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ABSTRACT

Determining reliable measures that show how the brain can regulate the body and its
physiological states could offer insight into how mental health and wellbeing is related to
physiology and self-regulation. This study investigates how heart rate variability (HRV) at rest
(rHRV), a measure of autonomic nervous system activity according to several studies (Thayer
2009, Colzato 2017, Shaffer & Ginsberg, 2017), relates to neurotransmitter levels in the
prefrontal cortex (PFC), cognitive control over emotional material, and individual traits involved
in psychopathology. Across two time points, the study in which this project is embedded takes a
multi-perspective approach including brain neurotransmitters, Gamma Aminobutyric Acid
(GABA), the main inhibitory neurotransmitter in the central nervous system (CNS), and
glutamate, the main excitatory neurotransmitter in the CNS, to neurocircuits and anatomy, to
behavior, to self-report about mental states and daily functioning. Resting heart rate (HR)
measures were taken via pulse rate measurements in an MRI scanner, and processed into rHRV.
Prior research has suggested that increased heart rate variability is associated with a) better
emotional regulation and b) individual differences in GABAergic function. We investigated
these relationships in a novel manner by examining whether GABAergic function of the
prefrontal cortex, which is known to be involved in emotion regulation, is associated with rHRV.
To do so rHRV of 21 adult subjects was correlated to levels of GABA in dorsolateral PFC
(DLPFC) and ventrolateral PFC (VLPFC) taken from 20 to 24 months prior to the rHRV
measurement. In addition, rHRV of adults and children was also associated with their scores on
the Emotional Regulation Questionnaire (ERQ) which measures cognitive control of emotional
states (Gross, J.J., & John, O.P. 2003). rHRV was additionally associated with psychopathology

factors processed from the Mood and Anxiety Symptom Questionnaire (MASQ) and
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Pennsylvania State Worry Questionnaire (PSWQ), of Anxious Apprehension, Low Positive
Affect, Worry and Common Internalizing factors (Watson et al., 1995, Zhong et al., 2009).

Data was then analyzed to examine relationships between neurotransmitters, rHRV,
cognitive emotional control, and psychopathology. No significant correlations were found
between rHRV and any of the main measures: prefrontal GABA concentration, emotional
regulation or measures related to psychopathology. Potential reasons for these null findings
include a) that the GABA concentrations were obtained 20-24 months earlier, b) that the method
used to assess rHRV is not as robust as standard measures which are difficult to implement in the
magnet, c) the size of our current sample is small and hence may be underpowered to detect such

relationships.

INTRODUCTION

The goal of this study is to examine whether resting heart rate variability (rHRV), a
measure of autonomic nervous system (ANS) function, is influenced by differences amongst
individuals in levels of neurotransmitter in the prefrontal cortex (PFC), and whether rHRV is
associated with differences in emotion regulation. The ANS is responsible for controlling many
organ functions (e.g. heart function, digestion, breathing rate) (Silverthorn 2004). The two
components of the ANS are the parasympathetic nervous system (PNS) and the sympathetic
nervous system (SNS), which are, respectively, important for maintaining homeostasis within the
body, and the fight or flight response, which puts the body in a state to act. For example, in
response to an emotionally charged or threatening stimulus, the SNS increases blood flow to
limbs, increases heart rate and breathing rate, and increases available energy reserves in order to

fight off danger or escape a dangerous situation) (Silverthorn 2004). One critical function of both
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components of the ANS is to influence heart rate (Saul, 1990). The effect of ANS influence on
the heart can be measured by proxy through HRV (Thayer 2012). HRV measures how intervals
between heart beats change over time and rHRV is a consistent and reliable measure of physical
and mental health (Thayer 2012, Bourdon et al., 2018). In particular, increased rHRV is
associated with higher levels of control over emotions and with better overall physical health.

In the current study, we will be examining how differences amongst individuals in levels
of GABA in the PFC may affect rHRV. It is known that the PFC provides inhibitory input into
the heart through the nervous system via the vagus nerve, which in turn influences HRV.
Greater PNS influence on the heart is associated with higher HRV, and in particular rHRV..
rHRV is often used as a measure as it allows HRV to be examined relatively free from
situational variables such as breathing rate or carbon dioxide levels in the blood that might be
induced by exercise (Colzato 2017). Neurons containing glutamate project from the PFC to
limbic structures, with GABA suppressing systems and connections along the way more locally
that reduce the fight or flight responses (e.g. decreasing rHRV), leading to an increase in rHRV
overall (Thayer 2009). The PFC helps organize emotional responses into a coherent picture of
the environment and body and assists in using that information to complete actions (Kandel
2012). Due to this relationship between the PFC, PNS and heart, it is predicted that greater
GABA concentration in the PFC will be associated with higher rHRV.

Interestingly, the brain, specifically PFC regions, are known to control the ANS
indirectly through lower brain regions, such as the anterior cingulate, insula, and amygdala
(Thayer 2012). These regions in turn are involved in decision making, emotional response,
memory formation, and internal bodily states, and are known to influence HR and its variability

(Kandel 2012, Thayer 2009, Thayer 2012, Colzato 2017). In addition to controlling aspects of
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the ANS, the PFC is also involved in cognitive control, for which one of the hallmark processes
is executive function (EF), the ability to guide one’s behavior in an effortful manner towards a
goal (Banich 2009). Generally, not much is known about GABA concentrations and cognitive
control. However, some studies have shown that GABA concentrations in the PFC are associated
with performance on competitive selection tasks which are related to cognitive control (de la
Vega 2014, Snyder 2010). rHRYV is also associated with performance on these cognitive tasks
and has been measured and analyzed far more than GABA data (Colzato 2017). Hence, it is
plausible that there is an association between GABA concentrations in PFC and rHRV, an issue
we investigate in the current study.

It is important to also investigate the relationship between emotional dysregulation and
how the cortex is related to autonomic processes such as rHRV, as lower rHRV is associated
with anxiety and depression in adults and adolescents (Brunoni 2013, Chalmers et al. 2014).
Cognitive control and emotional states may be disrupted in psychopathology and have been
thought to be related to other areas of the brain that process emotion and control ANS activity in
addition to PFC regions (Thayer 2009, Bourdon et al., 2018). This relationship between
psychopathology and autonomic activity can be manifested in rHRV.

In addition, cognitive control is mediated by brain structures involved in brain circuits
that work to regulate how emotions are felt (Gross 1998, 2003, 2011, Williams 2015). The
relationships between autonomic processes such as rHRV and brain control over bodily states are
intertwined with neurotransmitters, brain regions, and neural circuits. A model that relates brain
substrates and processes involved in autonomic and control circuits, The Neurovisceral
Integration Model (see Figure 1), shows how brain structures from the cortex, to the subcortical

structures (e.g limbic system, including the amygdala, hypothalamus), to lower structures (e.g.
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the brainstem) interact and are modulated by the PFC, and in theory, by GABA levels in the PFC
(Thayer 2009). This model is a solid framework from which to draw the connections between

PFC, GABA and rHRV.
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for this study the dorsolateral prefrontal cortex (DLPFC) and ventrolateral prefrontal cortex
(VLPFC), influences other brain structures, such as the cingulate cortex and insula (Thayer
2009). The cingulate cortex is an integral part of the limbic system, involved in emotional

processing, learning and memory (Kandel 2012). The amygdala has been shown to have a
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primary role in detecting salient information in the environment, especially that which is
emotional in nature (Kandel 2012). The insula helps create and maintain internal bodily states
that are related to emotion. The hypothalamus is crucial in maintaining bodily states and
homeostasis (Kandel 2012). The brainstem is crucial to relaying information between the body
and brain (Kandel 2012). These structures can activate or suppress the PNS or SNS the vagus
nerve to influence rHRV (Thayer 2009).

