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Daily biofeedback to modulate heart rate oscillations affects 
structural volume in hippocampal subregions targeted by the 
locus coeruleus in older adults but not younger adults
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Abstract

Using data from a clinical trial, we tested the hypothesis that daily sessions modulating heart 

rate oscillations affect older adults' volume of a region-of-interest (ROI) comprised of adjacent 

hippocampal subregions with relatively strong locus coeruleus (LC) noradrenergic input. Younger 

and older adults were randomly assigned to one of two daily biofeedback practices for 5 weeks: 

1) engage in slow-paced breathing to increase the amplitude of oscillations in heart rate at 

their breathing frequency (Osc+); 2) engage in self-selected strategies to decrease heart rate 

oscillations (Osc−). The interventions did not significantly affect younger adults’ hippocampal 

volume. Among older adults, the two conditions affected volume in the LC-targeted hippocampal 

ROI differentially as reflected in a significant condition x time-point interaction on ROI volume. 

These condition differences were driven by opposing changes in the two conditions (increased 
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volume in Osc+ and decreased volume in Osc−) and were mediated by the degree of heart rate 

oscillation during training sessions.
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1. Introduction

1.1. The locus coeruleus influences hippocampal function

The locus coeruleus (LC) is a small brainstem nucleus that provides most of the brain’s 

noradrenaline (Mather, 2020). In particular, the locus coeruleus (LC) densely innervates 

the hippocampus, especially the dentate gyrus, molecular layer, CA3, and CA4 subregions 

(Hagena et al., 2016; Hortnagl et al., 1991; Loy et al., 1980; Pickel et al., 1974). The 

LC modulates both long-term potentiation and long-term depression in the hippocampus 

(Hagena et al., 2016; Hansen, 2017; Nguyen and Gelinas, 2018), contributing to memory 

function. LC structure is associated with memory and cognition in aging (Dahl et al., 2019; 

Dutt et al., 2021; Wilson et al., 2013), especially with hippocampal-dependent episodic 

memory (Dahl et al., 2022).

Phasic rather than tonic modes of LC activity appear to benefit the hippocampus and 

memory function. Animal research indicates that LC neurons fire in two distinct modes. 

In one, on-going irregular but consistently high levels of LC neuron firing are associated 

with stress, higher distractibility, and poorer task performance, whereas in the other, LC 

neurons show only moderate tonic activity but fire in phasic bursts in response to salient 

stimuli and decisions (Aston-Jones et al., 1999; Vazey et al., 2018). Thus, during high 

tonic noradrenergic activity there is less available range for LC neurons to briefly increase 

their activity, limiting the ability to detect phasic noradrenergic responses (Aston-Jones 

and Cohen, 2005). When using optogenetic techniques to manipulate LC firing modes 

in rodents, phasic LC stimulation tends to have positive effects, enhancing memory and 

cognition, whereas tonic stimulation increases arousal and stress responses such as freezing 

(Ghosh et al., 2021; McCall et al., 2015; Takeuchi et al., 2016). Phasic LC activity 

contributes to hippocampal plasticity through activation of β-adrenergic receptors (Jurgens 

et al., 2005; O'Dell et al., 2010; Walling and Harley, 2004), which promote neurogenesis in 

the dentate gyrus (Bortolotto et al., 2019; Han et al., 2019; Jhaveri et al., 2010; Jhaveri et 

al., 2014). Experiments that inserted human pathological (hyperphosphorylated) tau into rat 

LC neurons indicate the tonic/phasic distinction is important in the context of tau pathology 

spreading from the LC to the medial temporal regions (Omoluabi et al., 2021). Daily phasic 

optogenetic stimulation of the LC in these rats prevented spatial and olfactory learning 

deficits whereas tonic stimulation of the LC did not (Omoluabi et al., 2021).

1.2. Breathing may lead the vagus nerve to modulate the LC in a phasic rather than tonic 
fashion

Existing research suggests that vagus nerve activity promotes phasic LC activity. Afferent 

vagus nerve fibers project to the nucleus tractus solitarius (NTS), which in turn projects to 
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the LC (Ruffoli et al., 2011). In rodents, stimulating the vagus nerve drives rapid, phasic 

neural activity in the LC (Hulsey et al., 2017). Importantly, the predominant physiological 

drivers of vagus nerve traffic should stimulate intermittent rather than steady LC activity. For 

instance, the vagus nerve participates in a negative-feedback neural loop that regulates blood 

pressure (Kaufmann et al., 2020). Baroreceptors are mechanical receptors that sense stretch 

in blood vessels (mainly the carotid arteries and aorta) and send signals via the vagus nerve 

(Stocker et al., 2019). These signals are relayed from the NTS to the dorsal motor nucleus 

that triggers efferent signals to the heart to slow down, to reduce blood pressure (Ruffoli 

et al., 2011). Because these signals take a few seconds to complete the feedback loop, the 

feedback is always a bit out of date, leading blood pressure to continue to increase while 

‘decrease’ signals are being sent (overshooting the target zone), and then, once reversed, 

to decrease even after ‘decrease’ signals are no longer being sent (deBoer et al., 1987; 

Vaschillo et al., 2006). The approximately 5-s delay leads to a ~10-s period of increasing 

and then decreasing heart rate, or a spectral frequency peak in heart rate at around 0.1 Hz 

(Vaschillo et al., 2006). Thus, baroreceptors provide sensory signals to the vagus nerve in a 

regular periodic rhythm, which in turn transmits signals to the LC via the NTS (Ruffoli et 

al., 2011).

Breathing also is associated with phasic vagus nerve signals (Dergacheva et al., 2010). 

Recording of single-neuron activity within rats’ vagus nerve revealed burst activity 

corresponding with breathing frequency (Jiman et al., 2020), which may reflect signals from 

stretch receptors in the lungs (Schelegle and Green, 2001) or other signals from the body 

that differ in intensity during inhalation vs. exhalation, such as input from baroreceptors or 

chemoreceptors (Chapleau and Sabharwal, 2011). These breathing-related variations in body 

signals should in turn modulate vagus-nerve-to-LC signaling. Furthermore, vagus nerve 

signals are transmitted to the LC more effectively when exhaling than inhaling (Sclocco 

et al., 2019), potentially due to inhibition of the nucleus tractus solitarius when inhaling 

(Miyazaki et al., 1999). Consistent with the notion that breathing biases LC activity against 

a steady tonic pattern, functional magnetic resonance imaging suggests that, during rest, 

locus coeruleus activity fluctuates with breathing (Melnychuk et al., 2018), and in an in-vitro 

brainstem-spinal cord preparation of the neonatal rat, most locus coeruleus neurons’ activity 

was modulated at the respiratory frequency (Oyamada et al., 1998).

