias (e.g., atrial fibrilla-
tion, frequent atrial or ventricular ectopic beats, etc.); thus,
those with arrhythmias did not have HRV measurement.!
Of these 2,404 participants with codable ECGs, we further
excluded 286 subjects who had missing cognitive battery
in 2010, resulting in a final analytical sample of 2,118 par-
ticipants (shown later Figure 1). Those included vs. excluded
from the final analytical sample were significantly older, more
likely to be white and female (data not shown). Appropriate
informed consent was obtained from study participants, and
the study was approved by the institutional review boards
from each field center and the coordinating center.

MEASURES
Assessment of HRV

In 2005 (our study baseline), digital resting 10-sec-
ond 12-lead electrocardiograms (ECG) were obtained for
CARDIA participants by trained technicians using a GE
MAC 1200 electrocardiograph according to standardized
procedures. Details of the ECGs has been described else-
where.?2 ECG tracings were transmitted electronically to the
CARDIA ECG Reading Center located at the Epidemiology

28 American Journal of Hypertension 31(1) January 2018

CARDIA cohort inception:
5,115 participantsenrolled in 1985-86

In 2005 (20 years since cohort inception; study visit 7)
- Ourstudy baseline

3,549 participants were present

- HRV was measured

2,404 participants had codable electrocardiography

In 2010 (25 years since cohort inception; study visit 8)
- Cognitive function was measured
- Of the 2,404 with codable electrocardiography
- 286 participants were excluded because of
missing data on all tests of the cognitive battery
- Final analytical sampleof 2,118

Figure 1. Study sample flow chart.

Cardiology Research Center (EPICARE), Wake Forest
School of Medicine, Winston-Salem, NC. The study ECGs
were automatically processed, after visual inspection for
technical errors and quality, using the 2011 version of the
GE Marquette 12-SL program (GE, Milwaukee, WTI).

Briefly, HRV is the change in the time of consecutive heart
beats; with a heart beat measured as the time between the
peak of one R wave to the peak of the next, also referred as
the R-R interval. Changes in the length of the normal R-R
interval are what define HRV. Two-time domain measures
of HRYV, the SDNN, and the root mean square of successive
differences (RMSSD) were automatically calculated from the
individual durations between normal R-R intervals. SDNN
represents overall or total variability and thus joint sympa-
thetic and parasympathetic modulation of HRV, whereas
RMSSD represents high-frequency variations in the heart
rate and thus primarily reflects the parasympathetic modu-
lation of HRV.! Higher SDNN and RMSSD indicate better
autonomic function.

Assessment of cognitive function

In 2010, all CARDIA participants were administered a
cognitive battery that included 3 cognitive tests. The “Rey
Auditory-Verbal Learning Test” (RAVLT, range 0-15) meas-
ures verbal memory and assesses the ability to memorize
and retrieve words, with higher score (in words) indicat-
ing better performance.” The “Digit Symbol Substitution
Test” (DSST, range 0-133) is a subtest of the Wechsler Adult
Intelligence Scale and measures performance on speed test,
with higher score (in symbols) indicating better perform-
ance.?* The interference score on the “Stroop” test (executive
skills) measures the additional amount of processing needed
to respond to one stimulus while suppressing another. The
test was scored by seconds to spell out color words printed
in a different color plus number of errors, thus lower score
(seconds + errors) indicates better performance.?
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Other measures

CARDIA participants reported their sex, race, and years
of education completed. Participants reported their current
smoking status (never, former, current), and also reported
the amount of time per week spent in 13 categories of phys-
ical activity over the past year, and then the total amount in
exercise units was calculated. Body mass index (kg/m?) was
calculated using measured weight and height. Systolic blood
pressure (mm Hg) and diastolic blood pressure (mm Hg)
were measured while seated and after a 5-minute rest using
a standard automated blood pressure measurement monitor.
Three measurements were taken and the last 2 were aver-
aged. Use of antihypertension medications was self-reported.
Type-2 diabetes was ascertained based on fasting glucose
levels =126 mg/dl, self-report of oral hypoglycemic medi-
cations or insulin, a 2-hour postload glucose >200 mg/dl,
or a glycated hemoglobin A,  26.5%. Participants reported
their history of stroke/TIA and myocardial infarction.
Symptoms of depression were assessed using the 20-item
Center for Epidemiologic Studies Depression Scale (range
0-60).%6

