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Abstract

Systemic inflammation (SI) is associated with impairment of cardiac autonomic modulation
(CAM), which is associated with cardiac disease. However, there is limited data about SI on CAM
circadian pattern, which this study is aimed to investigate in a middle-aged sample. C-reactive
protein (CRP) was used as a SI marker. We performed HRV analysis on each 5-minute segment
RRs from of a 24-hour 12-lead ECG to obtain time and frequency domain HRV indices as
measures of CAM. The circadian pattern of CAM was analyzed by a two-stage modeling. Stage
one, for each individual we fit a cosine periodic model based on the 288 segments of 5-minute
HRYV data to produce three individual-level cosine parameters that quantity the circadian pattern:
mean (M), amplitude (A), and acrophase time (6), measure the overall average, the amplitude of
the oscillation, and the timing of the highest oscillation, respectively. Stage two, we used random-
effects-meta-analysis to summarize the effects of CRP on the three circadian parameters obtained
in stage one. CRP was adversely associated with lower M of log-HF, log-LF, SDNN, and RMSSD
[B (SE): —0.22 (0.07) ms2, —0.20 (0.06) ms?, —3.62 (0.99) ms, and —2.32 (0.73) ms, respectively,
with all p-values<0.01]. More importantly, CRP was also adversely associated with lower A of
SDNN and RMSSD [B (SE): —0.84 (0.44) ms and —0.86 (0.38) ms, respectively, both p-
values<0.05]. Sl is adversely associated with circadian pattern of CAM, suggesting that the
cardiac risk associated with SI may be partially mediated via inflammation-related changes in
CAM.
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1. Introduction

Cytokine production by the immune system plays an important role in pathophysiological
processes of chronic inflammatory diseases, including atherosclerosis (Libby, 2002).
Excessive expression of pro-inflammatory cytokines is a reliable marker of atherosclerosis
risk. Higher levels of C-reactive protein (CRP) and white blood cell (WBC) count are major
markers of higher burden of systemic inflammation, and have been associated with
increased risk of cardiovascular disease morbidity and mortality in population-based studies
(Blake et al., 2003; Kucharska-Newton et al., 2009; Nelson et al., 2000; Phillips et al., 1992;
Ridker et al., 1997).

Heart rate variability (HRV) is regulated by the balance of sympathetic and parasympathetic
modulations, and it is a commonly used noninvasive measurement of cardiac autonomic
modulation (CAM) (Task force of the European society of cardiology and the North
American society of pacing and electrophysiology, 1996). Many previous prospective
studies in patients and in population-based samples have demonstrated that lower HRV
calculated from short-term normal RR intervals, ranging from several minutes to several
hours, was associated with significantly higher risk of mortality (Bigger et al., 1992; Dekker
et al., 2000), sudden cardiac death (La Rovere et al., 2003), and incidence of coronary heart
disease (CHD) (Liao et al., 1997; Tsuji et al., 1996).

Several recent studies have reported an inverse association between various HRV indices,
calculated from short-time or 24-hour ECG, and the burden of systemic inflammation in
patients with stable or unstable CHD (Lanza et al., 2006; Madsen et al., 2007) and in
subjects without CHD (Araujo et al., 2006; Jensen-Urstad et al., 1998; Sajadieh et al., 2004;
Sloan et al., 2007; Thayer, and Fischer, 2009). Others have reported a lack of such
association in patients with suspected CHD (Yue et al., 2007). However, all of these studies
were based on the overall mean levels of HRV. Several studies have described a circadian
pattern of CAM (Lombardi et al., 1992; Malpas, and Purdie, 1990; Massin et al., 2000;
Nakagawa et al., 1998), which can be quantified with a cosine periodic regression model
consisting with three cosine function parameters: mean (M), amplitude (A), and acrophase
(6). The cosine function parameter M measures the overall average of a HRV index, the A
measures the amplitude of the oscillation of a HRV index, and the 6 measures the clock time
when the highest oscillation (amplitude) is reached. The disturbances of the circadian pattern
of CAM can be at the levels of Mean, amplitude, and/or acrophase. However, to our
knowledge, no study has examined the effects on inflammation on the three circadian
parameters that quantify the circadian pattern of CAM. Therefore, the objective of this study
is to examine the effects of inflammation markers on the circadian pattern of CAM, reflected
as the overall mean, the amplitude of oscillation, and the time of acrophase, in a community-
dwelling sample.