Within the Neurovisceral Integration Model, there are several anatomical and functional
components that process emotional states, affect cognition, and modulate ANS activity (Thayer
2009). The PFC also interconnects with the amygdala, insula, and cingulate cortex (Kandel
2012). The PFC connects with the amygdala, which is involved in detecting salient emotional
information, and in learning the emotional significance of information in the environment
(Kandel 2012). Similarly, the PFC connects with the cingulate cortex and insula, which
respectively are involved in generating effort and motivation for a response, and in creating a
mental representation of emotional states and bodily feelings (Banich & Compton, 2018, Kandel
2012). Together, the cingulate cortex, amygdala and insula serve to bridge emotional salience
and responses with cognition and autonomic bodily responses. The hypothalamus receives bodily
inputs from internal organs, cortical inputs, and limbic inputs from the insula, cingulate cortex
and amygdala to relay and regulate physiological responses to emotions and environment
(Kandel 2012). These brain areas are crucial in regulating the body and brain and coordinating
emotional responses to be appropriate to the context of a given environment, for example,
lowering heart rate and increasing digestion when eating a meal and feeling safe and happy,
versus increasing heart rate and decreasing appetite when feeling threatened. These anatomical

and functional components of the Neurovisceral Integration Model are essential for control of
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autonomic and emotional activity by cognitive control processes that allow the brain to integrate
emotional and physiological responses. The end result of all this activity can be indexed, in part,
by rHRV.

It is important to understand the relationship between cognitive control and physiology in
a novel way, starting from the neurotransmitter level. This research will add to the literature
regarding rHRV, cognitive control of emotion, psychopathology, and GABA concentration in the
PFC. With this study, researchers may be able to further understand GABA’s modulatory role on
the ANS. rHRV is already used frequently to predict health outcomes, and GABA concentrations
in inhibitory circuits are becoming more well understood regarding cognition and mental states.
Clinical populations could gain access to better treatment if the relationship of GABA
concentrations in the PFC and autonomic function is better understood, particularly those
populations with psychopathology such as anxiety and/or depression. Brain neurotransmitter
level studies are a newer field, and further studies can build on this study’s results between brain

GABA concentrations and rHRV.

METHODS

Participants were 51 children of ages 16-25 (M = 19, SD = 1.8), with 26 females and 25
males and their 29 mothers of ages 39-59 (M = 49.8, SD = 6.25). Participants were recruited
based on past participation with the GEM (Genes, Environment, and Mood) Lab at the
University of Denver, which ran a community-based study focusing on genetics, psychological
status, and emotional processing in relation to the development of depression and anxiety. All
participants spoke English as their first language and did not have any problems with reading.

Participants completed two visits to the University of Colorado Boulder. Participants were
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screened before testing to insure they endorsed no previous neurological insult. They complete
self-report questionnaires, behavioral and cognitive tasks, and magnetic resonance imaging
(MRI) sessions. This longitudinal study also tracks changes in the brain and over development,
and has two time points, spaced 20 to 24 months apart, Time Point 1 (TP1) and Time Point 2
(TP2). TP1 is completed and has all of these measures collected except for rHRV. TP2 is
currently about one third of the way complete, and many participants’ measures still need to be
collected, and processed. rHRV measurements were introduced to TP2 and add a physiological
component to the multi-level analyses (see Figure 2) of the brain and mood study. Informed
consent was obtained from all participants over the age of 18. Adolescent assent as well as parent
permission were obtained for participants under 18. All participants were treated in accordance

to the policies of the University of Colorado Institution Review Board.
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Figure 2: The multi-level structure of the Adolescent GABA Brain and Mood Study. This study
offers insight into how molecules of the brain, neural systems and function, behavior, and
emotions and feelings relate and change over development in adolescents and over time in their

parents (Banich 2014).

Magnetic Resonance Spectroscopy (MRS) was used to obtain information about levels of
each individual’s GABA concentrations in the PFC. MRS uses magnetic fields to align hydrogen
protons in the body and brain in a certain direction, then emits radio frequency pulses to knock
them out of this alignment (Berger 2002). As these protons realign to the magnetic field, they
emit energy, and this energy is picked up by receivers in the scanner coils (Berger 2002). MRS

differs from magnetic resonance imaging (MRI) in that MRS can be tuned to specific protons of
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a neurotransmitter (e.g, GABA) (Puts 2011). GABA protons are knocked out of normal spin by
radio frequencies in the same way that normal MRI works, and their energy output during
realignment with the magnetic field are measured; the key differences are that during MRS water
and fat signals are suppressed, and the area scanned is restricted due to the low level of signal.
As such, data can only be collected from a very small region of the brain rather than the whole
brain (e.g, the DLPFC or VLPFC) (Puts 2011). These measures can be converted into readouts of
GABA concentrations of specific areas of the brain. The DLPFC and VLPFC were the brain
areas whose GABA concentrations were measured, as these regions are critical for cognitive
control. MRS and voxel (the specific 3-dimensional space chosen in the brain to be scanned)
specifications can be found in appendix Al.

Two MR spectroscopy voxels were placed manually by visually inspecting each
participant’s structural image of their brain. The DLPFC voxel was positioned in the middle
frontal gyrus (MFG), anterior to the precentral gyrus and posterior to the frontopolar cortex The
VLPFC voxel was position in the inferior frontal gyrus anterior to the precentral gyrus and
posterior to frontopolar cortex (Helmuth 2018). The voxels were used to determine levels of
GABA and GLX in both brain regions as well as water level in those regions (Helmuth 2018).
GLX levels were measured using the PRESS sequence and GABA was measured using the
MEGA-PRESS sequence as outlined in de la Vega et al (2014). From each voxel the
concentration of GABA or GLX was obtained by measuring the levels of GABA and GLX
against the baseline of water and dividing by the volume of the respective voxel (Helmuth 2018).

rHRV data was collected during the resting state portion of the MRI scan, which is the
period of time where subjects were not undergoing physical or mental activity. Participants were

lying in the MRI scanner and looking at a fixation point on a screen and were wearing a
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photoplethysmography (PPG) monitor on their left index finger, which optically measures blood
volume changes at the microvascular level from the fingertip as pulse rate (Schafer 2013). Blood
volume changes in the fingertip are a good proxy of HR as long as the participant remains at rest
and immobile, which was the case during resting state when measurements were taken (Elgendi
2010, Schafer 2013). PPG measurements took place over 12 minutes of resting state scanning
time, where the participant was not actively doing any mental or physical activity. Since these
HR proxy measurements were taken at rest, rPRV was able to be processed into rHRV.