1.3. Effects of vagus nerve activity on hippocampal-dependent memory processes

Via its modulation of the LC-noradrenergic system, the vagus nerve can influence 

hippocampal function (Raedt et al., 2011; Roosevelt et al., 2006). Studies in rats reveal 

that pulses of vagus nerve stimulation affects both hippocampal plasticity and memory 

performance. For example, a 3-hr session of intermittent pulses of vagus nerve stimulation 

increased markers of neurogenesis (BrdU+ cells and doublecortin expression) in the dentate 

gyrus (Biggio et al., 2009), phasic (30 s on, 5 min off) pulsed vagus nerve stimulation at 

0.75 mA promoted granule cell proliferation in the hippocampus (Revesz et al., 2008), one 

30-s set of pulses of vagus nerve stimulation after an inhibitory-avoidance task improved 

avoidance memory a day later (Clark et al., 1998) and 30 min of intermittent pulses 

of vagus nerve stimulation during object familiarization improved next-day novel object 

preference (Sanders et al., 2019). Rats receiving a brain injury showed better Morris water 
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maze performance two weeks later if they were receiving 30 min/day of vagus nerve 

stimulation (30.0-sec trains of 0.5 mA, 20.0 Hz, biphasic pulses) than if they received no 

vagus nerve stimulation (Smith et al., 2005). In another study with rats, ablating sensory 

afferent vagus nerve transmission impaired hippocampal-dependent memory and decreased 

markers of neurogenesis (Suarez et al., 2018), revealing that vagus afferent signaling affects 

the hippocampus not just during artificial vagus nerve stimulation, but also at endogenous 

levels of vagus nerve activity.

1.4. Hypothesized benefit of resonance frequency breathing for the aging hippocampus

As outlined in Section 1.2, both the baroreflex and breathing produce oscillations in vagus 

nerve inputs to the LC. Usually people breathe at a faster frequency (around 0.25 Hz or 

4-s/breath) than the ~0.1 Hz (10-s) baroreflex oscillatory influence. However, if people slow 

their breathing to a ~10-s rhythm (5-s inhale, 5-s exhale), the two signals can influence heart 

rate at the same frequency, creating resonance (Lehrer and Gevirtz, 2014; Vaschillo et al., 

2006). Furthermore, research comparing pharmacological sympathetic vs. parasympathetic 

blockade indicates that increases in spectral power at the breathing frequency during slow 

paced breathing are almost entirely vagally mediated (Kromenacker et al., 2018). Thus, 

via its stimulation of these vagus-LC pathways, slow breathing should induce bursts of 

noradrenergic release throughout the extended LC efferent network, especially in those 

subregions of the hippocampus that are densely innervated by the LC. At the same time, 

given the inhibitory synapses also present in the vagus-LC pathways (Fornai et al., 2011), 

resonance frequency breathing may lead inhibitory signals to alternate with the excitatory 

signals. This strong oscillating vagus nerve signal could help regulate the aging LC, 

promoting a beneficial phasic burst activity pattern (Omoluabi et al., 2021), in contrast 

with the high tonic levels of noradrenergic activity that increasingly appear to be the default 

as people age (see Mather, 2021 and next section).

1.5. Aging is associated with tonic noradrenergic hyperactivity

In humans, cerebrospinal noradrenaline and its metabolites increase with age and 

Alzheimer’s disease (for reviews see Mather, 2021; Weinshenker, 2018). Salivary alpha 

amylase provides a non-invasive proxy measure of central norepinephrine activity (Warren 

et al., 2017) and salivary alpha amylase levels also are greater in older than younger 

(Almela et al., 2011; Birditt et al., 2018; Nater et al., 2013; Strahler et al., 2010). Compared 

with younger mice, older mice show up-regulated proteins related to synaptic activity and 

other aspects of metabolic activity in the LC (Evans et al., 2021). Thus, evidence suggests 

hyperactive noradrenergic activity in the brain in aging.

EEG and pupil measures suggest that older adults have lower phasic LC responses than 

younger adults. Older adults and Alzheimer’s disease patients show reduced amplitude and 

increased latency of P3 responses to oddball stimuli (e.g., Polich and Corey-Bloom, 2005; 

van Dinteren et al., 2014; Walhovd and Fjell, 2001). Because phasic LC activity facilitates 

the P3 event-related potential (Nieuwenhuis et al., 2005; Vazey et al., 2018), older adults’ 

impaired P3 could reflect lower phasic LC activity, although it could alternatively reflect 

other factors such as age-related changes in cortical regions associated with the P3 (Mendes 
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et al., 2022). In addition, a latent measure of noradrenergic responsiveness that included 

pupil dilation and EEG measures was lower in older than younger adults (Dahl et al., 2020).

1.6. Overview of current study

Based on the findings reviewed above, we hypothesized that heart rate oscillation 

biofeedback involving slow-paced breathing could affect older adults’ hippocampal volume, 

especially in hippocampal subregions regions with strong noradrenergic innervation. We 

used data from a recently completed clinical trial of heart rate oscillation biofeedback 

for this purpose (ClinicalTrials.gov NCT03458910; Heart Rate Variability and Emotion 

Regulation or “HRV-ER”). Data associated with this clinical trial are publicly available 

and we have provided a corresponding data description paper (Yoo et al., 2022b). The 

pre-registered outcome measures in this trial focused on changes in emotion-related 

brain networks (see Nashiro et al., 2023). Based on prior correlations between individual 

differences in left orbitofrontal cortex structure and HRV (Koenig et al., 2021; Yoo et al., 

2018), we also investigated the intervention effects on structural volume in left orbitofrontal 

cortex regions (Yoo et al., 2022a). Hippocampal structural change is an exploratory endpoint 

of interest given the hypothesized effects of the intervention on the LC outlined above. In 

this trial, 106 younger and 56 older participants completed five weeks of daily heart rate 

oscillation biofeedback. The two intervention conditions both included twice-daily practice 

sessions that were 10-20 min long involving a continuous stream of biofeedback about their 

current heart rate with a rolling window of about three minutes of the heart rate history 

shown. However, participants in the two conditions had opposite objectives. In the Increase-

Oscillations (Osc+) condition, participants were instructed to increase the amplitude of 

breathing-induced heart rate oscillations by breathing slowly in rhythm with a visual pacer. 