Statistical analysis

There are no established clinical thresholds for the cat-
egorization of HRV. Consistent with other studies,>!*-!8 we
found that the relationship between indicators of HRV and
cognition was nonlinear. Thus, for ease of interpretation,
we used quartiles of HRV (SDDN and RMSSD). First, we
compared the distribution of important covariates across
quartiles of HRV and compared whether the values of those
covariates significantly differed from that of quartile 1 (ref-
erence category) (Table 1). This analysis uses baseline covari-
ates that were assessed at the same study visit as HRV. Then,
to examine the associations of HRV with cognitive function,
we fit linear regression models in which quartile 1 HRV
(lowest quartile) was set as the reference category (Table
2). First, we fit an unadjusted model, then we fit a demo-
graphic-adjusted model in which we added baseline age, sex,
race, and education. Finally, we fit a fully adjusted model in

~
o

RAVLT Score
DSST Score

SDNN RMSSD SDNN

which we additionally adjusted for baseline behavioral and
cardiovascular disease risk factors including current smok-
ing status, body mass index, physical activity, systolic blood
pressure, diastolic blood pressure, antihypertensive medica-
tion use, diabetes, MI, stroke/TTA, and depressive symptoms.
Adjustment for covariates was based on a priori literature
addressing the relationship of HRV and cognitive function,
as well as the association of these covariates with HRV and
cognition. Using the fully adjusted linear regression model
estimates, we showed the predicted mean cognitive scores
across quartiles of HRV (Figure 2). To examine whether the
association of HRV with cognitive function varied by race
or sex, we included appropriate interaction terms in the
regression models; there were no significant interactions. All
analyses were performed with SAS version 9.3. Significance
testing was 2-sided with 5% significance level.

RESULTS

The correlation between the 2 measures of HRV, SDNN,
and RMSSD, was 0.85. Quartile 1 SDNN (lowest quartile)
ranged from 2.6 ms to 17.4 ms, Q2 ranged from 17.4 ms to
26.6 ms, Q3 ranged from 26.6 ms to 40.7 ms, and Q4 (high-
est quartile) ranged from 40.7 ms to 194.6 ms. Quartile 1
RMSSD (lowest quartile) ranged from 2.2 ms to 17.8 ms, Q2
ranged from 17.8 ms to 27.4 ms, Q3 ranged from 27.4 ms to
41.9 ms, and Q4 ranged from 42.0 ms to 269.1 ms.

In our cohort of 2,118 participants, those with higher
quartile HRV—whether SDNN or RMSSD—were younger,
had lower mean body mass index, lower mean systolic and
diastolic blood pressure, and lower prevalence of comorbidi-
ties such as diabetes and lower depressive symptoms score,
compared with participants with quartile I HRV (Table 1).

Table 2 shows the multivariable associations between
quartiles HRV and cognitive function. As compared with
participants with quartile 1 SDNN (i.e., lowest SDNN), par-
ticipants with higher quartile SDNN scored better on pro-
cessing speed (DSST) in the unadjusted model (quartile 4:
B = 3.69 points better, 95% confidence interval (CI) = 1.76,
5.63; quartile 3: § = 3.11 points better, 95% CI = 1.17, 5.04;

N
w

Stroop Score
N

RMSSD SDNN RMSSD

M Quartilel M Quartile2 M Quartile3 [ Quartile 4

Figure 2. Predicted mean cognitive score by HRV, from fully adjusted linear regression models. Results are adjusted for age, sex, race, education, smoking
status, body mass index, physical activity, depressive symptoms score, systolic blood pressure, diastolic blood pressure, diabetes, myocardial infarction,
stroke/TIA, and antihypertensive medication use. Higher RAVLT and DSST score indicates better performance, and lower Stroop score indicates better
performance. SDNN quartiles: Q1 (lowest quartile SDNN): 2.6 ms to 17.4 ms; Q2: 17.4 ms to 26.6 ms; Q3: 26.6 ms to 40.7 ms; Q4 (highest quartile SDNN):
40.7 ms to 194.6 ms. RMSSD quartiles: Q1 (lowest quartile RMSSD): 2.2 ms to 17.8 ms; Q2: 17.8 ms to 27.4 ms; Q3: 27.4 ms to 41.9 ms; Q4 (highest quartile
RMSSD): 42.0 ms to 269.1 ms. *P < 0.05 vs. quartile 1. Abbreviation: HRV, heart rate variability.
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Table 2. Prospective associations between heart rate variability and cognition function from linear regression models