PPG was chosen because it does not require as much time to set up as an
electrocardiogram (ECG). ECG is the gold standard for HRV measurement as it obtains direct
electrical measurement from the heart being placed on the skin of the chest. In the limited MRI
scanning time frame we did not have the time to set the ECG up. Setting up ECG was
prohibitive in that the participants were already spending 2 hours in the magnet, and that magnet
costs are $550 an hour.

After data collection, blood volume changes in the fingertip are processed into PRV by
assessing the time between the peaks and valleys of blood volume in the fingertip, seen in Figure
3 (Schafer 2013). BIOPAC monitors were used to collect PPG in the MRI scanner. Kubios
analysis software, Kubios HRV Premium (v. 3.2.0), an accepted physiological data processing
program, was used to process PPG data and convert rPRV into rHRV before other analyses were
conducted (e.g. correlating rHRV and GABA concentrations). Kubios software specifications

can be found in appendix A2.
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Figure 3 (Kubios 2018): PPG measures blood level changes in the fingertip, known as
pulse rate from which variability (PRV) is calculated. PRV is calculated by taking the steepest
slope from each wave of the PPG over time and using those point to define the P-P interval
between two pulse waves, this represents the time between two heart beats. The Q,R,S waves
represent the electrical changes in the heart during a heartbeat (obtained from ECG); the R to R
distance is the gold standard for the time between two heart beats (Kubios 2018). The distance
between the electrical R peak and pulse volume P peak measures how long it takes for ejected
blood of the heart to make a change in the blood volume of the fingertip, where PPG is measured
(Kubios 2018). Therefore, blood volume changes in the fingertip can be used to calculate PRV
which can be used to reliably estimate HRV and has been used in the past as proxy for HRV as
long as the participant is not moving (Kubios 2018, Mather 2017, Shaffer 2013).
Several variables (e.g. lifestyle habits) can affect physiological measures and confound
rHRV measurements. Because of this, a survey was administered about behaviors that are related
to physiology. The survey was administered directly before participants entered the MRI

scanner, with a range of 15 minutes to 30 minutes from the start of HRV data collection. The
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survey asked questions about: Exercise per week habits, as athletes and those who exercise
regularly tend to have higher rHRV values; questions about sleep quality and quantity, as
circadian rhythm and lack of sufficient sleep can affect rHRV; substance use such as caffeine,
alcohol, nicotine and sleeping pills, as recent use of these substances can affect rHRV; subjective
stress experiences, as stress levels affect rHRV; height and weight as higher BMI is associated
with rHRV, and gender can have effects on rHRV because females tend to have higher rHRV
(Carnevali 2017, Colzato 2017, Colzato 2018, Quintana 2016). This survey obtained information
about potential confounds that could influence rHRV data. Any confounds that were
significantly correlated with rHRV in this study were controlled for in final analyses.

Cognitive control over emotional states was indexed via the Emotional Regulation
Questionnaire (ERQ) (Gross, J.J., & John, O.P. 2003). The ERQ questionnaire measures the
tendency to regulate emotion in two ways: Cognitive Reappraisal or Expressive Selection.
Cognitive Reappraisal measures how an individual can change their mindset about experiencing
an emotion to affect how they feel, while Expressive Suppression measures how an individual
can monitor or regulate their expressions of emotion to affect how they feel (Gross, J.J., & John,
0.P. 2003). A 7-point Likert scale is used to measure responses to questions asking about how
emotional experiences and situations are handled and expressed by respondents (Gross, J.J., &
John, O.P. 2003). Example questions include: a) When | want to feel less negative emotion (such
as sadness or anger), I change what I’m thinking about. b) When | am feeling negative emotions,
I make sure not to express them. Higher scores mean that the respondent has higher ability to
control their emotions, and lower scores mean the participant has less ability to control their
emotions. Measurements were taken during TP2, with a range of approximately 1 week to 6

weeks before rHRV measurements.
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Psychopathology and emotional dysregulation factors were processed from the Mood and
Anxiety Symptoms Questionnaire (MASQ) (Watson et al 1995) and the Penn State Worry
Questionnaire (PSWQ) (Meyer et al. 1990). The MASQ, a 39-item self-report scale, measures
common and specific aspects of depression and anxiety, while the the PSWQ is a 16-item
questionnaire assessing the degree to which an individual worries. For each item, participants are
presented with a statement and asked to indicate how true that statement is for them using a 1-5
likert scale: not typical to very typical. From these questionnaires four latent factors related to
psychopathology were derived. The first, Common Internalizing Factor, which describes the
common symptoms that span anxiety and depression (Watson, Weber, Smith, Assenheimer,
Strauss, & McCormick, 1995, Meyer 1990). Then after accounting for this common factor, three
more specific factors were derived: Low Positive Affect, measuring low ability to experience
positive emotions and feelings; Anxious Arousal, measuring self-reported somatic symptoms in
regards to anxiety, such as shaking, sweating, and increasing heart rate in relation to thinking
about stressors or going through certain situations; and Worry, measuring how much an
individual worries about the future, things that will happen. Higher scores indicate more and
worse symptoms, while lower scores indicate less and weaker symptoms. Measurements were
taken at TP1 of the Brain and Mood Study, with a range of 20 months to 24 months prior to

rHRV measurement for any given participant.

ANALYSES

We controlled for a variety of measures which are known to modulate HRV, such as
gender, BMI, stress, heart rate, and smoking (Colzato 2018); see pre-scan questionnaire

discussion above. Pre-scan questionnaire measures which were correlated significantly with
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rHRV were controlled for in partial correlations and linear models, so any confounds that could
influence heart rate were taken out of associations of variables.

All MRS data points were reviewed by an expert in MRS acquisition and analyses (Prof.
Mark Brown, CU Anschutz) blind to the analyses to be performed in the remainder of the study.
Analyses were performed between TP1 GABA concentrations and TP2 rHRV measures (i.e.
ANS activity) to determine any significant correlations in parents but not in children because
neurotransmitter levels in the PFC have been shown to be stable over time in adults, but less
evidence exists for stability in adolescents (Yasen, Smith, & Christie, 2017). Cognitive control
measures were correlated with rHRV to see if any significant relationship had arisen.
Psychopathology measures were correlated with rHRV.

Statistical analyses were conducted using R software version 3.5.1 creaated by the R
Core Team (R Core Team 2018). Psychopathology factor analyses were preformed using SPSS
version 25 by IBM, by a researcher who was independent from the research team carrying out

analyses in the remainder of the study (IBM 2017).

RESULTS

rHRV measurements were processed for n = 80 participants. For analyses between rHRV
and other measures, participants with the rHRV measure of the root mean square of successive
differences between heart beats (RMSSD) who had values greater than 125 ms were removed, as
this is a typically high value that only athletes or those who exercise regularly tend to achieve
(Shaffer and Ginsburg 2017). After this cutoff, the total number of subjects was n= 69, with n=
42 children (24 female, 18 male) and 27 adult parents (all females who were the mothers of the

children in the study). Subjects who were missing any measures were excluded from analyses
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using those measures. Mean heart rate was found to be significantly correlated with rHRV in
children, so mean heart rate was controlled for their linear model analyses. Age was found to be
significantly correlated with rHRV in parents, so age was controlled for their linear model
analyses. Pearson’s correlation was used for correlation analyses. Partial correlations used

standardized residuals from linear models. Significance was set to P < 0.05.

