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Abstract

Background—Methamphetamine (METH) is an increasing popular and highly addictive
stimulant associated with autonomic nervous system (ANS) dysfunction, cardiovascular
pathology, and neurotoxicity. Heart rate variability (HRV) has been used to assess autonomic
function and predict mortality in cardiac disorders and drug intoxication, but has not been
characterized in METH use. We recorded HRV in a sample of currently abstinent individuals with
a history of METH dependence compared to age- and gender-matched drug-free comparison
subjects.

Method—HRYV was assessed using time domain, frequency domain, and nonlinear entropic
analyses in 17 previously METH-dependent and 21 drug-free comparison individuals during a 5
minute rest period.

Results—The METH-dependent group demonstrated significant reduction in HRV, reduced
parasympathetic activity, and diminished heartbeat complexity relative to comparison participants.
More recent METH use was associated with increased sympathetic tone.

Conclusion—Chronic METH exposure may be associated with decreased HRV, impaired vagal
function, and reduction in heart rate complexity as assessed by multiple methods of analysis. We
discuss and review evidence that impaired HRV may be related to the cardiotoxic or neurotoxic
effects of prolonged METH use.
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INTRODUCTION

Methamphetamine (METH), a potent and addictive synthetic derivative of amphetamine, is
currently one of the most widely abused illegal stimulants in the United States and
worldwide (Romanelli and Smith, 2006; Yeo et al., 2007). METH exposure has been
associated with myriad adverse effects, including neurotoxicity, neuropsychological deficits,
and cardiotoxicity (Citron et al., 1970; Hamamoto and Rhodus, 2009; Scott et al., 2007;
Shrem and Halkitis, 2008). The drug exerts profound effects on neurological and cardiac
function by mediating the release of monoamine neurotransmitters, including dopamine,
norepinephrine, and serotonin (Makisumi et al., 1998; Scott et al., 2007; Yu et al., 2003).
While acute METH intoxication stimulates the sympathetic nervous system, resulting in
increased heart rate and hypertension (Meredith et al., 2005), chronic METH use is also
reported to induce autonomic nervous system (ANS) dysfunction linked to cardiovascular
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pathology (Kaye et al., 2007), including myocardial infarction, coronary artery disease and
cardiomyopathy (Citron et al., 1970; Kalant and Kalant, 1975; Karch et al., 1999; Smith et
al., 1976; Swalwell and Davis, 1999).

Heart rate variability (HRV), the quantitative assessment of variation in heartbeat intervals,
is increasingly used to detect alterations in ANS function and assess risk for morbidity and
mortality associated with cardiovascular pathology (Berntson et al., 1997; Bilchick and
Berger, 2006). Cardiac rhythm is regulated by a number of factors, most prominently the
sinoatrial node (SA) pacemaker modulated by both the parasympathetic and sympathetic
branches of the ANS (Malik and Camm, 1995). Acetycholine released from vagal
parasympathetic terminals binds to SA muscarinic cholinergic receptors, thus decreasing SA
depolarization and discharge; in contrast, sympathetic terminals on the SA node release
norepinephrine and activate beta-adrenergic receptors, consequentially speeding the SA
node rhythm (Berntson et al., 1997).

HRYV is typically assessed in both time and frequency domains. Variation in heartbeat
intervals over a linear time period is quantified by several measures derived from the
standard deviation of the beat-to-beat period. Frequency domain analyses separate the heart
rate signal into distinct frequency bands that assess the relative contribution, or power, of
sympathetic and parasympathetic input to the heart (Cowan, 1995). However, the
observation that heart rate can fluctuate in a highly irregular and nonlinear manner has
motivated an increasing emphasis on applying nonlinear methods of analysis to characterize
the complexity of cardiac function (Peng et al., 1995). The complexity, or predictability, of
the heart beat pattern has been recently quantified by various measures of entropy, including
sample entropy (SampEn) and dynamical entropy h (Lake et al., 2002). In similar fashion to
the traditional time domain HRV measures, higher values of entropy (both SampEn and
entropy h) indicate more variability and complexity in the data, while lower values suggest
greater regularity in the cardiac rhythm (Richman and Moorman, 2000).