2. Methods

2.1. Study population

For this report, we used the data collected for the Air Pollution and Cardiac Risk and its
Time Course (APACR) study, which we designed to investigate the mechanisms and the
time course of the adverse effects of fine particulate matter (PM> 5) on cardiac

Auton Neurosci. Author manuscript; available in PMC 2012 July 5.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lietal.

Page 3

electrophysiology, blood coagulation, and systemic inflammation. Recruitment methods for
the APACR study have been published elsewhere (He et al., 2010; Liao et al., 2010). All
study participants were recruited from communities in central Pennsylvania, primarily from
the Harrisburg metropolitan area. The inclusion criteria for the study included nonsmoking
adults, > 45 years old, who had not been diagnosed with severe cardiac problems (defined as
diagnosed valvular heart disease, congenital heart disease, acute myocardial infarction or
stroke within 6 months, or congestive heart failure). Approximately 75% of the individuals
who were contacted and who met our inclusion criteria were enrolled in the APACR study.
We enrolled and examined 106 individuals for the APACR study between November, 2007
and June, 2009. The study protocol was approved by Penn State University College of
Medicine IRB. All study participants provided written informed consent.

Study participants were examined in the Penn State College of Medicine General Clinical
Research Center (GCRC) in the morning between 8 and 10 AM of the first visit (Day 1). All
participants fasted for at least 8 hours before the clinical examination. After completing a
health history questionnaire, a trained research nurse measured seated blood pressure three
times, height, and weight, and drew 50 ml of blood. A trained investigator connected the
Holter ECG recorders between 9 and 10 AM. Participants were then released to go on with
their regular daily routines in the period of ongoing Holter recording. The next morning
(Day 2), the participants came back to the GCRC to disconnect the Holter monitors, and had
another 50 ml of blood drawn.

2.2. Biomarkers of systemic inflammation

The average of Day 1 and Day 2 markers of inflammation (high sensitivity CRP and WBC
count), measured at the Penn State GCRC Central Laboratory, were used in this report.

2.3. Holter ECG recording and HRV variables

A high fidelity (sampling frequency 1000 Hz) 12-lead H-Scribe Holter System (Mortara
Instrument, Inc.) was used for 24-hour beat-to-beat ECG data collection. The standardized
operating procedures for the APACR study developed by the study investigators were
followed rigorously in the data collection, retrieval, offline processing and HRV analysis.
The main objective of the offline processing was to verify the Holter-identified ECG waves,
and to identify and label additional electronic artifacts and arrhythmic beats in the ECG
recording.

After removing artifacts and ectopic beats, any RR interval <400 ms, >2000 ms, or where
the ratio from two adjacent RR intervals was <0.80 or >1.20 were also excluded from the
HRYV analysis. The remaining normal RR intervals were then divided into 288 5-minute
segments. The time- and frequency-domain HRV analysis were performed on each of the 5-
minute segments, if the total length of such normal RR intervals was greater than 4 minutes
(80% of original data), using the Fast Fourier Transformation (FFT) method. Briefly, the
adjacent RR interval data were interpolated using a piecewise cubic spline interpolation
approach, with a 2 Hz sampling rate. The FFT was performed on the equidistantly
interpolated RR time series. We used a second order polynomial model to remove the slow
non-stationary trends of the HRV signal. The following HRV indices were calculated as
measures of CAM: standard deviation of all RR intervals (SDNN, ms), square root of the
mean of the sum of the squares of differences between adjacent RR intervals (RMSSD, ms),
power in the low frequency range (0.04-0.15 Hz, LF), power in the high frequency range
(0.15-0.40 Hz, HF), and the ratio of LF to HF (LF/HF). Following current recommendations
(Task force of the european society of cardiology and the north american society of pacing
and electrophysiology, 1996), we performed logarithmic transformations on HF and LF
prior to statistical analysis.
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2.4, Statistical Analysis

From the 106 individuals, we excluded 5 subjects from this report because of the following
reason(s): failure to draw blood (n=1), technical problems with the Holter recording (n=1),
and insufficient normal RR intervals for HRV analysis (less than 20 hours of 24 recording)
(n=3). As a result, this report uses the data from the remaining 101 individuals. Each
individual contributed up to 288 segments of 5-minute RR interval data within 24 hours,
resulting in up to 29,088 data segments. We analyzed 28334 segments of HRV data after
excluding segments with less than 4 minutes of normal RR interval data.