One-Minute Cutoff vs. Five-Minute Cutoff of rHRV Data

1 Minute Cutoff rHRV vs. 5 Minute Cutoff rHRV
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Figure 4: rHRV processed, collected with the first one minute removed, compared to rHRV data
with the first five minutes removed. The two data sets were correlated in a linear model, R? =

0.99, DF =78.
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This study is the first to pilot use of the PPG device in the MRI scanner to get rHRV
measures within the Banich Laboratory. As such, software setup and rHRV analyses were
exploratory to this environment. A large concern with taking rHRV measurements in the scanner
environment was that participants would feel scanner anxiety in an enclosed and loud
environment, and that their state may not be resting and may require some acclimation. To
examine the potential effects of scanner anxiety, rHRV data were processed in two ways making
different assumptions about how much time it takes for any potential acclimation in the scanner
due to anxiety: one set cutting off the first one minute of data, and the other set cutting off the
first five minutes of data. To determine if there was an optimum amount of data to cut off or
ignore, the two data sets were compared. The one minute and five-minute cutoffs of the 12
minute total data set were correlated in a linear model with a resulting r squared value of 0.99
(n=69), as seen in Figure 4. This tells us that 99% of the variance in the one-minute cutoff could
be explained by the variance of the five-minute cutoff, so either set is effectively the same. This
means that either set can be used to analyze rHRV data without a need for five minutes of

acclimation in protocol with collecting HR data at rest in the MRI machine.

rHRV WITH TP1 GABA (PARENTYS)

Neurotransmitter in VVoxel Associated

with R?2 P
rHRV (df = 17)
GABA DLPFC -0.0767 0.747
GLX DLPFC 0.0217 0.9273

GABA /GLX DLPFC 0.142 0.549
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Table 1: Adjusted R? and significance of rHRV with GLX/GABA residuals in the DLPFC of
parents in a linear model, controlling for age and neurotransmitters (GABA or GLX) for all
measures, controlling GLX in the DLPFC when measuring GABA in the DLPFC, and
controlling for GABA in the DLPFC when measuring GABA in the DLPFC. Residuals were

used as GABA correlates significantly with GLX and age.

rHRV and GABA Concentration in the DLPFC in Parents

GABA Residuals (Controlling for Age, GLX)

-1.5 -1.0 -0.5 0.0 05 1.0 1.5

Figure 5: Association of TP2 GABA DPLFC from TP1and rHRV standardized residuals; the
effects of Age and GLX removed.

DF =17, R?=-0.0767, P = 0.549

Due to the ongoing nature of the study, TP2 GABA spectroscopy data was not available
by the time of the analyses. As such, TP1 GABA spectroscopy data for parents was associated

with TP2 rHRV values, as seen in Table 1 and Figure 5. Adults have been shown to have more
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consistent GABA and glutamate levels in the PFC over time, so they were included while
children (since their GABAergic systems are still in development) is excluded until TP2
spectroscopy data is available (YYasen, Smith, & Christie, 2017). Across 19 parents (not all 27
parents had useful TP1 Gaba data and TP2 rHRYV data), there was no significant association
between DLPFC GABA nor GLX and rHRV while controlling for age (see Table 1). In both
linear models, we controlled for GLX concentration to examine the specific effect of GABA (de
la Vega, 2014). Additionally, we ran a linear model to compare the ratio of DLPFC GLX to
GABA with rHRV while controlling for age. None of these linear models yielded any significant
relationships. We reran all the same linear models as above, except that we used VLPFC GABA
and GLX concentrations instead of these concentrations in the DLPFC. None of these yielded
any significant relationships either, and these results are similar to those found in Table 1.
However, we found a significant association between age and rHRV in the parents. This latter
significant correlation has been found in the literature previously and served as a validation of

our measurements (Stein 2009).

rHRV WITH COGNITIVE CONTROL SCORES

ERQ TP2 Associated with rHRV in
Parents (DF = 17) R? P
Cognitive Reappraisal .0092 0.29
Expressive Suppression -0.0373 0.602

Table 2: Adjusted R? and significance of rHRV with ERQ TP2 measures in parents.
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rHRV and Cognitive Reappraisal in Parents
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Figure 6: Association of ERQ TP2 Cognitive Reappraisal standardized residuals and rHRV

residuals; the effect of age removed. DF = 19, adjusted R2 = .0092,
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P=0.29

rHRV and Expressive Suppression in Parents

ERQ Expressive Suppression Scores

21

Figure 7: Association of ERQ Expressive Suppression (from TP2) and rHRV; parents. DF = 19,

R?=-0.0373, P = 0.602

ERQ TP2 in Children Associated with R? P
rHRV (DF =39)
Cognitive Reappraisal -.0138 0.504
Expressive Suppression 0.0358 0.123
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Table 3: Adjusted R? and significance of rHRV residuals with ERQ TP2 residuals in children,
controlling for mean heart rate. Residuals were used as mean heart rate was significantly

associated with rHRV in children.

rHRV and Cognitive Reappraisal in Children
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Figure 8: Adjusted R? of ERQ TP2 Cognitive Reappraisal residual and HRV standardized

residuals; (with the effects of Mean HR removed). DF = 19, R? = -.0138, P = 0.504
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rHRV and Expressive Suppression in Children
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Figure 9: Adjusted R? of ERQ TP2 Expressive Suppression standardized residuals and rHRV;

while controlling for mean heart rate in children. DF = 19, R? = 0.0358, P = 0.123

Neither adult nor adolescent correlations were statistically significant while controlling

for age and mean HR (children only), as seen in Figures 6-9 and Tables 2-5.
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rHRV WITH TP1 PSYCHOPATHOLOGY MEASURES (Parents)

MASQ/PSWQ Associated with rHRV in Parents

(df =17) R? P
Low Positive Affect 0.0214 0.245
Anxious Arousal -0.0442 0.0773
Worry -0.0334 0.559
Common Internalizing Measure -0.0428 0.677

Table 4: Adjusted R? and significance of rHRV with MASQ/PSWQ TP1 measures in parents.
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Figure 10: Association Common Internalizing Measure Residuals TP1 with rHRV standardized
residuals of parents in a linear model; the effect of age removed DF = 17, adjusted R2 = -0.0428,

P=0.677
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MASQ/PSWQ Associated with rHRV in
Children (df = 37) R? P
Low Positive Affect 0.0494 0.09
Anxious Arousal -.00997 0.438
Worry -0.0242 0.781
Common Internalizing Measure 0.0526 0.7473

Table 5: Adjusted R? of rHRV residuals with MASQ/PSWQ TP1 measure residuals in children;

the effect of mean heart rate removed.
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Figure 11: Association of rHRV residuals with Common Internalizing Measure residuals scores

in children; the effect of mean heart rate removed. DF = 37, R = 0.0526, P = 0.7473
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rHRV values were analyzed with TP1 psychopathology factor scores of: Anxious
Arousal, Low Positive Affect, Worry, and the Common Internalizing Factor, each a separate in a
separate linear model; for parents only. No significant correlation was found between rHRV and
AA, LPA, Worry, or CIF in parents, as seen in Figures 10 and 11, and Tables 4 and 5.
Psychopathology Factor scores have been shown to be stable across time (Hatoum 2018). The
reason behind not having TP2 factor score data for the MASQ and PSWQ is the same as the
reason there is no GABA data for TP2; the experts working on processing the data still must

finish their analyses and quality control.