Healthy individuals exhibit a high degree of HRV, reflecting the ability of the ANS to adapt
quickly to physical or psychological challenges in the environment (Thayer and Lane,
2000). Normal organisms are characterized by a complex and variable heart rhythm
indicative of effective vagal control of the cardiovascular system. In contrast, decreased
HRV has been associated with psychiatric disorders as well as explicit cardiac disease
(Malik and Camm, 1995; Thayer and Lane, 2009). Reduced HRV and parasympathetic
suppression has been reported in schizophrenia and bipolar disorder (Agelink et al., 2002;
Henry et al., 2010; Malaspina et al., 1997), and linked to impaired social functioning and
cognitive deficits (Berntson et al., 1997; Carney et al., 2005; Egizio et al., 2008; Kim et al.,
2006a). Lower HRV and impaired vagal tone (a reduction in SDNN, RMSSD and HF
power) have also been associated with dilated and hypertrophic cardiomyopathy (Evrengul
et al., 2006; Fauchier et al., 1997; Karcz et al., 2003; Piccirillo et al., 2002), as well as
greater mortality risk following myocardial infarction (Kleiger et al., 2005). Similarly,
nonlinear heartbeat complexity as assessed by measures such as SampEn is decreased in
individuals with cardiomyopathy (Batchinsky et al., 2007; Batchinsky et al., 2009; Claria et
al., 2008; Lake et al., 2002).

Although previous work has demonstrated that exposure to drugs such as cocaine and
alcohol reduce HRV (John et al., 2007; Vaschillo et al., 2008), the effect of METH on HRV
has not been well characterized. The objective of this study was to assess HRV in a sample
of abstinent individuals with a history of METH dependence compared to a drug-free
comparison group. HRV was quantified using time and frequency domain measures, while
nonlinear complexity was assessed with SampEn and dynamic entropy h. Given the reported
effects of METH on ANS and cardiovascular function, we hypothesized that METH-
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dependent subjects would exhibit lower HRV and impaired vagal tone relative to the drug-
free comparison sample.

To determine the appropriate number of participants needed for this study, we assumed a
large effect size based upon our published data describing HRV differences between
individuals with bipolar disorder and healthy comparison subjects (Cohen’s d = 0.95)
(Henry et al., 2010). Using the G*POWER software (Erdfelder et al., 1996), a large effect
size of d = 0.95 with an alpha level of .05 requires a total sample size of 30 (15 subjects per
group) to achieve a power of .80 for a main effect of group on HRV.

In the current study, 17 participants with a history of METH dependence were recruited
through the HIV Neurobehavioral Research Center (HNRC) in San Diego, an institute that
collaborates with a network of drug treatment facilities in the local community. Participants
met SCID (Structured Clinical Interview for DSM-1V) criteria (First, 1994) for lifetime
METH dependence, as well as DSM-1V criteria for METH abuse or dependence within the
past two years. Subjects were also required to be abstinent from the drug for at least 7 days
before testing. Drug use history was obtained through a substance use questionnaire (Table
1). 21 drug-free comparison subjects who had never met SCID criteria for any substance
dependence were recruited from advertisements placed in the San Diego community.
Comparison and METH groups were matched for age, gender, education, body mass index
(BMI), and smoking status. Female participants were also matched for menstrual cycle. All
participants provided written informed consent to the current protocol approved by the
UCSD institutional review board.

Participants were excluded if: 1) they met SCID criteria for schizophrenia, bipolar disorder,
or current major depression; 2) they were taking any medication that could impair HRV
(such as antidepressants or other psychotropic medication); 3) a history of stroke, heart
attack, or cardiac disease; 4) diabetes; 5) any neurological conditions or head trauma, 6)
infection with HIV or hepatitis C; 7) treatment with electroconvulsive therapy; 8) a positive
result for cocaine, amphetamine, PCP, opiates, or cannabis on a urine toxicology Rapid
Drug screen (Pharmatic Inc., San Diego, CA) administered during the test session; 9)
substance dependence on illegal drugs (other than METH in the METH group) during the
past 5 years; 10) alcohol abuse or dependence within the past 12 months; 11) a remote (i.e.,
more than 5 years prior to study enrollment) but significant history of alcohol or other
substance dependence, as described in previous studies (Rippeth et al., 2004; Woods et al.,
2005). Three participants included in the drug-free comparison group reported infrequent
and remote stimulant exposure. One participant used cocaine twice in high school, while two
individuals reported using METH between one and two dozen times from 1991 to 1995, but
did not meet criteria for drug dependence and did not indicate any stimulant use in the past
15 years.