A two-stage analysis was performed to assess the relationship between inflammation
markers and the circadian pattern of HRV. In the first stage, for each individual we fit the
HRYV data based on all available 5-minute segments to a cosine periodic regression model
(D’Negri et al., 2005): HRV;(t)= M; + A;-cos [2r -(t—6;)/T] + &;, i=1, ..., 101, where M; is
the daily average of HRV of the it" subject, A; is the amplitude of HRV of the it subject
around M;, t is the time-specific segment order number, T is the total number of 5-minute
segments in 24 hours, 6; is the acrophase (the lag from the reference time point (9 AM) to
the time of the zenith of the cosine curve fit to the data of the it" subject), and &; is the error
term for the it subject. One unit of t corresponds to 5 minutes, with 1 indicating 9:00 AM to
9:05 AM, 2 indicating 9:05 AM to 9:10 AM, etc. Thus, from the above described cosine
model, we obtained the estimated individual-level cosine periodic regression parameters,
namely the M, A, and 6 to quantify the periodicity of the HRV variables. In the second
stage, we used random-effects meta-analyses to obtain overall estimates of M, A and 6, and
their 95% confident intervals (Cls) to assess the associations between inflammation markers
and the three components of the circadian pattern of HRV (DerSimonian, and Laird, 1986).
To visualize the associations between circadian patterns of HRV with inflammatory
biomarkers, we plotted in Figure 1 the cosine periodic model estimates for log HF (as an
example of frequency domain HRV) and RMSSD (as an example of time domain HRV)
over the clock time at lower and higher levels of CRP (corresponding to approximately 10th
and 90t percentile of CRP). To confirm the associations between the biomarkers of
systemic inflammation and the means from the random-effects meta-analysis models, we
also applied linear mixed-effects models, specifying a first-order autoregressive covariance
structure, to assess the associations between HRV variables and the biomarkers of systemic
inflammation (Laird, and Ware, 1982) using the entire 24-hour data, as well as analyzing the
daytime (9 AM to 9 PM) and nighttime (9 PM to 9 AM next day) data separately, in order to
examine whether inflammation affect daytime and nighttime CAM differently. In this
approach we ignored the assumption of the specific cosine form for the data and treated the
HRV variables from each 5-minute segment as repeated measures. Residual diagnostics
were used to assess the appropriateness of modeling assumptions, and no sizeable departures
were detected. Meier-Ewert HK et al. (Meier-Ewert et al., 2001) reported that CRP
concentrations remained stable over 24 hours. Thus, for all of our analyses, we averaged the
inflammatory markers from the first and the second visits (24 hours apart), and the
inflammatory markers were used as continuous variables. We logarithmically transformed
CRP prior to analysis. All analyses were performed using SAS version 9.1 software (SAS
Institute Inc., Cary, NC, USA).

The demographic characteristics, cardiovascular disease risk factors, and the HRV indices of
the study sample are shown in Table 1. The mean age of the participants was 56.5 years
(SD= 7.7, with 47%, 40%, 9%, and 4% in 45-54, 55-64, 65-69, and > 70 years group,
respectively), with 74% non-Hispanic white, 26% minorities (including Black, Hispanic,
and Chinese), 61% female, and 50% having chronic cardiovascular related disease (mostly
hypertension, and 8 and 7 individuals had diabetes and a history of coronary heart disease,
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respectively). In general, persons with chronic cardiovascular related diseases were older,
had higher levels of systemic inflammation, and lower HF, LF, SDNN, and RMSSD than
persons without chronic cardiovascular related diseases. Therefore, we adjusted for age, sex,
ethnicity, and chronic cardiovascular related disease in the subsequent analyses.

The associations between the markers of systemic inflammation and each of the cosine
parameters (M, A, and 0) estimated from the entire sample using random-effects meta-
analysis regression models are presented in Table 2, as both unadjusted (Model 1) and age,
sex, ethnicity, and CVD-related diseases adjusted (Model 2) models. In general, higher CRP
was significantly associated with lower mean levels of HF, LF, SDNN, and RMSSD in both
models (p<0.01), indicative of an inverse association between the burden of inflammation
and lower cardiac autonomic modulation. More importantly, higher CRP was also inversely
associated with lower amplitude of SDNN and RMSSD, indicating an inverse association
between the burden of inflammation and the lower circadian amplitude of the oscillation of
CAM. CRP was not associated with the circadian parameter 6, indicating no adverse effects
of inflammation on the timing of the circadian pattern of CAM. The associations between
higher levels of WBC and the three cosine periodic regression parameters are similar to that
from CRP, but less pronounced. The circadian variations of HF and RMSSD over the clock
time at lower and higher levels of CRP (corresponding to approximately the 10t and 90th
percentiles of CRP) are graphically presented in Figure 1. These plots showed the overall
reduction of the means of HF (as a frequency domain HRV index) and RMSSD (as a time
domain HRYV index) at higher levels of CRP. More importantly, these plots also showed a
clear decrease in the amplitude of RMSSD oscillation at higher levels of CRP.