DISCUSSION

Unfortunately, none of the proposed relationships were observed. No significant
relationships were discovered between TP2 rHRV and a) TP1 PFC levels of GABA, b) measures
of emotional control or ¢) symptom severity on measures related to psychopathology. One
notable result of practical importance that has not been systematically looked at in the literature
came from the rHRV measurement. That showed that cutting off the first one minute of data
versus cutting of the first five minutes of data does not impact rHRV values significantly,
showing that 1 minute is a reasonable time for scanner acclimation for participants, which allows
for a longer and richer data set to process rHRV. It is likely that MRI procedure setup, including
the technician setting up the participant, and aligning brain images in the scanner to be useful to
analyze (which takes at least two to five minutes), may help acclimate participants to the

scanner. Scanner setup and image alignment (shimming) protocols are common across almost all
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neuroimaging studies, giving more strength to the conclusion that it is not necessary to cut off
more than one minute of data.

While no significant relationships were observed with the current data set, the null results
must be interpreted with caution. The study is on-going and will involve a larger sample size for
Time Point 2, roughly 160-200 total participants rather than the current 80, and more than the
current 21 total adult-only participants for the key GABA-rHRV analyses, and other key TP2
data including TP2 GABA concentrations and brain anatomy data will be required to make
further conclusions. GABA data is not stable over time in children, as their brains are developing
and have changing neurotransmitter levels, so their data cannot be reliably used in this study

until TP2 data is acquired and processed (Sturman 2011).

In addition to neurotransmitter levels, it will be interesting to see how brain anatomy,
particularly cortical thickness, is associated with rHRV in this sample. It is known that rHRV is
associated with decreased cortical thickness in healthy adolescents, which could indicate a
relationship between rHRV and cortical pruning, a process which optimizes brain network
connections to be more efficient for cognitive function and brain communication in development
(Sturman 2011). Greater cortical thickness is associated with reduced rHRV in female
adolescents, which could have implications in gender differences of development. Lateral
orbitofrontal cortex and anterior cingulate cortex, both involved in emotional regulation, have a
significant association between cortical thickness of the orbitofrontal cortex and anterior
cingulate cortex and rHRV, showing another connection to emotional regulation and rHRV
(Koenig 2017). Greater levels of depression severity have been associated with lower cortical
thickness of the right insula, meaning the insula could have less impact affecting the body to

reflect emotional states, which could lead to decreased parasympathetic control over rHRV in
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adolescents. Additionally, greater cortical thickness of frontal brain regions in adolescents with
MDD may serve as a compensatory mechanism, beneficial to maintain autonomic balance,
according to some studies. These pieces of evidence show that studies that measure brain
anatomy as well as rHRV can show important relationships between emotional regulation and

autonomic control.

CONCERNS

The main concern with rHRV measurements in a neuroimaging study using PRV as a
proxy is that motion can change the level of blood moving to the fingertip, therefore disrupting
PPG measurements. Thus, rPRV will always have limitations as a proxy for rHRV. Though
corrections can be made to motion artifacts, which can smooth motion artifacts by referencing
peaks around that data (Kubios 2018), it is unclear whether moving disrupted this samples” PRV
values and gave corrupted rHRV data. However, in parents, rHRV was significantly negatively
correlated with age, which is supported by literature, and gives the data credibility when using it
as a proxy to ECG measured rHRV (Shaffer 2017). While rPRV is not a perfect measure, it is
more time efficient to use in the scanner and it is highly likely that the most of the data is
relatively uncorrupted, provided that data above 125ms is cutoff, as this was likely due to finger
motion rather than normal rHRV.

Correlations with all of the pre-scan questionnaire measures and rHRV were performed,
however, it may be the case that exercise was poorly indexed. There was no differentiation
between moderate to vigorous exercise in hours per week, which could give poor readings of
whether participants were athletes or not, which is known to have an effect on rHRV (May,

McBerty, Zaky, & Gianotti, 2017). Exercise was also self-reported, which could vary widely.
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However, this measure was not significantly associated with rHRV, so there may not be an issue
with the current data, but this should be noted when analyzing the full TP2 data set.

TP1 GABA (for parents) and psychopathology data (for parents and children) was not
significantly correlated with current rHRV measures, but TP2 data is more likely to have
stronger associations (or at least higher reliability), due to closer times of measurements to each
other. However, ERQ TP2 data did not correlate with rHRV measures, which was unexpected.
Cognitive control usually positively correlates with rHRV (Gross 1998, 2003, 2011). This could
potentially be due to low power, as the number of subjects in each group of parents and children
is relatively small at this point. Still, it is worth more investigation into how cognitive control is

associated with rHRV, and how these survey measures relate to physiological data.

FUTURE DIRECTIONS

Findings from this study suggest that waiting one minute or five minutes for starting
rHRV collection has no effect on scanner acclimation. In addition, calculations of rHRV from
PPG measurements are relatively easy to set up and process. Critically, they do not add much
time to MRI scanner protocol. This is important because scanner time is extremely costly, and
most studies maximize time to acquire brain data. PPG is a quick and inexpensive way to
measure physiological data as well. rHRV measurements from the MRI scanner environment can
offer physiological data that can reference to autonomic activity in addition to whatever MRI (or
MRS) data is being collected. With MRS technology, studies can go a step further in a multi-
level analysis, going from molecules, (e.g. neurotransmitter concentration) to circuitry, to
function, behavior and cognitive and emotional state, and add physiological factors that relate to

any other given level of analysis.
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TP2 data, which will be completed far past the deadline of this thesis, will give crucial
measures of neurotransmitter levels in the DLPFC and VLPFC. With successful rHRV
measurements, associations between rHRV and neurotransmitters can be made with more
confidence and related to the neurovisceral integration model and autonomic circuitry (Thayer
2009, Colzato 2018). In addition, brain anatomy, particularly cortical thickness, can be
investigated regarding rHRV, as previous studies have shown that higher rHRV is associated
with lower levels of depression and lower cortical thickness (Yoo 2017). This could be a method
to investigate susceptibility to depression based on physiological signs (e.g. rHRV) and show
how autonomic activity can affect the cortex (Yoo 2017). Relationships between rHRV, brain
neurotransmitters and cortical thickness could help show how development affects cognition,
autonomic activity and organization of brain networks. With the completion of TP2, it will be
investigated whether higher GABA is positively associated with higher rHRV, and if cortical
thickness and psychopathology modify these relationships. Investigating how a physiological
measure of rHRV can predict measures of the brain and emotional regulation is important to
studies that seek to gain a multi-level approach to analysis of the brain and its influence on

cognition, emotion and behavior.