HRV Assessment

Subjects were fitted with the LifeShirt (LS), a continuous monitoring system that records the
physiological activity of the myocardium via 3 electrocardiogram (ECG) leads placed on the
skin of the upper chest and lateral abdomen (Vivometrics, 2002). The sensor array of the LS
is embedded in a sleeveless Lycra undergarment attached to a PDA that continuously
encrypts and stores participant data on a compact flash memory card. Cardiac data are
sampled at 200 Hz and analyzed with VivoLogic™, proprietary PC-based software. This
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program decrypts the data, images the continuous stream of cardiac autonomic output over
time, and exports processed data in ASCII format.

Digitized ECG data were analyzed to detect the R-wave peaks of the QRS complex. RR
interval artifacts £ 15% of reference RR duration were manually removed using linear
interpolation. Ectopic beats were identified and removed using the Vivologic automated
ectopic beat identification procedure. Only normal RR intervals were included in the
analysis. The power spectrum of the HRV signal was assessed using nonparametric Fast
Fourier Transform (FFT) and the Welch periodogram method as per standard procedure
(Vivometrics, 2002).

LS assessment of cardiac function has been shown to be equivalent to more widely used
HRYV laboratory measures such as Biopac (Heilman and Porges, 2007). Heilman and
colleagues (2007) quantified heart rate and HRV in subjects during short intervals of rest
and exercise using both the LS (sample rate 200 Hz) and Biopac (sample rate 1000 Hz).
They concluded that the LS algorithm for R-wave detection and timing precision were
sufficiently robust to provide precise and accurate cardiac data.

Data Collection

ECG recordings were obtained from participants during a 5 minute interval in a seated
position at complete rest between 9 a.m. and 5 p.m. The 5 minute test period was selected as
a standard length of HRV assessment (Malik and Camm, 1995). Participants were instructed
to relax and sit quietly during the test period and were required to refrain from smoking for
at least 30 minutes prior to the test session. Heart rate (HR) was monitored during the
session and all subjects exhibited a baseline HR below 100 beats-per-minute (bpm).

HRYV data were analyzed in both time and frequency domains. Variation in the heart rhythm
over time was quantified by assessing the standard deviation of sinus RR intervals (SDNN),
or the differences in the length of time between R peaks that signal ventricular
depolarization (Cowan, 1995). Differences between adjacent RR intervals were measured by
variables that include the RMSSD (the root mean square of successive RR differences) and
pNN5O0 (the percentage of adjacent RR intervals that differ by more than 50 milliseconds).

In the frequency domain, the low frequency (LF) signal (0.04 —0.15 Hz) is mediated by both
sympathetic and parasympathetic activity, while high frequency signal (HF) (0.15-0.4 Hz) is
mediated primarily by parasympathetic input to the heart (Cowan, 1995). LF and HF power
were quantified for each subject, and the relative intensity of cardiac sympathetic activity
was assessed by quantifying the LF/HF ratio, representing the comparative balance of the
two branches of the ANS. To account for individual variability in total power (Pagani et al.,
1986), LF and HF were normalized to total power (TP) and analyzed as normalized low
frequency power: (LFn, LF/(TP - Very Low Frequency)) and normalized high frequency
power (HFn, LF/(TP - Very Low Frequency)).

Nonlinear complexity was assessed using SampEn. This measure quantifies the conditional
probability that two sequences similar for m points remain similar at the next data point,
where sequence self-matches are not included in calculating the probability (Lake et al.,
2002). SampEn can be accurately estimated from a group of 100 to 5000 data points if the
sequence length to be compared (m) is set at 1 or 2 and the tolerance level (r) for
determining sequence matches is set between 0.1 and 0.25 of the data set standard deviation
(Groome et al., 1999; Pincus and Huang, 1992), although some studies have used higher
values of m (Lake et al., 2002). Higher values of r increase the probability of sequence
matches and decrease the observed complexity of the data, driving the value of SampEn
towards zero. Preliminary analyses with the HRV data obtained from METH and

Addict Biol. Author manuscript; available in PMC 2013 May 1.