In contrast, in the Decrease-Oscillations (Osc−) condition, participants were instructed to 

try to keep their heart rate steady using self-selected strategies, such as imagining the 

ocean, listening to nature sounds, or listening to instrumental music. We conducted magnetic 

resonance imaging (MRI) structural scans of participants’ brains both before and after the 

intervention.

To form our hippocampal region-of-interest, we used Freesurfer to segment subregions of 

the hippocampus. We focused on subregions within the hippocampal body as there is more 

agreement on standards for segmenting the body than the head or tail (Bender et al., 2018; 

Olsen et al., 2019). Within the hippocampal body, we aggregated across right and left 

subregions for which there is evidence that they are densely or moderately innervated by the 

LC, namely the molecular layer, CA3, CA4 and granule cell layer of dentate gyrus (Hagena 

et al., 2016; Hortnagl et al., 1991; Loy et al., 1980; Pickel et al., 1974).

As our intervention could affect cerebrovascular dynamics, which in turn could potentially 

affect brain volume, we also examined whether there were changes in cerebral blood flow 

(CBF) within the hippocampal region of interest, using pulsed continuous arterial spin 

labeling (pCASL; Chen et al., 2011).

Yoo et al. Page 5

Neurobiol Aging. Author manuscript; available in PMC 2024 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://ClinicalTrials.gov
https://clinicaltrials.gov/ct2/show/NCT03458910


2. Materials and methods

2.1. Participants

We recruited 121 younger participants (aged 18-35 years) and 72 older participants 

(aged 55-80 years) via the USC Healthy Minds community subject pool, a USC online 

bulletin board, Facebook and flyers. Prospective participants were screened for medical, 

neurological, or psychiatric illnesses. We excluded people who had a disorder that would 

impede performing the heart rate oscillation biofeedback procedures (e.g., coronary artery 

disease, angina, cardiac pacemaker), who were currently practicing relaxation, biofeedback 

or breathing techniques, or were on any psychoactive drugs other than antidepressants 

or anti-anxiety medications. We included people who were taking antidepressant or 

anti-anxiety medication and/or attending psychotherapy only if the treatment had been 

ongoing and unchanged for at least three months and no changes were anticipated (see 

Supplementary Table S1 for categories of medications participants were taking). For older 

adults, we also excluded people who scored lower than 16 on the TELE (Gatz et al., 1995) 

for possible dementia. Gender, education, age and race were similar in the two conditions.

Participants provided written informed consent approved by the University of Southern 

California (USC) Institutional Review Board. Participants were recruited in waves of 

approximately 20 participants from the same age group, each of whom was assigned to 

small groups of 3-6 people, with each group meeting at the same time and day each week. 

After recruitment and scheduling of each wave of groups were complete, we assigned each 

group to one of two conditions involving daily biofeedback that aimed to increase heart 

rate oscillations (Osc+ condition) or to not increase heart rate oscillations despite a relaxed 

state (Osc− condition). We used randomization across small groups to maintain balanced 

numbers of each condition. We did this by determining how many groups were assigned 

to a condition; for example, if 2 out of 5 groups in a previous wave were assigned the 

Osc+ condition, then 3 out of 5 groups were assigned that condition in the next wave. Then 

we randomly allocated those conditions to groups. Younger and older adults were run in 

separate waves of groups, thus participants were assigned to groups with other participants 

from the same age group. One research staff member who was blinded to participants 

and small group assignment generated the random numbers and assigned the conditions 

to each small group. The study utilized a single-blinded design; the consent document did 

not mention that there were two conditions. Among enrolled participants, 12 participants 

dropped out before the beginning of the intervention, leaving 117 younger adults (NOsc+ = 

60, NOsc− = 57) and 64 older adults (NOsc+ = 33, NOsc− = 31) who remained at the beginning 

of the intervention at week 2 (see Supplementary Figure S1 for flow diagram). During the 

intervention, 19 participants (NOsc+ = 9, NOsc− =10) dropped out. 106 younger adults (NOsc+ 

= 56, NOsc− = 50) and 56 older adults (NOsc+ = 28, NOsc− = 28) completed all 7 weeks of 

study. For each analysis using each measure, we used the maximal number of participants 

available after excluding outliers (see Supplementary Figure S1 for flow diagram).

2.2. Procedure

2.2.1. Overview of 7-week protocol schedule—The study protocol involved seven 

weekly lab visits and five weeks of home biofeedback training (see Supplementary Figure 
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S2 for flow diagram). The first lab visit involved the non-MRI baseline measurements. 

The second lab visit involved the baseline MRI session, followed by the first biofeedback 

training session. Each lab biofeedback training session started with a 5-min baseline rest 

period and individual calibration to find the best training condition. During the second lab 

visit participants were provided with 11.6-inch laptops with the biofeedback software and 

ear sensor units for lab sessions and training at home. The final (7th) lab visit repeated the 

baseline MRI session scans in the same order (for more details see Supplementary Materials 

or our data description paper for the clinical trial; Yoo et al., 2022b).

2.2.2. Biofeedback Training—During all practice sessions, participants wore an ear 

sensor to measure their pulse. In the Osc+ condition, participants viewed real-time heart 

rate biofeedback while breathing in through the nose and out through the mouth in 

synchrony with the emWave pacer. The emWave software (HeartMath®Institute, 2020) 

provided a summary ‘coherence’ score (see Supplementary Materials for more details). 

During calibration, the resonance frequency was determined individually. Participants in 

Osc+ condition were then instructed to train at home with the pacer set to their identified 

resonance frequency and to try to maximize their coherence scores (see Fig. 1A, C and 

Figure S3A).

In the Osc− condition, the same biofeedback ear sensor was used. However, custom software 

displayed a different set of feedback to the Osc− participants. During each Osc− training 

session, a ‘calmness’ score provided feedback to the participants instead of the coherence 

score (see Supplementary Materials for more details). Participants in Osc− condition were 

then instructed to train at home with their most effective strategy and to try to lower heart 

rate and heart rate oscillations (see Fig. 1B, D and Figure S3B).