SDNN? RMSSD?
B 95% CI P value R? B 95% CI P value R?
Rey Auditory-Verbal Learning Test?
Unadjusted
Q4 vs. Q1 0.33 -0.05,0.72 0.09 0.01 -0.38, 0.40 0.96
Q3 vs. Q1 0.16 -0.23, 0.55 0.42 0.2% 0.20 -0.19, 0.59 0.32 0.1%
Q2 vs. Q1 0.35 -0.04,0.74 0.08 0.27 -0.12, 0.66 0.18
Demographic-adjusted®
Q4 vs. Q1 0.03 -0.32, 0.39 0.85 -0.13 -0.48, 0.22 0.47
Q3 vs. Q1 -0.01 -0.36, 0.34 0.96 20.0% 0.13 -0.22, 0.48 0.48 20.1%
Q2vs. Q1 0.09 -0.26, 0.44 0.62 0.12 -0.23, 0.47 0.50
Fully-adjusted®
Q4 vs. Q1 -0.09 -0.45,0.28 0.64 -0.28 -0.65, 0.08 0.13
Q3 vs. Q1 -0.08 -0.44, 0.28 0.67 20.0% 0.08 -0.29, 0.44 0.67 20.2%
Q2vs. Q1 0.05 -0.31, 0.41 0.78 0.07 -0.29, 0.44 0.69
Digit Symbol Substitution Testd
Unadjusted
Q4 vs. Q1 3.69 1.76, 5.63 <0.01 2.40 0.46, 4.34 0.02
Q3 vs. Q1 3.1 1.17,5.04 <0.01 0.8% 1.55 -0.39, 3.49 0.12 0.3%
Q2 vs. Q1 3.21 1.28,5.13 <0.01 1.43 -0.50, 3.37 0.15
Demographic-adjusted®
Q4 vs. Q1 1.83 0.14, 3.51 0.03 1.71 0.02, 3.40 <0.01
Q3 vs. Q1 1.95 0.27, 3.64 0.03 25.2% 0.77 -0.91, 2.45 0.37 25.1%
Q2 vs. Q1 1.49 -0.19, 3.17 0.08 0.62 -1.06, 2.29 0.47
Fully-adjusted®
Q4 vs. Q1 0.68 -1.02, 2.37 0.44 0.13 -1.58, 1.85 0.88
Q3 vs. Q1 1.00 -0.70, 2.70 0.25 28.7% -0.28 -1.99, 1.42 0.74 28.7%
Q2 vs. Q1 0.87 -0.81, 2.56 0.31 -0.35 -2.05, 1.35 0.69
Stroop Interferenced
Unadjusted
Q4 vs. Q1 -1.66 -2.93, -0.40 0.01 -0.33 -1.60, 0.94 0.61
Q3 vs. Q1 -1.62 -2.89, -0.36 0.01 0.6% =128 -2.50, 0.04 0.06 0.2%
Q2vs. Q1 -2.13 -3.39, -0.87 <0.01 -0.89 -2.16, 0.38 0.17
Demographic-adjusted®
Q4 vs. Q1 -0.79 -1.97,0.39 0.19 -0.46 -1.64,0.72 0.45
Q3 vs. Q1 -1.19 -2.36, -0.01 <0.05 15.1% -1.05 -2.22,0.13 0.08 15.0%
Q2 vs. Q1 -1.44 -2.62,-0.27 0.02 -0.82 -1.99, 0.36 0.17
Fully-adjusted®
Q4 vs. Q1 -0.62 -1.79, 0.55 0.30 -0.23 -1.41, 0.96 0.71
Q3 vs. Q1 =121 -2.38, -0.04 0.04 18.7% -0.93 -2.11,0.24 0.12 18.4%
Q2 vs. Q1 -1.72 -2.89, -0.56 <0.01 -0.54 -1.72,0.62 0.36

aSDNN quartiles: Q1 (lowest quartile): 2.6 ms to 17.4 ms; Q2: 17.4 ms to 26.6 ms; Q3: 26.6 ms to 40.7 ms; Q4: 40.7 ms to 194.6 ms. RMSSD quartiles:
Q1 (lowest quartile): 2.2 ms to 17.8 ms; Q2: 17.8 ms to 27.4 ms; Q3: 27.4 ms to 41.9 ms; Q4: 42.0 ms to 269.1 ms. 3 denotes raw regression coefficient.