Ignoring the specific cosine form for the data and treating HRV variables from each 5-
minute segment as repeated measures, the regression coefficients, SE, and P value relating
CRP and WBC count and HRV indices according to daytime (9 AM to 9 PM) and nighttime
(9 PM to 9 AM next day) are presented in Table 3. These analyses are based on linear
mixed-effects models, which allow us to examine the time of the day specific associations
between inflammatory markers and CAM. In general, higher levels of inflammation marker
are significantly and consistently associated with lower levels of HRV indices and higher
heart rate, in models based on the entire 24-hour data and on time of the day (daytime/
nighttime) data. Moreover, the larger effect sizes of the regression coefficients from
nighttime HRV data indicate a stronger relationship between inflammation and nighttime
CAM.

4. Discussion

Several published studies have investigated the overall associations between HRV and
inflammatory markers, including time and frequency domain HRV measures, and utilizing
patient-based (Lanza et al., 2006; Madsen et al., 2007) or population-based samples (Araujo
et al., 2006; Jensen-Urstad et al., 1998; Sajadieh et al., 2004; Sloan et al., 2007; Thayer, and
Fischer, 2009). In general, these previous studies have demonstrated significant associations
between the elevated burdens of systemic inflammations and reduced mean levels of HRV.
However, none of previous studies have examined the inflammation and HRV association in
all three demotions of the circadian pattern of HRV, a well established characteristic of
CAM in human. Therefore, the main objective of this study is to quantify the relationship
between the burden of systemic inflammation and the circadian pattern of cardiac autonomic
modulation in all three cosine parameters. To achieve this aim, we used a two-stage
approach, with the first stage using cosine periodic regression to fit the individual-level 24-
hour HRV data on a 5-minute per segment basis to estimate the three cosine parameters, and
the second stage summarizing these three parameters from the entire study sample using the
random-effects meta-analysis approach. This two-stage approach enabled us to investigate
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the effects of systemic inflammation on the mean levels, the amplitude and the acrophrase of
HRYV indices, thus providing insight into the circadian impact of inflammation on CAM. As
summarized in Table 2 and graphically shown in Figure 1, our data suggest an overall
adverse relationship between systemic inflammation and lower mean levels of CAM, which
are consistent with previous findings (Araujo et al., 2006; Jensen-Urstad et al., 1998; Lanza
et al., 2006; Madsen et al., 2007; Sajadieh et al., 2004; Sloan et al., 2007; Thayer, and
Fischer, 2009). Most importantly, our data also clearly indicate an adverse relationship
between systemic inflammation and lower circadian amplitude of CAM, which we have not
been able to find similar report from the published literature. For instance, one unit
increment of log CRP in these data is associated with 2.3 ms decrease in the mean of
RMSSD and a 0.8 ms lower amplitude of RMSSD. To our knowledge, this is the first report
of the impact of inflammation on the circadian variation of CAM in terms of the amplitude.
In this community-dwelling sample of nonsmokers, inflammation was not associated with
the timing of circadian oscillation of CAM

When we stratified the HRV data according to the time of the day, our findings of a
consistent relationship between the levels of inflammation and the mean levels of HRV are
also in agreement with previous reports of an adverse relationship between inflammation
and CAM (Araujo et al., 2006; Jensen-Urstad et al., 1998; Lanza et al., 2006; Madsen et al.,
2007; Sajadieh et al., 2004; Sloan et al., 2007; Thayer, and Fischer, 2009). Moreover, our
data on the stronger association for the nighttime CAM are suggestive of a larger effect of
inflammation on nighttime CAM than on the daytime CAM. For example, the regression
coefficient (effect size) of RMSSD from CRP is 42% larger from the nighttime than from
the daytime based on the data presented in Table 3. This daytime and nighttime differences
in the effect size are also supportive of the effect of inflammation on the amplitude of CAM,
with the highest amplitude occurred at nighttime.