REFERENCES

A Meta-Analysis of Heart Rate Variability and Neuroimaging Studies: Implications for Heart
Rate Variability as a Marker of Stress and Health | Sci-napse | Academic search engine for
paper. (n.d.). Retrieved August 8, 2018, from_https://scinapse.io/papers/2130111393

Banich, M. & Compton, R. (2018). Cognitive Neuroscience. Cambridge: Cambridge University
Press. doi:10.1017/9781316664018

Banich et al. (2014). Adolescent GABA Brain and Mood Study Grant, CU Boulder

Bentzen, B. H., & Grunnet, M. (2011). Central and Peripheral GABAA Receptor Regulation of
the Heart Rate Depends on the Conscious State of the Animal [Research article].
https://doi.org/10.1155/2011/578273



https://scinapse.io/papers/2130111393
https://doi.org/10.1155/2011/578273
https://doi.org/10.1155/2011/578273

Brain Neurotransmitters, Cognitive Control, and rHRV in the MRI Environment 31

Berntson, G. G., Norman, G. J., Bechara, A., Tranel, D., Bruss, J., & Cacioppo, J. T. (2011). The
insula, the amygdala and evaluative processes. Psychological Science, 22(1), 80-86.
https://doi.org/10.1177/0956797610391097

Bilan, A., Witczak, A., Palusinski, R., Myslinski, W., & Hanzlik, J. (2005). Circadian rhythm of
spectral indices of heart rate variability in healthy subjects. Journal of Electrocardiology,
38(3), 239-243. https://doi.org/10.1016/j.jelectrocard.2005.01.012

Boonstra, E., de Kleijn, R., Colzato, L. S., Alkemade, A., Forstmann, B. U., & Nieuwenhuis, S.
(2015). Neurotransmitters as food supplements: the effects of GABA on brain and behavior.
Frontiers in Psychology, 6. https://doi.org/10.3389/fpsyq.2015.01520

Bourdon, J. L., Moore, A. A., Eastman, M., Savage, J. E., Hazlett, L., Vrana, S. R., ... Roberson-
Nay, R. (2018). Resting Heart Rate Variability (HRV) in Adolescents and Young Adults
from a Genetically-Informed Perspective. Behavior Genetics, 48(5), 386—396.
https://doi.org/10.1007/s10519-018-9915-1

Brunoni, A. R., Kemp, A. H., Dantas, E. M., Goulart, A. C., Nunes, M. A., Boggio, P. S., ...
Benserior, I. M. (2013). Heart rate variability is a trait marker of major depressive disorder:
evidence from the sertraline vs. electric current therapy to treat depression clinical study.
International Journal of Neuropsychopharmacology, 16(9), 1937-1949.
https://doi.org/10.1017/S1461145713000497

Carnevali, L., Koenig, J., Sgoifo, A., & Ottaviani, C. (2018). Autonomic and Brain
Morphological Predictors of Stress Resilience. Frontiers in Neuroscience, 12.
https://doi.org/10.3389/fnins.2018.00228

Chalmers, J. A., Quintana, D. S., Abbott, M. J.-A., & Kemp, A. H. (2014). Anxiety Disorders are
Associated with Reduced Heart Rate Variability: A Meta-Analysis. Frontiers in Psychiatry,
5. https://doi.org/10.3389/fpsyt.2014.00080

Chang, W. H,, Lee, I. H., Chi, M. H., Lin, S.-H., Chen, K. C., Chen, P. S., ... Yang, Y. K.
(2018). Prefrontal cortex modulates the correlations between brain-derived neurotrophic
factor level, serotonin, and the autonomic nervous system. Scientific Reports, 8(1), 2558.
https://doi.org/10.1038/s41598-018-20923-y

Colzato, L. S., Jongkees, B. J., Wit, M. de, Molen, M. J. W. van der, & Steenbergen, L. (2018).
Variable heart rate and a flexible mind: Higher resting-state heart rate variability predicts
better task-switching. Cognitive, Affective & Behavioral Neuroscience, 18(4), 730.
https://doi.org/10.3758/s13415-018-0600-x

Colzato, L. S., & Steenbergen, L. (2017). High vagally mediated resting-state heart rate
variability is associated with superior action cascading. Neuropsychologia, 106, 1-6.
https://doi.org/10.1016/j.neuropsychologia.2017.08.030

de la Vega, A., Brown, M. S,, Snyder, H. R., Singel, D., Munakata, Y., & Banich, M. T. (2014).
Individual Differences in the Balance of GABA to Glutamate in pFC Predict the Ability to
Select among Competing Options. Journal of Cognitive Neuroscience, 26(11), 2490-2502.
https://doi.org/10.1162/jocn_a_00655

Elgendi, M., Jonkman, M., & DeBoer, F. (2011). Heart Rate Variability and the Acceleration
Plethysmogram Signals Measured at Rest. In A. Fred, J. Filipe, & H. Gamboa (Eds.),
Biomedical Engineering Systems and Technologies (Vol. 127, pp. 266-277). Berlin,
Heidelberg: Springer Berlin Heidelberg._https://doi.org/10.1007/978-3-642-18472-7 21

Emotion Regulation and Mental Health - Gross - 1995 - Clinical Psychology: Science and
Practice - Wiley Online Library. (n.d.). Retrieved March 16, 2019, from
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1468-2850.1995.tb00036.x



https://doi.org/10.1177/0956797610391097
https://doi.org/10.1177/0956797610391097
https://doi.org/10.1016/j.jelectrocard.2005.01.012
https://doi.org/10.3389/fpsyg.2015.01520
https://doi.org/10.1007/s10519-018-9915-1
https://doi.org/10.1007/s10519-018-9915-1
https://doi.org/10.1017/S1461145713000497
https://doi.org/10.1017/S1461145713000497
https://doi.org/10.3389/fpsyt.2014.00080
https://doi.org/10.1038/s41598-018-20923-y
https://doi.org/10.1038/s41598-018-20923-y
https://doi.org/10.3758/s13415-018-0600-x
https://doi.org/10.1162/jocn_a_00655
https://doi.org/10.1162/jocn_a_00655
https://doi.org/10.1007/978-3-642-18472-7_21
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1468-2850.1995.tb00036.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1468-2850.1995.tb00036.x

Brain Neurotransmitters, Cognitive Control, and rHRV in the MRI Environment 32

Ernst, G. (2017). Heart-Rate Variability—More than Heart Beats? Frontiers in Public Health, 5.
https://doi.org/10.3389/fpubh.2017.00240

ERQ-10 Scoring.pdf. (n.d.).

Gil, E., Orini, M., Bailén, R., Vergara, J. M., Mainardi, L., & Laguna, P. (2010).
Photoplethysmography pulse rate variability as a surrogate measurement of heart rate
variability during non-stationary conditions. Physiological Measurement, 31(9), 1271-1290.
https://doi.org/10.1088/0967-3334/31/9/015

Gross, J. J. (1998). The emerging field of emotion regulation: An integrative review. Review of
General Psychology, 2(3), 271-299. https://doi.org/10.1037/1089-2680.2.3.271

Gross, J. J., & John, O. P. (2003). Individual differences in two emotion regulation processes:
implications for affect, relationships, and well-being. Journal of Personality and Social
Psychology, 85(2), 348-362.