bAdjusted for age, sex, race, and education.

¢Additionally adjusted for smoking status, BMI, physical activity, depressive symptoms score, systolic blood pressure, diastolic blood pres-
sure, diabetes, myocardial infarction, stroke/TIA, and antihypertensive medication use.

dHigher scores on the RAVLT and the DSST indicate better performance; lower score on the Stroop indicates better performance.
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and quartile 2: 8 = 3.21 points better, 95% CI = 1.28, 5.13)
and in the demographic-adjusted model (quartile 4: = 1.83
points better, 95% CI = 0.14, 3.51; quartile 3: § = 1.95 points
better, 95% CI = 0.27, 3.64). The association between SDNN
and processing speed became nonsignificant after we add-
itionally adjusted for behavioral and cardiovascular disease
risk factors in the fully adjusted models. Furthermore, as
compared with participants with quartile 1 SDNN, partici-
pants with higher quartile SDNN scored better on execu-
tive function (Stroop interference) in the unadjusted model
(quartile 4: B = 1.66 points better, 95% CI = —2.93, —0.40;
quartile 3: § = 1.62 points better, 95% CI = —2.89, —0.36;
and quartile 2: f = 2.13 points better, 95% CI = -3.39,
—0.87) and in the demographic-adjusted model (quartile 3:
B =1.19 points better, 95% CI = -2.36, —0.01; and quartile 2:
B = 1.44 points better, 95% CI: —2.62, —0.27). The association
between SDNN and executive function remained significant
after we additionally adjusted for behavioral and cardiovas-
cular disease risk factors (compared to quartile 1, quartile 3:
B = 1.21 points better, 95% CI = —-2.38, —0.04; and quartile
2: B = 1.72 points better, 95% CI = -2.89, —0.56). There was
no association between quartiles of SDNN and verbal mem-
ory. Similarly, there were no associations between quartiles
of RMSSD and any of the cognitive tests.

Figure 2 displays predicted mean cognitive scores across
quartiles of HRV based on the model estimates of the fully
adjusted linear regression models. While there seems to be
a U shaped association between SDNN quartile and mean
cognitive score, the effect estimate for quartile 4 was not stat-
istically different from that of quartiles 2 and 3.

DISCUSSION

In this study, we examined the association between HRV
and cognitive function assessed 5 years later among middle-
aged adults of the CARDIA cohort. Our findings showed that
higher quartile SDNN was significantly associated with bet-
ter performance on executive function and processing speed,
but not with verbal memory from demographic-adjusted
models. When we further adjusted for behavioral and car-
diovascular risk factors, higher quartile SDNN remained
significantly associated with better executive function.

There are several potential mechanisms through which
HRV may influence brain structure and function. The sym-
pathetic and parasympathetic activity interact to maintain
blood pressure within a normal range and regulate proper
perfusion to the brain.”#?” Failure to do so, resulting in
higher blood pressure variability, has been associated with
cognitive impairment,?* and with structural brain changes
related to hypertension, including cerebral white mat-
ter lesions,*® and to stroke, including lacunar infarctions.’!
Furthermore, depressive symptoms'>*? and cardiovascular
disease risk factors® such as type-2 diabetes!®!! and hyper-
tension’~%** have been associated with both lower HRV and
worse cognitive function. As such, it has been suggested that
cardiovascular disease risk factors might play a role in the
association of HRV with cognitive function. However, our
findings showed that SDNN was significantly associated with
executive function, above and beyond major cardiovascular
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disease risk factors. As it remains unclear whether low HRV
is a consequence of cardiovascular disease risk factors or
whether low HRV is actually an indicator for future under-
lying disease mechanisms and comorbidities,* we adjusted
for prevalent cardiovascular disease risk factors (Table 2,
Figure 2); however, we did not adjust for incident events as
these are hypothesized to be on the pathway between HRV
and cognition.