The exact mechanisms linking elevated systemic inflammation and impaired circadian
rhythm of cardiac autonomic modulation are not well-understood presently. It is plausible
that the underlying causes of elevated systemic inflammation can lead to the overall
activation of sympathetic outflow, and thus lead to the imbalance of the sympatovagal
modulation of the heart rhythms. This hypothesis is supported by studies that have identified
the products and mediators of inflammation that can serve as stimuli on the autonomic
modulation system (Banks et al., 1991; Goehler et al., 2000). Alternatively, it is also
plausible that activated sympathetic modulation or reduced vagal modulation (reflected as
reduced HRV) can enhance the production of cytokines, which in turn can lead to higher
levels of blood inflammatory markers. This latter hypothesis is supported by several recently
published experimental studies of sepsis in animal models and myocardial ischemia models.
Such animal models demonstrated that stimulation of the vagus nerve significantly inhibits
tumor-necrosis-factor-a release (Borovikova et al., 2000) and an inhibition of cytokine
activity (Saeed et al., 2005). Unfortunately, our cross-sectional data did not allow us to
elucidate the temporal relationship between systemic inflammation and CAM. In addition,
we only have data from nonsmokers who did not have any cardiac event in the 6 months
prior to participating in our study. Thus, the results may not be generalizable to smokers or
individuals with recent acute cardiac events. We did not have detailed information on the
use of anti-inflammation medications, or medications that affect the balance of sympathetic
and parasympathetic modulation, such as beta-blockers. As a result, we cannot elucidate the
potential effect modification of the inflammation and CAM relationship by these
medications, which are known to impact the levels of inflammatory markers and/or CAM
(Niemela et al., 1994).

In summary, in this middle-aged sample of community-dwelling individuals, higher burden
of systemic inflammation is related to lower overall CAM and reduced amplitude of the
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circadian oscillation of CAM, suggesting that increased cardiovascular risk associated with
inflammation may be partially mediated via inflammation related changes in CAM. More
studies are needed to establish the temporality of, and to elucidate the potential mechanisms
underlying, this association.
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Figure 1.

Multivariable adjusted periodic regression curves of log HF and RMSSD at different values
of CRP concentration (approximately the 10" and 90t percentiles).

Curves: The estimated diurnal circadian periodic curves over the time of HRV collection.
Horizontal lines: Mean of periodic curve.

Lines with arrows: Amplitude of periodic curve.
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The study population characteristics and summaries of HRV indices”

Table 1

CVD, Hypertension or Diabetes

Yes (n=42) No (n=59) All (n=101)

Age (years) 57.5+6.8 55.7 +8.2 56.5+7.7
Male (%) 38.1 39.0 38.6
Non-Hispanic White (%) 76.2 72.9 74.3
Obesity (%) 33.3 15.3 22.8
Hypertension (%) 83.3 - 34.7
Diabetes (%) 19.0 - 7.9
CVD (%) 16.7 - 6.9
Body Mass Index (kg/m?) 30071 26.0+4.2 27.7+59
Systolic Blood Pressure (mmHg) 129.6 + 16.7 116.8+11.8 122.1+15.4
Diastolic Blood Pressure (mmHg) 77.9+9.7 72983 75.0+9.2
Fasting Glucose (mg/dl) 94.6 +37.0 84.6+10.1 88.8+25.5
Log of CRP (ng/mL) 74+13 6.9+1.1 71412
WBC count (x10°) 6.2+£12 53+12 57+13
HRV variables':

Log of HF (ms?) 33+08 3.7+09 35+09

Log of LF (ms?) 44+07 49+0.8 47+0.8

LF/HF Ratio 4.7+26 46+21 46+23

SDNN (ms) 37.7+11.4 444 135 41.6 £13.0

RMSSD (ms) 20085 23.2+95 21.8+9.2

Heart Rate (/min) 77+10 76+ 10 76+ 10

*

Continuous variables reported as mean + SD; binary variables reported as %.

Page 11

TCalculated by first computing the individual-level means from all available 5-minute segments of data, and then averaging over the individual-

level means from the entire study sample.

Abbreviations: CRP, C-reactive protein; HF, high frequency powers; HRV, heart rate variability; LF, low frequency powers; MI, myocardial
infarction; RMSSD, the square root of the mean of the sum of the squared differences of the adjacent RR intervals; SDNN, standard deviation of

RR intervals; WBC, white blood cell count.
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