Hatoum, A. S., Rhee, S. H., Corley, R. P., Hewitt, J. K., & Friedman, N. P. (2018). Etiology of
Stability and Growth of Internalizing and Externalizing Behavior Problems Across
Childhood and Adolescence. Behavior Genetics, 48(4), 298-314.
https://doi.org/10.1007/s10519-018-9900-8

Helmuth, Rebecca, "Levels of y-Aminobutyric acid in the ventral lateral prefrontal cortex as a
predictor of underdetermined selection

ability" (2018). Undergraduate Honors Theses. 1642.

IBM Corp. Released 2017. IBM SPSS Statistics for Windows, Version 25.0. Armonk, NY: IBM
Corp.

Intermountain Neuroimaging Consortium (2017). fMRI Procedure.

Jansen, J. F. A., Backes, W. H., Nicolay, K., & Kooi, M. E. (2006). 1H MR spectroscopy of the
brain: absolute quantification of metabolites. Radiology, 240(2), 318-332.
https://doi.org/10.1148/radiol.2402050314

Kampouraki, A., Manis, G., & Nikou, C. (2009). Heartbeat Time Series Classification With
Support Vector Machines. IEEE Transactions on Information Technology in Biomedicine,
13(4), 512-518. https://doi.org/10.1109/T1TB.2008.2003323

Kandel, E. R., Schwartz, J. H. 1., & Jessell, T. M. (2012). Principles of neural science (5th ed.).
New York: McGraw-Hill, Health Professions Division.

Kilb, W. (2012). Development of the GABAergic System from Birth to Adolescence. The
Neuroscientist, 18(6), 613-630._https://doi.org/10.1177/1073858411422114

Kubios Manual 2018

Koenig, J., Parzer, P., Reichl, C., Ando, A., Thayer, J. F., Brunner, R., & Kaess, M. (2018).
Cortical thickness, resting state heart rate, and heart rate variability in female adolescents.
Psychophysiology, 55(5), e13043. https://doi.org/10.1111/psyp.13043

Lane, R. D., Reiman, E. M., Ahern, G. L., & Thayer, J. F. (2001). 21. Activity in medial
prefrontal cortex correlates with vagal component of heart rate variability during emotion.
Brain and Cognition, 47(1-2), 97-100.

Lane, Richard D., McRae, K., Reiman, E. M., Chen, K., Ahern, G. L., & Thayer, J. F. (2009).
Neural correlates of heart rate variability during emotion. Neurolmage, 44(1), 213-222.
https://doi.org/10.1016/j.neuroimage.2008.07.056

Lujan, R., Shigemoto, R., & Lépez-Bendito, G. (2005). Glutamate and GABA receptor
signalling in the developing brain. Neuroscience, 130(3), 567-580.
https://doi.org/10.1016/j.neuroscience.2004.09.042



https://doi.org/10.3389/fpubh.2017.00240
https://doi.org/10.3389/fpubh.2017.00240
https://doi.org/10.1088/0967-3334/31/9/015
https://doi.org/10.1088/0967-3334/31/9/015
https://doi.org/10.1037/1089-2680.2.3.271
https://doi.org/10.1007/s10519-018-9900-8
https://doi.org/10.1148/radiol.2402050314
https://doi.org/10.1148/radiol.2402050314
https://doi.org/10.1177/1073858411422114
https://doi.org/10.1016/j.neuroimage.2008.07.056
https://doi.org/10.1016/j.neuroimage.2008.07.056

Brain Neurotransmitters, Cognitive Control, and rHRV in the MRI Environment 33

May, R., McBerty, V., Zaky, A., & Gianotti, M. (2017). Vigorous physical activity predicts
higher heart rate variability among younger adults. Journal of Physiological Anthropology,
36(1), 24. https://doi.org/10.1186/s40101-017-0140-z

Meyer TJ, Miller ML, Metzger RL, Borkovec TD: Development and

Validation of the Penn State Worry Questionnaire. Behaviour Research

and Therapy 28:487-495,1990

Napadow, V., Dhond, R., Conti, G., Makris, N., Brown, E. N., & Barbieri, R. (2008). Brain
correlates of autonomic modulation: Combining heart rate variability with fMRI.
Neurolmage, 42(1), 169-177. https://doi.org/10.1016/j.neuroimage.2008.04.238

Perseghin, G., Scifo, P., De Cobelli, F., Pagliato, E., Battezzati, A., Arcelloni, C., ... Luzi, L.
(1999). Intramyocellular triglyceride content is a determinant of in vivo insulin resistance in
humans: a 1H-13C nuclear magnetic resonance spectroscopy assessment in offspring of type
2 diabetic parents. Diabetes, 48(8), 1600-1606._https://doi.org/10.2337/diabetes.48.8.1600

Puts, N. A. J., & Edden, R. A. E. (2012). In vivo magnetic resonance spectroscopy of GABA: A
methodological review. Progress in Nuclear Magnetic Resonance Spectroscopy, 60, 29-41.
https://doi.org/10.1016/j.pnmrs.2011.06.001

R Core Team (2018). R: A language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna,

Austria. URL https://www.R-project.org/.

Reisner, A., Shaltis, P. A., McCombie, D., & Asada, H. H. (2008). Utility of the
Photoplethysmogram in Circulatory Monitoring. Anesthesiology: The Journal of the
American Society of Anesthesiologists, 108(5), 950-958.
https://doi.org/10.1097/ALN.0b013e31816c89el

Saul, J. (1990). Beat-To-Beat Variations of Heart Rate Reflect Modulation of Cardiac
Autonomic Outflow. Physiology, 5(1), 32-37.
https://doi.org/10.1152/physiologyonline.1990.5.1.32

Schir, R. R., Draisma, L. W. R., Wijnen, J. P., Boks, M. P., Koevoets, M. G. J. C., Joéls, M.
,Vinkers, C. H. (2016). Brain GABA levels across psychiatric disorders: A systematic
literature review and meta-analysis of 1H-MRS studies. Human Brain Mapping, 37(9),
3337-3352. https://doi.org/10.1002/hbm.23244

Shaffer, F., & Ginsberg, J. P. (2017). An Overview of Heart Rate Variability Metrics and Norms.
Frontiers in Public Health, 5._https://doi.org/10.3389/fpubh.2017.00258

Sheppes, G., Scheibe, S., Suri, G., & Gross, J. J. (2011). Emotion-regulation choice.
Psychological Science, 22(11), 1391-1396._https://doi.org/10.1177/0956797611418350

Snyder, H. R., Banich, M. T., & Munakata, Y. (2014). All competition is not alike: Neural
mechanisms for resolving underdetermined and prepotent competition. Journal of Cognitive
Neuroscience, 26(11), 2608-2623. https://doi.org/10.1162/jocn_a_00652

Stein, P. K., Barzilay, J. ., Chaves, P. H. M., Domitrovich, P. P., & Gottdiener, J. S. (2009).
Heart rate variability and its changes over 5 years in older adults. Age and Ageing, 38(2),
212-218. https://doi.org/10.1093/ageing/afn292

Sturman, D. A., & Moghaddam, B. (2011). The Neurobiology of Adolescence: Changes in brain
architecture, functional dynamics, and behavioral tendencies. Neuroscience and
Biobehavioral Reviews, 35(8), 1704-1712. https://doi.org/10.1016/j.neubiorev.2011.04.003