We found that better executive function was associated
with higher quartile SDNN, which accounts for the joint
sympathetic and parasympathetic activity, but not RMSSD,
which only reflects parasympathetic activity. Because SDNN
may reflect the joint sympathetic and parasympathetic activ-
ity, these findings could represent autonomic regulation of
the baroreceptor reflex which controls blood pressure, and
which has been associated with cerebral small vessel disease
and cognitive function.?®-3! A measure of just the parasym-
pathetic activity, as in RMSSD, may not capture this phe-
nomenon, since both branches of the autonomic nervous
system act simultaneously.

The association observed between HRV and cognitive
function on tests of processing speed and executive function
is not surprising, since vascular risk factors influence per-
formance on processing speed and executive function to a
greater extent, and are not necessarily related to memory.*
It has been suggested that HRV is associated with neuronal
activity of the prefrontal cortex of the brain which in turn
regulates executive function.*

Most prior work on the relationship between HRV and
cognitive function was cross-sectional and has focused on
cohorts of older adults. To our knowledge, our study is the
first to examine such associations earlier in the life course.
Our findings were consistent with some of these stud-
ies, including results from the Irish Longitudinal Study on
Aging,'® the Sacramento Area Latino Study on Aging,'® and
the Prospective study of Pravastatin in the Elderly at Risk
(PROSPER)." In particular, our findings were in accordance
with those in PROSPER showing significant cross-sectional
associations between SDNN and executive function (stroop
test), and no association with memory function (measur-
ing immediate and delayed memory recall). However, our
findings were not consistent with other studies!*!¢ such as
the Whitehall IT cohort study which showed no associations
between HRV and performance on several cognitive tests,
including tests of memory (word recall test), vocabulary,
phonemic, and semantic fluency functions.'

Our study has limitations that are worth noting. While
our study design is prospective in nature, with a 5 year
lag between HRV and cognitive function measurement,
our measures of both HRV and cognitive function were
not repeated longitudinally. Cognitive function was not
administered at baseline (year 20) and as such we could not
rule out the possibility that HRV is a consequence of cog-
nitive function or ongoing brain changes. Further, despite
study attrition, any resulting bias would likely lead to more
conservative estimates as attrition was unrelated to HRV;
mean RMSD and SDNN scores at baseline were statistic-
ally equivalent among those included vs. excluded 5 years
later. We also acknowledge that the cognitive test battery
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is limited: for example, we did not have any visuospatial
tasks or language tests, we also had just one measure of ver-
bal memory and one measure of executive function, and
our DSST measure has properties of processing speed and
executive function. In future studies, it is important to have
more comprehensive batteries assessing cognitive domains
with multiple tests. While HRV is a reliable measure of
autonomic function for use in population-based studies,
short-term HRV measures determined from ECGs are not
as well correlated with the longer 5- and 10-minute meas-
ures.’” However, a recent study has validated the prognos-
tic significance of 10-second ECG.*® Furthermore, because
SDNN is an overall measure of autonomic function, future
research using methods to ascertain only sympathetic func-
tion are warranted. Use of antihypertensive medication was
self-reported; however, this has been shown to be fairly
accurate according to the literature.>® We realize that poly-
pharmacy and the use of medications other than antihyper-
tensive medication are important aspects, however, are not
addressed within the scope of the current analysis. In future
studies, it is important to assess more the role of medica-
tions and individual categories. In a sensitivity analysis, we
excluded 52 participants who reported using beta-block-
ing agents; our findings and conclusions remained simi-
lar. Given the multiple predictors and cognitive tasks, we
conducted multiple testing and our associations remained
significant. Finally, while we adjusted for potential con-
founders, we cannot rule out the possibility of residual con-
founding in the observed associations.