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

1duasnuey Joyiny vd-HIN

Henry et al.

Page 5

comparison subjects indicated that SampEn values approached or effectively reached zero
when the value of r was set at or above 0.2; thus the r value for the current dataset was set at
0.1 and SampEn was subsequently calculated for m values of 1, 2, and 3 as previously
reported. SampEn was computed using Matlab software with tools available on the
PhysioNet website (Goldberger et al., 2000).

Our lab has used the dynamical entropy h measure to assess the complexity of human
behavior and physiology in several domains, including quantifying decision-making
behavior in schizophrenia (Paulus et al., 2001), motor activity in bipolar disorder (Perry et
al., 2009), and HRV in both psychiatric disorders (Henry et al., 2010). In brief, entropy h is
calculated by determining the minimal length of unique subsequences contained in a data set
and computed via log (number of data points)/[unique subsequence length] (Perry et al.,
2009). In the current study, we applied the dynamic entropy h measure to the RR interval
data generated by the LS as previously described (Henry et al., 2010).

Statistical Analyses

RESULTS

Statistical analyses were performed using SPSS and data were examined for normality of
distribution and homogeneity of variance. Square root transformations were applied to
RMSSD, pNN50, HFn, the LF/HF ratio, SampEn, and data for the length and quantity of
METH use to maximize normality and minimize skew and kurtosis.

Mean values for HR, SDNN, RMSSD, pNN50, HFn, LFn, the LF/HF ratio, RR entropy h,
and SampEn were calculated for the 5 minute rest period. Group differences for HRV
measures were assessed using a multivariate analysis of covariance (MANCOVA), followed
up by univariate ANOVAs for each parameter. Gender, smoking status, and BMI were
included as covariates to account for the potential effect of these factors on HRV. Post-hoc
differences were assessed using Bonferroni-adjusted multiple t-test comparisons.

Bivariate Pearson r correlations were performed to compare relationships between HRV
measures and characteristics of METH use, including length of use and duration of drug
abstinence. To further examine the effect of METH use on HRV, METH participants were
divided into 2 groups to compare: 1) the effect of lifetime METH exposure (above or below
the median group amount of 4000 grams); 2) length of abstinence (longer or shorter than 1
year); 3) the amount of METH use in the last 12 months (greater or fewer than 20 days of
reported use). Independent samples t-tests were performed to compare the effect of these
variables on SDNN, the LF/HF ratio, and entropy h. Finally, additional correlations were
conducted to assess the association between the traditional (time and frequency domain) and
nonlinear HRV measures. To reduce the probability of a Type 1 error associated with a large
number of statistical analyses, the level of significance for Pearson r comparisons was set at
p < 0.025, rather than p < 0.05.

Time and Frequency Domain analyses

The MANOVA performed for HRV data during the 5 minute rest period indicated a
significant effect of group [F(7,27) = 2.57, p < 0.05], but no significant effects of gender
[F(7,27) = 1.49, ns], smoking [F(7,27) = 1.32, ns], or BMI [F(7,27) = 1.72, ns]. Subsequent
univariate ANOVAs revealed a main effect of group on the LF/HF ratio [F(1, 33) = 10.95, p
< 0.01], HFn [F(1, 33) = 13.98, p < 0.01], LFn [F(1, 33) = 6.97, p < 0.05], RMSSD [F(1, 33)
=5.67, p <0.05] and pNN50 [F(1,33) = 6.32, p < 0.05]. There was a non-significant trend
towards increased heart rate in METH participants [F(1, 33) = 3.20, p = 0.08]; but no group
difference was observed for SDNN. Bonferroni post-hoc tests indicated that participants
with a history of METH dependence exhibited a significant increase in the LF/HF ratio,
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LFn, and a decrease in HFn, RMSSD, and pNN50 compared to drug-free comparison
subjects (Table 2). Group differences in HRV were characterized by moderate to large effect
sizes (r values) (Table 2).