Upon completing the study, participants were paid for their participation and received bonus 

payments based on their individual and group performances. As outlined in Nashiro et al., 

(2023), participants were assigned personalized targets (their top 10 biofeedback coherence 

or calmness scores earned from the previous week’s training sessions averaged, plus 0.3) 

each week. Individual bonus amounts were calculated for each week based on how many 

training sessions they exceeded their assigned target score and a group bonus was added for 

each week when members of a participant's group completed a minimum of 80% of their 

training minutes (incentives for training were the same across conditions; see details in the 

Supplementary Methods under “Rewards for Performance” and Supplementary Table S2).

2.3. MRI scan parameters

The scans were conducted with a 3T Siemens MAGNETOM Trio scanner with a 32-channel 

head array coil at the USC Dana and David Dornsife Neuroimaging Center. T1-weighted 3D 

structural MRI brain scans were acquired pre- and post-intervention using a magnetization 

prepared rapid acquisition gradient echo (MPRAGE) sequence with the parameters of TR = 

2300 ms, TE = 2.26 ms, slice thickness = 1.0 mm, flip angle = 9°, field of view = 256 mm, 

and voxel size = 1.0 x 1.0 x 1.0 mm, with 175 volumes collected (4:44 min). Prior to the 

T1-weighted structural scans, pseudo-continuous arterial spin labeling (pCASL) scans were 

acquired with TR = 3880, TE = 36.48, slice thickness = 3.0 mm, flip angle = 120°, field 
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of view = 240 mm and voxel size = 2.5 X 2.5 X 3.0 mm, with 12 volumes collected (3:14 

min; 1st volume was an M0 image, 2nd volume was a dummy image, and the remaining 10 

volumes were 5 tag-control pairs) during resting-state. This ASL approach provides high 

precision and signal-to-noise properties and has better test-retest reliability than pulsed or 

continuous ASL techniques (Chen et al., 2011).

2.4. Analyses

2.4.1. T1-Weighted neuroimaging processing—Among the 106 younger adults 

and 56 older adults who completed all 7 weeks of the study, 100 younger adults and 

51 older adults finished both pre- and post-intervention MRI sessions. Each participant’s 

T1 structural image was preprocessed using Freesurfer image analysis suite version 6.0 

(http://surfer.nmr.mgh.harvard.edu/). Cortical reconstruction and volumetric segmentation 

were performed. This method uses both intensity and continuity information from the entire 

three-dimensional MR volume in segmentation and deformation procedures to produce 

representations of cortical thickness, calculated as the closest distance from the gray/white 

boundary to the gray/CSF boundary at each vertex on the tessellated surface (Fischl and 

Dale, 2000). The technical details of these procedures are described in prior publications 

(Fischl et al., 2002; Fischl et al., 2004a; Fischl et al., 2004b).

After basic processing, we used the Freesurfer 6.0 image analysis suite longitudinal stream 

to automatically extract volume estimates (Reuter et al., 2012). This longitudinal stream 

within FreeSurfer creates an unbiased subject-specific template created by co-registering 

scans from the pre- and post-intervention time-points using a robust and inverse consistent 

algorithm (Reuter et al., 2010; Reuter et al., 2012), and uses these subject-specific templates 

for pre-processing the individual scans (e.g., during skull stripping and atlas registration). 

This approach improves reliability and statistical power while avoiding processing bias 

favoring the baseline scans that may affect groups unequally (Reuter et al., 2012).

2.4.2. Automatic segmentation of hippocampal subfields—We employed 

FreeSurfer v6.0’s segmentation tool of hippocampal subfields and nuclei of 

the amygdala for longitudinal segmentation (https://surfer.nmr.mgh.harvard.edu/fswiki/

HippocampalSubfieldsAndNucleiOfAmygdala). The algorithm for segmentation of 

individual subregions uses Bayesian inference based on observed image intensities and 

a probabilistic atlas built from a library of in vivo manual segmentations and ultra-high 

resolution (~0.1 mm isotropic) ex vivo labeled MRI data (Iglesias et al., 2015; Iglesias et 

al., 2016)). The hippocampus and amygdala were jointly segmented to avoid overlap or 

gaps between structures. The longitudinal pipeline uses a binary mask of the hippocampus 

extracted from the automated segmentation of each subject’s base template segmented 19 

hippocampal subfields.

For quality control, we used automated measures computed by FreeSurfer of the contrast-to-

noise ratio (the difference in signal intensity between regions of different tissue types and 

noise signal) and the Euler number (a metric of cortical surface reconstruction) to identify 

poor quality structural scans (Chalavi et al., 2012; Rosen et al., 2018). We excluded outliers 

(N=4 for younger adults and N=2 for older adults) who on a box-and-whisker plot were 
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above Q3 + 3 * the interquartile range on either of these metrics on either pre-intervention 

or post-intervention scans. One older adult was excluded due to the failure to segment 

the nuclei of the amygdala and the hippocampal subfields in the right hemisphere. We 

followed the quality control procedure guidelines for the FreeSurfer-based segmentation of 

the hippocampal subregions (Samann et al., 2022). First, we checked for outliers (+/− 2 

SDs, representing roughly 5% of cases in the distribution of our dataset) for each subfield 

volume, and also for total brain volume, total GM volume, ICV, and GM/ICV ratio. Second, 

the deviation pattern of the rank order of subfield volumes was calculated within a subject 

based on the rank order from several large datasets. In addition, the histograms of each 

measure were inspected. As a final step, we visually inspected all datasets in the HTML files 

with a standard browser, with particular attention to the flagged datasets from the previous 

steps. We followed the guideline for visual QC; 1) Is binary hippocampal mask visible? 

2) Is hippocampal fissure positioned within hippocampal mask? 3) Are larger portions of 

the hippocampus cut off? 4) Are there any subfield-related peculiarities? There was no 

additional exclusion after this QC pipeline. No manual edits were carried out to avoid the 

introduction of external bias. The final hippocampal volume dataset had an N of 96 for 

younger adults (NOsc+ = 49; NOsc− = 47) and an N of 48 for older adults (NOsc+ = 23; NOsc− 

= 25).

The ROI included eight subregions densely innervated by the LC; left and right molecular 

layer, CA3, CA4 and granule cell layer of dentate gyrus. Volumes were extracted for each 

of the eight subregions and summed as ROI volume. In addition, the volume of the whole 

hippocampus was also analyzed for comparison.