Despite these limitations, this study has significant
strengths that contribute to a sparse existing literature on
the relationship between HRV and cognitive function. This
is among the few studies to our knowledge to have examined
the association between HRV and cognitive function among
middle-age adults (mean age of 45.3 years). The nature of
the study design enabled us to examine the associations pro-
spectively—as cognitive function was assessed 5 year later
than HRV. Furthermore, unlike the vast majority of the
literature that included small sample sizes and patient or
clinical samples, our data come from a large and ongoing
biracial cohort of middle-aged adults which enabled us
to test for race and sex interactions. Our study included a
rich collection of well-established risk factors of cogni-
tive function such as behavioral and cardiovascular disease
risk factors. Finally, unlike long-term ECG recordings, our
10-second ECG recording is less time-consuming and more
easily amenable to translation to clinical settings. Subjects
with low HRV or taking medications which may lower their
HRYV should be followed closely as they may be vulnerable to
HRV-related cognitive deficit.

In conclusion, our findings showed an association
between HRV and executive function in an ongoing cohort
of middle-age adults, and our findings were independent of
cardiovascular risk factors. Furthermore, although the asso-
ciations were of modest magnitude, the fact that they were
observed as early as middle age provides a potential oppor-
tunity for preventive strategies, early in the life course, to
delay the progression of cognitive impairment. Future stud-
ies are needed to explore underlying pathways including
brain imaging studies.

ACKNOWLEDGMENTS

Dr. Zeki Al Hazzouri was supported by a grant from the
National Institutes of Health, National Institute on Aging
(K01AG047273). Dr. Yaffe was supported by a grant from
the NIH/NIA (k24AG031155). Dr. Elfassy was supported
by a T32 training grant from the National Institutes of
Health, National Heart, Lung, and Blood Institute (HL
007426) and an American Heart Association postdoctoral
fellowship (17POST32490000). The Coronary Artery Risk
Development in Young Adults Study (CARDIA) is supported
by contracts HHSN268201300025C, HHSN268201300026C,
HHSN268201300027C, HHSN268201300028C,
HHSN268201300029C, and HHSN268200900041C from
the National Heart, Lung, and Blood Institute (NHLBI), the
Intramural Research Program of the National Institute on
Aging (NIA), and an intra-agency agreement between NIA
and NHLBI (AG0005). The sponsors had no role in the study
design; collection, analysis, and interpretation of the data;
writing the report; and the decision to submit the report for
publication. Dr. Zeki had full access to all of the data in the
study and takes responsibility for the integrity of the data
and the accuracy of the data analysis.

DISCLOSURE

The authors declared no conflict of interest.

REFERENCES

1. Heart rate variability: standards of measurement, physiological
interpretation and clinical use. Task Force of the European Society
of Cardiology and the North American Society of Pacing and
Electrophysiology. Circulation. 1996;93:1043-1065.

2. Shah A]J, Su S, Veledar E, Bremner JD, Goldstein FC, Lampert R,
Goldberg J, Vaccarino V. Is heart rate variability related to memory per-
formance in middle-aged men? Psychosom Med 2011; 73:475-482.

3. La Rovere MT, Bigger JT Jr, Marcus FI, Mortara A, Schwartz PJ.
Baroreflex sensitivity and heart-rate variability in prediction of total
cardiac mortality after myocardial infarction. ATRAMI (Autonomic
Tone and Reflexes After Myocardial Infarction) Investigators. Lancet
1998; 351:478-484.

4. Tsuji H, Larson MG, Venditti FJ Jr, Manders ES, Evans JC, Feldman
CL, Levy D. Impact of reduced heart rate variability on risk for cardiac
events. The Framingham Heart Study. Circulation 1996; 94:2850-2855.

5. Bigger JTJr, Fleiss JL, Steinman RC, Rolnitzky LM, Kleiger RE, Rottman
JN. Frequency domain measures of heart period variability and mortal-
ity after myocardial infarction. Circulation 1992; 85:164-171.

6. Liao D, CaiJ, Rosamond WD, Barnes RW, Hutchinson RG, Whitsel EA,
Rautaharju P, Heiss G. Cardiac autonomic function and incident cor-
onary heart disease: a population-based case-cohort study. The ARIC
Study. Atherosclerosis Risk in Communities Study. Am ] Epidemiol
1997; 145:696-706.