Thayer, J. F., Hansen, A. L., Saus-Rose, E., & Johnsen, B. H. (2009). Heart rate variability,
prefrontal neural function, and cognitive performance: the neurovisceral integration
perspective on self-regulation, adaptation, and health. Annals of Behavioral Medicine: A



https://doi.org/10.1186/s40101-017-0140-z
https://doi.org/10.1016/j.neuroimage.2008.04.238
https://doi.org/10.2337/diabetes.48.8.1600
https://doi.org/10.1016/j.pnmrs.2011.06.001
https://doi.org/10.1016/j.pnmrs.2011.06.001
https://doi.org/10.1097/ALN.0b013e31816c89e1
https://doi.org/10.1097/ALN.0b013e31816c89e1
https://doi.org/10.1152/physiologyonline.1990.5.1.32
https://doi.org/10.1152/physiologyonline.1990.5.1.32
https://doi.org/10.1002/hbm.23244
https://doi.org/10.3389/fpubh.2017.00258
https://doi.org/10.1177/0956797611418350
https://doi.org/10.1162/jocn_a_00652
https://doi.org/10.1093/ageing/afn292

Brain Neurotransmitters, Cognitive Control, and rHRV in the MRI Environment 34

Publication of the Society of Behavioral Medicine, 37(2), 141-153.
https://doi.org/10.1007/s12160-009-9101-z

Thayer, J. F., Ahs, F., Fredrikson, M., Sollers, J. J., & Wager, T. D. (2012). A meta-analysis of
heart rate variability and neuroimaging studies: Implications for heart rate variability as a
marker of stress and health. Neuroscience & Biobehavioral Reviews, 36(2), 747-756.
https://doi.org/10.1016/j.neubiorev.2011.11.009

von Rosenberg, W., Chanwimalueang, T., Adjei, T., Jaffer, U., Goverdovsky, V., & Mandic, D.
P. (2017). Resolving Ambiguities in the LF/HF Ratio: LF-HF Scatter Plots for the
Categorization of Mental and Physical Stress from HRV. Frontiers in Physiology, 8.
https://doi.org/10.3389/fphys.2017.00360

Watson, D., Clark, L. A., Weber, K., Assenheimer, J. S., Strauss, M. E., & Mccormick, R. A.
(1995). Testing a tripartite model: Evaluating the convergent and discriminant validity of
anxiety and depression symptom scales. Journal of Abnormal Psychology, 3-14.

Watson, D., Weber, K., SmithAssenheimer, J., Strauss, M. E., & McCormick, R. A. (n.d.).
Testing a Tripartite Model: I. Evaluating the Convergent and Discriminant Validity of
Anxiety and Depression Symptom Scales, 12.

Williams, D. P., Cash, C., Rankin, C., Bernardi, A., Koenig, J., & Thayer, J. F. (2015). Resting
heart rate variability predicts self-reported difficulties in emotion regulation: a focus on
different facets of emotion regulation. Frontiers in Psychology, 6.
https://doi.org/10.3389/fpsyq.2015.00261

Yasen, A. L., Smith, J., & Christie, A. D. (2017). Reliability of glutamate and GABA
quantification using proton magnetic resonance spectroscopy. Neuroscience Letters, 643,
121-124. https://doi.org/10.1016/j.neulet.2017.02.039

Yoo, H. J., Thayer, J. F., Greening, S., Lee, T.-H., Ponzio, A., Min, J., ... Koenig, J. (2018).
Brain Structural Concomitants of Resting State Heart Rate Variability in the Young and Old
— Evidence from Two Independent Samples. Brain Structure & Function, 223(2), 727-737.
https://doi.org/10.1007/s00429-017-1519-7

Zhang, K., Li, Y.-F., & Patel, K. P. (2002). Reduced endogenous GABA-mediated inhibition in
the PVN on renal nerve discharge in rats with heart failure. American Journal of
Physiology-Regulatory, Integrative and Comparative Physiology, 282(4), R1006-R1015.
https://doi.org/10.1152/ajpregu.00241.2001

APPENDICES
APPENDIX Al

fMRI acquisition. Images will be acquired on a Siemens Prisma (3T) MRI scanner with 32-
channel parallel imaging located at the University of Colorado, Boulder. Functional imaging will
use a T2*-weighted gradient-echo, echo-planar imaging (repetition time [TR] = 460 ms, echo
time [TE] = 27.2 ms, flip angle = 44°, 56 slices parallel to the orbitofrontal cortex, thickness = 3
mm, zero gap, 82x82 in-plane resolution, in-plane FOV = 24.8cm, multi-band acceleration factor
= 8). A high-resolution T1-weighted anatomical scan will be collected for each participant to
localize functional activity. Resting state connectivity will be collected using parameters
identical to prior functional task runs (i.e. TR TE, FOV, etc.) while participants fixate on a
central crosshair. DT data will be acquired using a sequence of 4 diffusion encoded spin echo
EPI sequences acquiring a total of 173 diffusion directions (TR=4000ms, GRAPPA off,
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TE=112, FOV=224mm, 72 interleaved 2mm slices, zero gap, in-plane resolution 112x112, b-
value 3000, multi-band acceleration factor = 3) (INC, CU Boulder 2017).

APPENDIX A2

To analyze HRV properly by measuring beat to beat intervals, all beats measured must be
accurate and be due to the heart’s contraction rather than movement of the participant wearing an
HRV monitoring device, misplaced beats, or other artifacts. The output or reading of HRV is
time variant, which means that it depends on exactly which time it is measured. Thus, a time
varying threshold is calculated to determine the difference between normal and artifact heartbeat
measurements. The threshold for each beat is calculated to be 5.2 times as much as the quartile
deviation of beats in the dRR series, which typically accounts for 99.5% of all heartbeats,
assuming normal distribution of the heart rate data (Kubios 2018). However, when a dRR series
is not normally distributed, as is common for such a varying measure, some normal beats exceed
this threshold, and a decision algorithm is used to further differentiate normal beats from artifacts
(Kubios 2018). Non-normal beats that corrupt the dRR series measured form specific patterns,
which helps in recognizing what sort of artifact the non-normal beat is, whether it be abnormal or
ectopic, long, short, or a missed beat (Kubios 2018). Missed or extra beats are identified by
comparing where the beat should have been in time compared to the surrounding 10 beats to
where it lies in the dRR series. Correction of ectopic beats or artifacts happens once ectopic beats
are identified. These beats are then replaced with interpolated RR values from beats surrounding
the ectopic beat, placed according to the time at which the beat should have occurred (Kubios
2018). Missed beats are added by adding a new R-wave occurrence time according to
surrounding beats, and extra beats are corrected by removing the extra R-wave detected and
recalculating the RR interval at that time point of measurement. Detrending

(e.g. remove motion, drift) is based on Smoothing Priors Approach (SPA), which preserves
frequency components while acting like a high pass filter (editing out motion). The trend can be
adjusted (Lambda) to be smoother or less smooth with more or less filtering. 500 Lambda is
common across physiological literature (Kubios 2018, Colzato 2017, Thayer 2011).
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