2.4.3. Heart rate oscillations during seated rest—Pulse signal was acquired using 

the emWave ear sensor. The emWave ear sensor has been evaluated as a reliable and 

low-cost wearable device (Lo et al., 2017). To measure and compare heart rate and HRV 

consistently, we used participants’ home training device during rest at the lab as well as 

during home training. To assess whether the interventions affected heart rate oscillatory 

activity during rest, we used Kubios HRV Premium 3.1 (Tarvainen et al., 2014) to compute 

heart rate and the main HRV indices (heart rate, SDNN, RMSSD, LF power and HF power, 

total power using autoregressive method during the baseline rest sessions (5-min sessions 

before lab training sessions) in the lab in weeks 2 vs. 7.

In younger adults, we excluded outliers (N=5) who on a box-and-whisker plot were above 

Q3 + 3 * the interquartile range on total heart rate spectral power for pre-intervention 

rest (N=3), post-intervention rest (N=1), or average training (N=1), leaving an N of 97 for 

younger adults (N Osc+ = 52; N Osc− = 45) and in older adults, we excluded outliers (N=3) 

who on a box-and-whisker plot were above Q3 + 3 * the interquartile range on total power 

for pre-intervention rest (N=1), or post-intervention rest (N=2), leaving an N of 53 for older 

adults (N Osc+ = 25; N Osc− = 28). The common dataset from pre/post-intervention heart 

rate, HRV and MRI data had an N of 88 for younger adults (NOsc+ = 45; NOsc− = 43) and an 

N of 46 for older adults (NOsc+ = 21; NOsc− = 25).

Before conducting statistical analyses, the Shapiro–Wilk test was run for heart rate and HRV 

metrics to ensure normal distribution. All these metrics except mean HR were not normally 
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distributed (p < 0.05). To correct for this, SDNN, RMSSD, HF power, LF power, and total 

power were transformed using the natural log function.

2.4.4. Heart rate oscillations during training and its relationship with post-
intervention hippocampal ROI volume—To assess the impact of Osc+ versus Osc− 

biofeedback during training sessions, we used Kubios HRV Premium 3.1 (Tarvainen et al., 

2014) to compute autoregressive spectral power for each training session. We analyzed 

data from the same set of participants as for resting HRV (see previous section), 88 

younger adults (M = 56.84, SE = 2.2 sessions) and 46 older adults (M = 78.52, SE 

= 2.5 sessions). We extracted the summed power within the .063~.125 Hz range for 

each participant to obtain a measure of heart rate oscillatory activity during biofeedback. 

We used the frequency range corresponding with 8-16s as it encompassed the resonance 

frequency paces used by Osc+ participants for their breathing and thereby allowed us 

to compare differences in heart rate oscillatory activity in this range influenced by slow 

breathing (between 8 and 15.87 s) and the baroreflex (Kuusela et al., 2003) across the two 

conditions. Before conducting statistical analyses, we log transformed the power values. 

We conducted partial correlations of these estimates of resonance frequency power during 

training with the post-intervention hippocampal ROI, controlling for the pre-intervention 

ROI. This partial correlation approach of controlling for the baseline ROI value is akin to 

using a pre-intervention - post-intervention difference score of the hippocampal ROI while 

first equating participants’ baseline scores (Burt and Obradović, 2013). Thus, it reflects the 

relationship between change in the hippocampal ROI volume and heart rate oscillations 

during training while controlling for baseline differences in hippocampal ROI volume.

To examine whether the relationships between the training condition and the ROI volume 

changes were mediated by the resonance frequency power within the .063~.125 Hz 

range during training, we conducted a mediation analysis using the PROCESS macro 

version 4.2 (Hayes, 2017). In the model, we included the condition as an independent 

variable, resonance frequency power during training as a mediator, and the ROI volume 

at post-intervention as a dependent variable. We included the pre-intervention ROI volume 

as a control variable, such that the model addressed the changes in ROI volume. The 

unstandardized regression coefficient (c) reflects the total effect. Coefficient c′ reflects the 

direct effect of the independent variable on the dependent variable absent the mediator. 

Coefficients a and b reflect the relationships between the mediator and the independent 

variable and the dependent variable, respectively. The product of coefficients (a × b) 

indicates how much the relationship between the independent variable and dependent 

variable is mediated by the mediator (i.e., the indirect effect).

2.4.5. Arterial Spin Labeling—Data were preprocessed using the Arterial Spin 

Labeling Perfusion MRI Signal Processing Toolbox (ASLtbx; Wang et al., 2008). M0 

calibration image and 10 tag-control pairs were motion corrected, co-registered to individual 

participants’ T1-weighted structural images, smoothed with a 6 mm full width at half 

maximum Gaussian kernel, and normalized to MNI template space. Preprocessing resulted 

in a time-series of 5 perfusion images representing the tag-control pairs, which were 

averaged to create a single mean whole brain perfusion image. We included a study-specific 
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gray matter mask comprised of averaged gray matter segmentations across participants’ 

T1-weighted structural scans in all voxel-wise analyses to restrict analyses to gray matter 

CBF, as ASL has lower power to detect white matter than gray matter perfusion signal (van 

Osch et al., 2009). Images were thresholded at 0 ml/100g/min to remove background voxels 

and voxels with negative values (Bangen et al., 2014; Brown et al., 2003).

To apply ROI masks on CBF images, FreeSurfer’s labeled hippocampus segmentations were 

converted back to the native MR image space using the procedure provided by FreeSurfer 

(mri_label2vol), and linearly transformed into MNI152 2 mm standard space. This process 

was carried out for the left and the right hippocampus separately. Averaged CBF values from 

whole brain gray matter regions and from hippocampal ROI were calculated.

Among 144 participants with hippocampal volume data, 84 younger adults (NOsc+ = 42; 

NOsc− = 42) and 47 older (NOsc+ = 22; NOsc− = 25) completed pCASL data at pre- and 

post-intervention sessions. 26 younger adults (NOsc+ = 14; NOsc− = 12) and 18 older adults 

(NOsc+ = 8; NOsc− = 10) were excluded due to errors in preprocessing or excessive motion, 

resulting in a total of 58 younger adults (NOsc+ = 28; NOsc− = 30) and 29 older adults (NOsc+ 

= 14; NOsc− = 15) in subsequent pCASL analyses involving pre- and post-intervention scans.