7. Sloan RP, DeMeersman RE, Shapiro PA, Bagiella E, Chernikhova
D, Kuhl JP, Zion AS, Paik M, Myers MM. Blood pressure variability
responses to tilt are buffered by cardiac autonomic control. Am J Physiol
1997; 273:H1427-H1431.

8. Sloan RP, Shapiro PA, Bagiella E, Myers MM, Gorman JM. Cardiac
autonomic control buffers blood pressure variability responses to chal-
lenge: a psychophysiologic model of coronary artery disease. Psychosom
Med 1999; 61:58-68.

9. Singh JP, Larson MG, Tsuji H, Evans JC, O’Donnell CJ, Levy D.
Reduced heart rate variability and new-onset hypertension: insights

American Journal of Hypertension 31(1) January 2018 33



Zeki Al Hazzouri et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

into pathogenesis of hypertension: the Framingham Heart Study.
Hypertension 1998; 32:293-297.

Carnethon MR, Golden SH, Folsom AR, Haskell W, Liao D. Prospective
investigation of autonomic nervous system function and the develop-
ment of type 2 diabetes: the Atherosclerosis Risk In Communities
study, 1987-1998. Circulation 2003; 107:2190-2195.

Carnethon MR, Yan L, Greenland P, Garside DB, Dyer AR, Metzger B,
Daviglus ML. Resting heart rate in middle age and diabetes develop-
ment in older age. Diabetes Care 2008; 31:335-339.

Nahshoni E, Aravot D, Aizenberg D, Sigler M, Zalsman G, Strasberg
B, Imbar S, Adler E, Weizman A. Heart rate variability in patients with
major depression. Psychosomatics 2004; 45:129-134.

Sajadieh A, Nielsen OW, Rasmussen V, Hein HO, Abedini S, Hansen
JE. Increased heart rate and reduced heart-rate variability are associated
with subclinical inflammation in middle-aged and elderly subjects with
no apparent heart disease. Eur Heart ] 2004; 25:363-370.

Britton A, Singh-Manoux A, Hnatkova K, Malik M, Marmot MG,
Shipley M. The association between heart rate variability and cognitive
impairment in middle-aged men and women. The Whitehall II cohort
study. Neuroepidemiology 2008; 31:115-121.

Frewen ], Finucane C, Savva GM, Boyle G, Coen RF, Kenny RA.
Cognitive function is associated with impaired heart rate variability in
ageing adults: the Irish longitudinal study on ageing wave one results.
Clin Auton Res 2013; 23:313-323.

Kim DH, Lipsitz LA, Ferrucci L, Varadhan R, Guralnik JM, Carlson
MC, Fleisher LA, Fried LP, Chaves PH. Association between reduced
heart rate variability and cognitive impairment in older disabled
women in the community: Women’s Health and Aging Study I. ] Am
Geriatr Soc 2006; 54:1751-1757.

Mabhinrad S, Jukema JW, van Heemst D, Macfarlane PW, Clark EN, de
Craen AJ, Sabayan B. 10-Second heart rate variability and cognitive
function in old age. Neurology 2016; 86:1120-1127.

Zeki Al Hazzouri A, Haan MN, Deng Y, Neuhaus J, Yaffe K. Reduced
heart rate variability is associated with worse cognitive performance in
elderly Mexican Americans. Hypertension. 2014;63:181-187.

Launer L]. The epidemiologic study of dementia: a life-long quest?
Neurobiol Aging 2005; 26:335-340.

Qiu C, Winblad B, Fratiglioni L. The age-dependent relation of blood pres-
sure to cognitive function and dementia. Lancet Neurol 2005; 4:487-499.
Friedman GD, Cutter GR, Donahue RP, Hughes GH, Hulley SB, Jacobs DR
Jr, Liu K, Savage P]. CARDIA: study design, recruitment, and some char-
acteristics of the examined subjects. J Clin Epidemiol 1988; 41:1105-1116.
Walsh JA 3%, Prineas R, Daviglus ML, Ning H, Liu K, Lewis CE,
Sidney S, Schreiner PJ, Iribarren C, Lloyd-Jones DM. Prevalence of
electrocardiographic abnormalities in a middle-aged, biracial popu-
lation: Coronary Artery Risk Development in Young Adults study. J
Electrocardiol 2010; 43:385.e1-385.€9.