Nonlinear HRV analyses

Univariate ANOVA performed for entropy measures calculated from RR interval sequences
indicated a main effect of group on dynamical entropy h [F(1,33) = 9.28, p < 0.01] and
SampEn for m = 2 [F(1,33) = 4.47, p < 0.05], with a strong trend towards a group effect on
SampEn for m = 1 [F(1,33) = 4.11, p = 0.05] and m =3 [F(1,33) = 4.04, p = 0.05] (Table 2).
The Bonferroni post-hoc tests for entropy h and SampEn indicated that METH participants
exhibited a significant decrease in entropy relative to comparison subjects, signifying less
variability in the RR interval pattern (Table 2). While there were no significant effects of
smoking or BMI on entropy, female participants exhibited greater entropy compared to male
subjects for all values of SampEn [m=1,p<0.01;m=2,p<0.01; m=3, p<0.01].

Subsequent correlations between nonlinear, time and frequency domain HRV measures
revealed that both entropy h and SampEn were positively correlated with HFn power,
SDNN, RMSSD, and pNN50, but negatively correlated with the LF/HF ratio and LFn power
(Table 3). The two measures of entropy were also correlated with each other (Table 3).

Characteristics of METH use

The amount of METH use in the past year (number of days) was positively correlated with
LFn power (r = 0.50, p = 0.04) and HR (r = 0.45, p = 0.07), although these relationships did
not reach quite reach significance. In addition, we observed a trend towards a negative
correlation between HR and the length of abstinence (r = —0.42, p = 0.09). Individuals with
greater lifetime METH use (over 4000 grams) showed slightly lower SDNN and a
marginally higher LF/HF ratio compared to those with less exposure to the drug, but these
differences were not significant. However, METH participants with less than 1 year of
abstinence exhibited a trend towards a higher LF/HF ratio (p = 0.07) compared to subjects
with more distant METH use (e.g., more than 1 year of abstinence). In addition, participants
with greater METH use in the past year (more than 20 days), exhibited a significantly
greater LF/HF ratio (p < 0.05) compared to drug users with less METH exposure in the past
12 months (Table 4).

While three participants in the drug-free comparison group reported infrequent and remote
stimulant exposure more than 15 years ago (e.g., using cocaine or METH a few times) they
did not display any evidence of impaired HRV. These individuals exhibited an equivalent
mean LF/HF ratio (1.8) relative to the completely stimulant-naive comparison subjects (2.0).
They also showed a trend towards higher entropy h (mean = 0.36) and elevated SDNN
(mean = 100.8) compared to the drug-free participants with no past stimulant exposure
(mean entropy h = 0.34; mean SDNN = 64.3). While the sample size is extremely small,
these findings support our observations in the METH-dependent group, which suggest that
HRV measures begin to normalize following more than 1 year of abstinence from the drug.

DISCUSSION

The aim of this study was to examine HRV in a group of abstinent individuals with a history
of METH dependence during a 5 minute rest period. Compared to drug-free comparison
subjects, METH participants exhibited a decrease in HRV, reduced vagal tone, and a
reduction in heartbeat complexity as assessed by nonlinear entropy. While the lifetime
quantity of METH exposure was not significantly associated with any HRV variable, our
data indicate that more recent METH use was linked with autonomic abnormalities. Greater
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METH use in the previous 12 months was associated with elevated sympathetic tone as
evidenced by a higher LF/HF ratio in METH participants with more than 20 days of reported
use. In addition, METH exposure in the past year was positively correlated with LF power.
In contrast, subjects with more than 1 year of abstinence from the drug exhibited LF/HF and
SDNN values that were more similar to drug-free comparison subjects. Finally, our results
also suggest that more recent METH use may be associated with elevated HR.

While time domain measures such as SDNN reflect both sympathetic and parasympathetic

activity, RMSSD and pNN50 are strongly correlated with the HF signal and are believed to
be more specific indicators of parasympathetic activity (Kleiger et al., 1991). In the current
report, METH subjects demonstrated significantly reduced RMSSD, pNN50, and lower HF
power relative to the drug-free comparison sample. Overall, these data indicate that chronic
METH use is associated with suppression of parasympathetic function.