3. Results

3.1. Sample characteristics

Details about the demographic characteristics of the participants can be found in Table 1. 

Participants’ daily medication reports are shown in Supplementary Table S1.

3.2. Volume in the LC-innervated-regions hippocampal ROI

The hippocampal subfields and nuclei of the amygdala segmentation algorithm of the 

FreeSurfer v6.0 was applied to T1 weighted images according to the longitudinal pipeline 

(Iglesias et al., 2016). In Fig. 2, axial, coronal, and sagittal views of hippocampal subfields 

segmentation from an older adult participant enrolled in the study are shown. Table S3 in the 

supplementary information summarizes the list of hippocampal subfield segmentation and 

the test–retest reliabilities of the subfield volume estimation.

Prior to addressing the effect of training on volume in ROI, we first examined whether there 

was a difference in ROI volume before the intervention between Osc+ and Osc− conditions 

in each age group. There was no significant difference between conditions in either younger 

or older adults, F(1,94) = 1.30, p = .257, ηp
2 = .014, 95% CI [0.000, 0.091] for younger 

adults and F(1,46) = .798, p = .376, ηp
2 = .017, 95% CI [0.000, 0.145] for older adults.

To examine our main question of the effect of heart rate oscillation biofeedback training 

on volume in the LC-innervated-regions hippocampal ROI (i.e., the molecular layer, CA3, 

CA4 and granule cell layer of dentate gyrus), we performed a three-way mixed ANCOVA 

(condition x age group x time-point) on ROI volume including condition (Osc+ vs. Osc−) 

and age group (younger vs. older) as between-subject factors and time-point (pre vs. post) 

as a within-subject factor while controlling intracranial volume as a covariate (Fig. 3). We 

found a three-way condition x age group x time-point interaction effect on ROI volume, 
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F(1,139) = 639, p = .013, ηp
2 = .044, 95% CI [0.019, 0.126]. In younger adults, there 

was no significant condition x time-point interaction on ROI volume, F(1,93) = 0.66, p 
= .419, ηp

2 = .007, 95% CI [0, 0.075]. In older adults, there was significant condition 

x time-point interaction on ROI volume, F(1,45) = 6.47, p = .014, ηp
2 = .126, 95% CI 

[0.005, 0.307]. Specifically, post-hoc t-tests indicated non-significant opposing trends in the 

two conditions, with the older Osc+ participants showing increased post-intervention ROI 

volume compared to pre-intervention ROI volume (p = .069) but the older Osc− participants 

showed decreased post-intervention ROI volume compared to pre-intervention ROI volume 

(p = .079). See Table S4 for mean volumes at pre- and post-intervention time-points for LC-

targeted ROI and individual subfields making up the ROI in the left and right hemisphere. To 

test whether the age-by-condition-by-time-point interaction was modulated by laterality, we 

performed a four-way mixed ANCOVA (condition x age group x time-point x hemisphere) 

on ROI volume including condition (Osc+ vs. Osc−) and age group (younger vs. older) 

as between-subject factors and time-point (pre vs. post) and hemisphere (left vs. right) as 

a within-subject factor while controlling intracranial volume as a covariate. There was no 

significant four-way interaction effect, F(1,139) = 0.36, p = .551, ηp
2 = .003, 95% CI [0.000, 

0.044].

We also examined the condition x age group x time-point interaction effect on the 

whole hippocampus volume controlling intracranial volume and there was no significant 

interaction, F(1,139) = 2.71, p = .102, ηp
2= .019, 95% CI [0, 0.085]. Neither younger 

nor older adults showed significant differences between pre- and post-intervention scans 

in volume in the whole hippocampus. To correct the potentially confounding effect across 

age groups of how many times participants practiced at home, we added the individual 

total number of training sessions as another covariate in the analysis model. As in our 

preceding analyses, we found a 3-way condition x age group x time-point interaction 

effect on ROI volume when controlling for intracranial volume and the number of training 

sessions, F(1,135) = 5.25, p = .024, ηp
2 = .037, 95% CI [0, 0.117]. As before, when 

controlling for ROI volume, in younger adults, there was no significant interaction effect in 

ROI volume, F(1,89) = 0.29, p = .594, ηp
2 = .003, 95% CI [0, 0.063] and in older adults, 

there was a significant 3-way interaction difference in ROI volume, F(1,44) = 7.37, p = 

.009, ηp
2 = .143, 95% CI [0.009, 0.328]. Additionally we performed correlation analyses 

to check if the changes in hippocampal ROI volume were associated with the total number 

of training sessions or total reward. There were no significant correlations between change 

in hippocampal ROI volume and the total number of training sessions (Osc+: r = .145, 

p = .321, Osc−: r = .077, p = .619 for younger adults and Osc+: r = −.275, p = .205, 

Osc−: r = .064, p = .763 for older adults) and no significant correlations between change 

in hippocampal volume and the total reward (Osc+: r = .004, p = .976, Osc−: r = −.098, 

p = .514 for younger adults and Osc+: r = .379, p = .075, Osc−: r = −.161, p = .441 for 

older adults). As the older group had a lower proportion of males than the younger group, 

we checked for effects of sex. Using sex as the 2nd covariate did not change the results 

as we again found a 3-way condition x age x time-point group interaction effect on ROI 

volume, F(1,138) = 6.38, p = .013, ηp
2 = .044, 95% CI [0.002, 0.127]. Furthermore, when 

we added sex as another factor neither the interaction effect of sex, condition, age group, and 
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time-point nor the interaction effect of sex, condition, and time-point were significant. The 

main effects of sex were not significant, either.

About half of the older adults were on cardiac-related medications. Including whether they 

were or were not on a cardiac-related medication as a factor in the ANCOVA did not lead 

to a significant main effect of medication group (p = .986) nor a condition x time-point x 

medication group interaction effect (p = .958) in the older group.

3.3. HRV indices at pre- and post-intervention sessions and during training

We previously reported with this sample that, whereas younger adults showed a significant 

differential effect of the two interventions on resting log LF-power, older adults did not show 

any differential effects of the two conditions on any resting HRV metrics (Yoo et al., 2022a). 

We obtained the same pattern of results with the set of participants included in the current 

investigation, as well (see Tables 2 and S5). Also, as reported by (Yoo et al., 2022a), during 

training, there were significant condition differences in total power, log power within the 

resonance breathing frequency range (within the .063~.125 Hz range; see Table 2).