Rosenberg SJ, Ryan JJ, Prifitera A. Rey Auditory-Verbal Learning Test
performance of patients with and without memory impairment. J Clin
Psychol 1984; 40:785-787.

Wechsler D. Wechsler Adult Intelligence Scale-III (WAIS-III). San
Antonio, TX: Psychological Corporation; 1997.

34 American Journal of Hypertension 31(1) January 2018

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

MacLeod CM. Half a century of research on the Stroop effect: an inte-
grative review. Psychol Bull 1991; 109:163-203.

Radloft L. The CES-D scale: a self-report depression scale for research
in the general population. Appl Psychol Meas 1977; 1:385-401.

Saul JP, Berger RD, Albrecht P, Stein SP, Chen MH, Cohen R]. Transfer
function analysis of the circulation: unique insights into cardiovascular
regulation. Am ] Physiol 1991; 261:H1231-H1245.

Kanemaru A, Kanemaru K, Kuwajima I. The effects of short-term blood
pressure variability and nighttime blood pressure levels on cognitive
function. Hypertens Res 2001; 24:19-24.

Bellelli G, Pezzini A, Bianchetti A, Trabucchi M. Increased blood pres-
sure variability may be associated with cognitive decline in hypertensive
elderly subjects with no dementia. Arch Intern Med 2002; 162:483-484.
Gomez-Angelats E, de La Sierra A, Sierra C, Parati G, Mancia G, Coca
A. Blood pressure variability and silent cerebral damage in essential
hypertension. Am ] Hypertens 2004; 17:696-700.

Kukla C, Sander D, Schwarze J, Wittich I, Klingelhofer J. Changes of
circadian blood pressure patterns are associated with the occurence of
lucunar infarction. Arch Neurol 1998; 55:683-688.

Zeki Al Hazzouri A, Vittinghoff E, Byers A, Covinsky K, Blazer D, Diem
S, Ensrud KE, Yaffe K. Long-term cumulative depressive symptom bur-
den and risk of cognitive decline and dementia among very old women.
J Gerontol A Biol Sci Med Sci 2014; 69:595-601.

Yaffe K, Vittinghoff E, Pletcher MJ, Hoang TD, Launer L], Whitmer R,
Coker LH, Sidney S. Early adult to midlife cardiovascular risk factors
and cognitive function. Circulation 2014; 129:1560-1567.

Tadecola C, Yaffe K, Biller J, Bratzke LC, Faraci FM, Gorelick PB, Gulati
M, Kamel H, Knopman DS, Launer L], Saczynski JS, Seshadri S, Zeki
Al Hazzouri A; American Heart Association Council on Hypertension;
Council on Clinical Cardiology; Council on Cardiovascular Disease in
the Young; Council on Cardiovascular and Stroke Nursing; Council on
Quality of Care and Outcomes Research; and Stroke Council. Impact
of hypertension on cognitive function: a scientific statement from the
American Heart Association. Hypertension 2016; 68:e67-e94.

Muller M, Grobbee DE, Aleman A, Bots M, van der Schouw YT.
Cardiovascular disease and cognitive performance in middle-aged and
elderly men. Atherosclerosis 2007; 190:143-149.

Thayer JF, Hansen AL, Saus-Rose E, Johnsen BH. Heart rate variability,
prefrontal neural function, and cognitive performance: the neurovis-
ceral integration perspective on self-regulation, adaptation, and health.
Ann Behav Med 2009; 37:141-153.

Schroeder EB, Whitsel EA, Evans GW, Prineas R], Chambless LE, Heiss
G. Repeatability of heart rate variability measures. J Electrocardiol 2004;
37:163-172.

O’'Neal WT, Chen LY, Nazarian S, Soliman EZ. Reference ranges for
short-term heart rate variability measures in individuals free of cardio-
vascular disease: the Multi-Ethnic Study of Atherosclerosis (MESA). |
Electrocardiol 2016; 49:686-690.

Drieling RL, LaCroix AZ, Beresford SA, Boudreau DM, Kooperberg C,
Heckbert SR. Validity of self-reported medication use compared with
pharmacy records in a cohort of older women: findings from the wom-
en’s health initiative. Am J Epidemiol 2016; 184:233-238.