Entopy h and SampEn were positively correlated with RMSSD, pNN50, and HF power and
negatively correlated with LF power and the LF/HF ratio, indicating that reduced
complexity of the heartbeat pattern is associated with impaired parasympathetic tone. These
two measures of entropy were also significantly correlated with each other (r = 0.7),
replicating earlier work (Henry et al., 2010) in support of the concept that entropy h may be
a reliable measure of HRV complexity. Our results also showed an independent effect of
gender on entropy, with female participants demonstrating higher SampEn compared to
male subjects. While interpretation of this finding is limited by a small number of total
female subjects (n = 4), the results support previous work indicating that women exhibit
greater parasympathetic activity compared to men (Sztajzel et al., 2008).

Our data are supported by previous research indicating stimulant exposure is associated with
impaired HRV and ECG abnormalities (Haning and Goebert, 2007; VVongpatanasin et al.,
2004). Newborn infants exposed to cocaine in utero are reported to exhibit reduced HRV
and diminished parasympathetic activity (John et al., 2007; Mehta et al., 2001). Acute
cocaine administration in healthy adults also reduces HF power, indicating decreased vagal
tone (Vongpatanasin et al., 2004). One recent study reported abnormal ECG in 36% of a
METH-dependent cohort (Haning and Goebert, 2007). The most prominent abnormality was
a prolonged QTc interval, a risk factor for arrthymia and potential marker for
cardiomyopathy. In addition, chronic alcohol exposure is characterized by impaired ANS
function and reduced HRV (Agelink et al., 1998), a phenomenon thought to be mediated by
autonomic neuropathy, including degeneration of the vagus nerve (Guo et al., 1987).

METH administration has been associated with numerous adverse effects, including
cardiotoxic and neurotoxic consequences that may have a direct impact on HRV (Scott et
al., 2007; Yu et al., 2003). Chronic METH exposure is linked to a wide variety of
cardiovascular disorders associated with impaired HRV and vagal abnormalities, including
cardiomyopathy, coronary artery disease, arrthymia, and myocardial infarction (Kaye et al.,
2007). Cardiovascular pathology mediated by METH use may be induced by distinct
mechanisms, but is generally attributed to the effect of the stimulant on catecholamine levels
(Yu et al., 2003). Elevated catecholamine activity decreases oxygen supply to the
myocardium by inducing vasoconstriction and vasospasm, while also boosting oxygen
demand by causing tachycardia and hypertension (Karch, 2002; Yu et al., 2003). The
resulting oxygen deficit can thus cause cardiac tissue necrosis and the formation of fibrotic
tissue that can impair cardiovascular function. Preclinical studies have demonstrated that
METH exposure can also damage cardiac tissue by increasing intracellular calcium
concentration, thus inhibiting myosin synthesis and damaging cardiomyocytes (Guo et al.,
1986; Salomon, 1978). In addition, several weeks of METH administration in rat (1 mg/kg
per day) induced cardiac myocte lesions similar to those observed in human cardiomyopathy
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(He et al., 1996). While individuals with a diagnosis of cardiac disease were excluded from
the current study, subclinical METH-induced cardiac pathology, including silent left
ventricular systolic dysfunction, may have mediated alterations in HRV.

Alternatively, it is conceivable that HRV differences may be related to the neurotoxic effects
of the drug. An extensive literature has documented neuropathological effects of chronic
METH use on human frontostriatal circuitry (Barr et al., 2006). Relative to comparison
subjects, METH-dependent individuals have exhibited multiple abnormalities in frontal
cortex, including reduced metabolite levels (indicative of reduced neuronal density) (Ernst et
al., 2000), decreased cerebral blood flow (Chang et al., 2002), impaired glucose metabolism
(Kim et al., 2005), lower fractional anisotropy (Chung et al., 2007), and reduced grey matter
density (Kim et al., 2006b). Many of these changes have been observed after extended
abstinence from the drug (Kim et al., 2006b; Kim et al., 2005), indicating long-term
neurotoxicity.