3.4. Heart rate oscillatory power and volume changes in the LC-innervated-regions 
hippocampal ROI

To examine the relationships between heart rate oscillations during practice sessions and 

hippocampal ROI changes, we first examined the partial correlations between power within 

the resonance frequency band during training and volume in the LC-innervated-regions 

hippocampal ROI controlling for pre-intervention ROI volume. We conducted this analysis 

across conditions because both interventions were framed within the context of meditative 

states and those Osc− participants who experienced greater relaxation during their home 

practices may have naturally increased oscillatory power within the frequency range 

associated with slow breathing. For instance, prior findings (Nesvold et al., 2012) indicate 

that nondirective meditation increases spectral frequency power within a range overlapping 

with ours (LF-HRV; 0.04–0.15 Hz). Power within the resonance frequency band during 

training was positively correlated with ROI volume at the post-intervention scan when 

controlling for ROI volume at the pre-intervention scan, partial r = .428, p = .003, 95% CI 

[.095, .648], but was not significantly correlated for younger adults, partial r = −.050, p = 

.648, 95% CI [−.252, .138] (Fig. 4). The correlation r value was significantly greater for 

older adults than for younger adults, z = 2.71, p = .003. Older adults’ correlation was still 

significant when controlling for the intervention condition, partial r = .307, p = .043, 95% 

CI [−.074, .592], indicating that individual differences in resonance frequency power during 

training sessions were associated with the hippocampal outcomes even when controlling for 

the overall condition difference in resonance frequency power. However, when we separated 

older adults by conditions, neither condition showed significant correlations; r = .164, p = 

.490, 95% CI [−.191, 499] for the Osc+ condition and r = .385, p = .063, 95% CI [−.216, 

700] for the Osc− condition. , Next, we examined whether power within the resonance 

frequency band during training mediated the volume change in the hippocampal ROI in 

older adults. The mediation effect was significant; the path between condition and power 

within the resonance frequency band during training, a = 1.29, p = .0001 and the path 

between power within the resonance frequency band during training and ROI volume at 
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post, b = 11.24, p = .043 (Fig. 5). The results supported a complete mediation model 

because the direct effect between condition and power within the resonance frequency band 

during training was not significant, c′ = 10.94, p = .385. The results of the mediation 

analyses suggest that the relationships between condition and volume changes in ROI are 

fully mediated by power within the resonance frequency band during training.

For comparison, we examined the association between power within the resonance 

frequency band during training and volume in bilateral whole hippocampus at post-

intervention controlling for whole hippocampal volume on the pre-intervention scan. 

Although associations were in the same direction as for the LC-innervated-regions 

hippocampal ROI, neither age group showed a significant partial correlation between 

power within the resonance frequency band during training and volume in bilateral whole 

hippocampus at post-intervention; in older adults, partial r = .183, p = .229, 95% CI [−.066, 

.397], in younger adults, partial r = −.105, p = .334, 95% CI [−.301, .102]. Given this lack of 

significant relationship, we did not test a mediation model for the whole hippocampus.

3.5. Cerebral blood flow within the LC-innervated-regions hippocampal ROI

Prior to examining CBF within hippocampal ROI, we checked whether there were changes 

in whole brain gray matter CBF. We applied a three-way ANOVA model (condition x age 

group x time-point) on whole brain gray matter CBF including condition (Osc+ vs. Osc−) 

and age group (younger vs. older) as between-subject factors, time-point as within-subject 

factor. There was no significant 3-way condition x age group x time-point interaction, 

F(1,83) = 0.41, p = .525, ηp
2 = .005, 95% CI [0, 0.073]. Next, we examined the same three-

way ANOVA (condition x age group x time-point) model on CBF within hippocampal ROI. 

There was no significant three-way (condition x age group x time-point) interaction, F(1,83) 

= 2.02, p = .159, ηp
2 = .024, 95% CI [0, 0.119]. Neither younger or older adults showed 

significant condition x time-point interactions (younger adults: p = .539, older adults: p = 

.128). Thus, it seems unlikely that our findings were due to effects of the intervention on 

hippocampal CBF.

3.6 Exploratory regression analysis to identify predictors

To examine if any variables like demographic characteristics, resting HRV measures, 

training related measures were related to post-intervention hippocampal ROI volume, we 

performed exploratory multiple regression analyses for each age group. In younger adults, 

there were no significant predictors of post-intervention ROI volume except pre-intervention 

ROI volume. In older adults, power within the resonance frequency band during training was 

the only significant predictor (p = .001) other than pre-intervention ROI volume. Greater 

power within the resonance frequency band during biofeedback sessions was associated with 

increases in ROI volume only in older adults. Thus, this exploratory regression result was 

consistent with the results presented above. The results are summarized in Table S6 in the 

supplementary information.
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4. Discussion

In this clinical trial involving random assignment to 5-week interventions involving daily 

biofeedback to either increase heart rate oscillations while breathing slowly to a pacer 

(Osc+ condition) or not increase heart rate oscillations while relaxing (Osc− condition), 

we examined whether the two conditions affected hippocampal volume differently. We 

found that, in older adults, daily biofeedback sessions modulating heart rate oscillations 

affected the volume of hippocampal subregions that receive strong noradrenergic input. The 

Osc+ and Osc− conditions showed significantly different change in hippocampal subregion 

volume, with the direction of change being increased volume in the Osc+ condition and 

decreased volume in the Osc− condition. Also, greater average spectral power of heart rate 

at ~0.10 Hz (around the breathing frequency used in the Osc+ condition) during biofeedback 

sessions was associated with increases in volume across these regions in older adults, 

across conditions. Unlike older adults, younger adults did not show intervention effects on 

hippocampal volume.