Recent reports have suggested that regions such as the prefrontal cortex (PFC) could play a
critical role in ANS regulation (Hansen et al., 2004; Thayer and Lane, 2007, 2009); for
example, inactivation and reduced blood flow in the PFC has been associated with decreased
HRV (Ahern et al., 2001; Lane et al., 2009). The PFC is proposed to regulate ANS function
by inhibiting the amygdala, an area that suppresses parasympathetic activity by inhibiting
vagal pathways originating in the nucleus ambiguus and dorsal motor nucleus (Thayer and
Lane, 2009). It is thus feasible that METH-induced ANS dysregulation could be affected by
the failure of a damaged frontal cortex to appropriately regulate subcortical structures,
resulting in impaired parasympathetic function.

While determining the mechanism mediating the effect of METH on HRV is beyond the
scope of the current report, future studies could examine this relationship using a variety of
methods. Several groups have utilized Positron Emission Tomography (PET) and functional
Magnetic Resonance Imaging (fMRI) to assess the relationship between regions of the brain
that regulate the ANS (such as the PFC) and HRV measures including HF power (Critchley
et al., 2003; Gianaros et al., 2004; Napadow et al., 2008; Thayer and Lane, 2009); these
methods could also be employed to determine if METH-induced changes in HRV
correspond to altered activity in central ANS structures. In addition, direct effects of METH
on the heart, including left ventricular dysfunction, could be assessed by an echocardiogram
administered concurrently with HRV measures (Ito et al., 2009). Finally, HRV could also be
assessed in rodents exposed to a chronic METH regimen to examine the relationship
between this measure and indications of cardiotoxicity such as myocardial lesions (He et al.,
1996; Rowan et al., 2007; Yu et al., 2003).

There are a number of limitations in the current study. The level of general physical activity
and the degree of exposure to small particulate air pollution, two factors that may impact
HRV (Simkhovich et al., 2008), were not quantified in this sample of participants. It is
relevant to note that all subjects were recruited from urban areas of San Diego and HRV
assessed within 2 to 4 hours of exposure to traffic (e.g., traveling by bus or car to the testing
site); thus, we would not predict substantial group differences in living environment (urban
vs. rural) or acute exposure to ambient particulate matter, which has been reported to reduce
HF power (Zanobetti et al., 2010). However, it is possible that differences in lifestyle (e.g.,
variation in daily exercise and physical activity) could affect HRV measures. In addition,
although participants in the current study were excluded for any history of stroke, heart
attack, or cardiac disease, cardiac medical history in family members was not obtained.
Finally, the current findings were observed in a relatively small sample. Although the effects
of potentially confounding variables, such as gender and smoking behavior, were addressed
by treating these factors as covariates in our data analyses, we can not exclude the
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possibility that HRV differences between our groups may remain influenced by these
characteristics. Thus, future studies assessing the effect of acute and chronic METH on HRV
in larger cohorts would improve our understanding of how stimulants can impact this
measure.

While HRV is frequently assessed during a 5 minute time period, as this interval is deemed
sufficient to assess clinical measures of HF and LF variability (Task Force, 1996), longer
intervals (such as a 24 hour recording) are also recommended (Vanderlei et al., 2009). Data
from shorter recording periods are more vulnerable to distortion by artifacts and do not take
into account potential circadian variation, while 24 hour recordings have higher predictive
value in heart disease (Majercak, 2002; Malpas and Purdie, 1990). Therefore, additional
studies examining the effect of chronic METH use on HRV during longer recording
intervals are also warranted.

In conclusion, a sample of abstinent individuals with a history of METH dependence
exhibited significant impairment in time domain, frequency domain, and nonlinear
complexity measures of HRV compared to drug-free comparison subjects. This finding
supports previous work demonstrating the adverse effects of stimulants on HRV and
contributes to a considerable literature reporting detrimental health effects associated with
chronic METH use.
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Figure 1.

These plots illustrate the distribution of the data for lifetime quantity of METH use (A),
length of abstinence (B), and number of days of METH use in the past year (C) in
participants with a history of METH dependence. To examine the relationship between
METH use and HRV, participants were divided into two groups as indicated by the
horizontal bar in each plot. Participants with high METH use (greater than 4000 grams),
longer abstinence (greater than 1 year), and greater METH use in the past year are
designated by solid circles; lower values are indicated by open circles. Group comparison
data are shown in Table 4.
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Demographic factors and drug use history for drug-free comparison subjects (n = 21) and participants with a

history of METH dependence (n = 17). Data are represented as means + S.E.M.

Parameter Comparison ~METH-Dependent
Age (years) 333+20 372+21
Gender 19M,2F 15M,2F
Education (years) 13.8+0.3 135+05
Body Mass Index (BMI) 26.3+1.2 276+1.0
Smokers / Non-smokers 8/13 9/8
Menstrual cycle (days) 13.0+7.0 14070
Duration of continuous METH use (years) ~ =-------—- 108+1.8
Average frequency of METHuse — —eemeemees 215+26

(times per month during periods of abuse)
Total amount of METH used (in grams)
Average number of days of METH use in past year

Average duration of METH Abstinence (days)

45485 +733.1
55.1+£219
299.1+55.7
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Autonomic parameters for drug-free comparison subjects (n = 21) and participants with a history of METH
dependence (n = 17) during the 5 minute rest period. SampEn tolerance level r for determining RR sequence
matches was set at 10% (0.1) of the standard deviation of the data set. Data are represented as means + S.E.M.
Asterisks indicate significant group differences

Parameter Comparison METH-Dependent  Effect Size (r)
Time Domain
HR (beats/min) 64.0+2.1 70.8 + 2.4 0.32
SDNN (ms) 69.5+6.9 56.0+5.7 0.23
RMSSD (ms) 546+83 31.0+43" 0.37
pNN50 (%) 0.28+0.05 0.09+0.03" 0.39
Frequency Domain
HFn 040+0.04 (021+003" 0.51
LFn 0.53+0.04 0.65+0.03" 0.36
LF/HF ratio 20+£036  410+064°" 0.46
Nonlinear Analysis
entropy h 0.35+0.01 030+001°" 0.46
SampEn(m=1) 0.21+0.05 0.09+0.03" 0.30
SampEn(m=2) 0.19+0.04 0.09+0.02" 0.31
SampEn(m=3) 0.16+0.04 008+002" 0.31
0 <005
**p <0.01.

Tindicates a trend towards a group effect (p <0.1).
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Table 3

Pearson r correlations between time and frequency domain HRV measures and nonlinear measures of entropy
h and SampEn (n = 38 ). SampEn was calculated with sequence match tolerance r set to 0.1 and m represents
sequence length. Asterisks indicate significant correlations

entropyh SampEn(m=1) SampEn(m=2) SampEn(m=3)

Fkk Fkk Fekk Fkk

SDNN (ms) 0.54 0.89 0.88 0.87
RMSSD (ms) 072" 0,92 0.917* 0.90"*
pNN50 (%) 0.72"** 0.85™" 0.86™"" 0.84™
HFn 0.70"** 0.59™** 0.59™** 0.56™*
LFn -0.63™** -0.59*** -0.59*** -0.55***
LF/HFratio  —0.63*** -0.52** -0.53** -0.50**
entropy h 0.70™™* 0.70™** 0.68™"
**
p<0.01
*Khk
p < 0.001.
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Table 4

HRYV parameters for subgroups of METH participants differentiated by the lifetime quantity of METH use
(A), length of abstinence (B), and number of days of METH use in the past year (C). The distribution of these
variables is illustrated in Figure 1. Subjects with more recent or greater drug use in the past year exhibited
higher sympathetic activity relative to individuals with more remote exposure to METH. Asterisks indicate
significant group differences

A. Total METH use

n=9 n=8
<4000 grams o  >4000 grams e

SDNN (ms) 60.0+11.5 515+4.4
LF/HF ratio 3.7+09 46+10
entropy h 0.32+0.04 0.29 +0.02

B. Length of abstinence

n=10 n=7
> 1year e <lyearo
SDNN (ms) 63.5+11.2 50.7+5.7
LF/HF ratio 27405 51+0097
entropy h 0.31+0.02 0.29+0.01

C. Days of METH use in the past year

n=11 n==6
<20 days o >20 days e
SDNN (ms) 62.8+75 44.4+6.9
LF/HF ratio 29+05 6.2+13"
entropy h 0.31+0.01 0.30 +0.02

*
p < 0.05.

Tindicates a trend towards a group effect (p <0.1).
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