4.1. Potential reasons for age differences in the effects of heart rate oscillation 
interventions

As outlined in the introduction, we hypothesized that the interventions could affect the 

volume of LC-innervated-regions within the hippocampus via the vagus nerve -> LC -> 

hippocampus pathway. Considering this pathway, there are at least a couple of reasons that 

older adults might show greater effects. First, current findings suggest that aging reduces 

phasic LC activity (Polich and Corey-Bloom, 2005; van Dinteren et al., 2014; Walhovd and 

Fjell, 2001) while increasing LC tonic activity (Evans et al., 2021). As such, older adults 

may benefit more than younger adults from an intervention that helps restore phasic input to 

the LC, or may suffer more from one that suppresses already-weak vagus nerve oscillatory 

activity. Second, age-related changes in the hippocampal cellular environment (such as 

changes in neurotrophic factors, mitochondrial activity, synaptic activity, or inflammation 

(see Kuhn et al., 2018; Mosher and Schaffer, 2018; Smith et al., 2018); may increase 

the impact of LC noradrenergic input. One age-related change in the hippocampus has 

particular relevance: animal and human research indicate that hippocampal β-adrenergic 

receptors increase in number and sensitivity in the prodromal phases of Alzheimer’s disease 

(Goodman et al., 2021; Kalaria et al., 1989). This could lead older adults to be more 

sensitive to interventions affecting β-adrenergic activity. Consistent with this possibility, in 

old mice beta-adrenergic blockers impaired behavior in 3 out of 4 learning and memory 

tasks, whereas in young mice beta-adrenergic blockers impaired behavior on only one of the 

tasks (Evans et al., 2021).

4.2. Volume changes in this study compared with other interventions and age-related 
atrophy

A review focusing on structural brain plasticity in adult learning (Lovden et al., 2013) 

reported that studies using various training protocols like exercise, motor, and cognitive 

training with acceptable quality had net effects of training on hippocampal volume are in the 

2–4% range for 5 days to ~ 3-month training (Erickson et al., 2011; Lovden et al., 2012; 

Martensson et al., 2012). If we compute (post - pre)/pre * 100 for our volume values, the 
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Osc+ condition shows a positive 0.96% change. Thus, the increased volume size within the 

LC-innervated-regions hippocampal ROI in our study is in a similar range compared with 

the training effects of previous studies.

Hippocampal volume atrophy has not only been found in pathological aging, but also in 

healthy aging. Also, shrinkage of the hippocampus in healthy adults increased with age (Raz 

et al., 2005). So we expected, as a default, volume would decrease in the hippocampal ROI 

and whole hippocampus over time, especially in older adults. The older adults in the Osc− 

condition showed a 1.35% decrease of volume in the LC-innervated-regions hippocampal 

ROI, decrements that appear to be greater than the range of normal age-related hippocampal 

shrinkage (Raz et al., 2005), suggesting that daily practice trying to reduce heart rate 

oscillatory activity may decrease volume in hippocampal subregions that receive strong 

noradrenergic signaling.

4.3. Potential benefits of phasic vagus nerve activity for the aging hippocampus

Neuronal over-excitation in the hippocampus is a hallmark of early-stage Alzheimer’s 

disease and aging (Goutagny and Krantic, 2013; Leal and Yassa, 2015). The hippocampus 

has various properties that make it prone to high excitability that produces seizures 

(Huberfeld et al., 2015; Mokhothu and Tanaka, 2021). Consistent with the observations of 

hippocampal hyperexcitation in Alzheimer’s disease, the disease is associated with increased 

risk of epileptic seizures (Xu et al., 2021). Brief seizures detected using electrocorticogram 

often lack clinical correlates (Osorio and Frei, 2009). Clinically silent hippocampal seizures 

may contribute to memory deficits and Alzheimer’s pathological progression (Lam et al., 

2017). Thus, hippocampal over-excitation in older adults may accelerate neurodegeneration.

Vagus nerve stimulation is one of the most effective treatments for epilepsy (Ben-

Menachem, 2002), raising the possibility that interventions targeting the vagus could benefit 

older adults starting to experience over-excitation of hippocampal neurons. Via the NTS, 

vagus nerve activity influences the LC, which in turn modulates activity throughout much 

of the brain, including the hippocampus. In order for vagus nerve stimulation to be effective 

for epilepsy treatment, the locus coeruleus needs to be intact and functioning (Fornai et al., 

2011; Krahl et al., 1998). Furthermore, studies that have demonstrated benefits of vagus 

nerve stimulation on hippocampal plasticity and/or memory performance have employed 

bursts of vagus nerve stimulation rather than constant stimulation (Biggio et al., 2009; Clark 

et al., 1998; Sanders et al., 2019). This type of vagus nerve stimulation increases phasic 

LC activity (Hulsey et al., 2017). Further evidence that intermittent vagus nerve stimulation 

increases phasic LC activity comes from a study examining P3 event-related potentials in 

response to oddball stimuli in epileptic patients (De Taeye et al., 2014). Epileptic patients 

who had experienced more than a 50% reduction in seizures due to vagus nerve stimulation 

showed greater P3 responses (an indicator of phasic LC activity; Vazey et al., 2018) shortly 

after vagus nerve stimulation than after sham stimulation. Slow paced breathing provides a 

naturally oscillating set of input signals to the LC via the vagus nerve, which may alternate 

between inhibiting LC activity (thereby reducing stress-like patterns of high tonic LC 

activity) and exciting LC activity (promoting phasic bursts of activity). Direct stimulation 

of the LC in a rat model of prodromal Alzheimer’s disease has demonstrated that phasic 
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LC activity benefits memory compared with tonic activity (Omoluabi et al., 2021). Thus, 

slow-paced breathing may benefit the aging hippocampus by promoting phasic LC activity. 

Conversely, attempting to keep one’s heart rate steady and reduce oscillatory activity may 

promote tonic LC activity that is detrimental to the aging hippocampus.

4.4. Potential implications for memory and cognition

Many studies have indicated that hippocampal volume can predict performance on a variety 

of cognitive tasks in healthy controls (Convit et al., 2003; Hackert et al., 2002; Rosen et 

al., 2003; Van Petten, 2004), although correlations are not always seen (e.g., MacLullich et 

al., 2002; Maguire et al., 2000; Marquis et al., 2002). In addition, hippocampal volume 

has been suggested as a predictive measure of deterioration of memory function in a 

variety of neurodegenerative diseases including Alzheimer disease (AD) (den Heijer et al., 

2006; Dubois et al., 2014) and Parkinson's disease (Brück et al., 2004). Future studies of 

biofeedback training to modulate heart rate oscillations should examine the relationship 

between hippocampal volume change, and change in performance on cognitive tasks in 

healthy older adults, mild cognitive impairment (MCI), and AD groups.

4.5. Relationships between meditation and hippocampal volume in older adults may 
relate to heart rate oscillatory activity during these practices

Previous studies have shown that older adults who practice Tai Chi or meditate regularly 

tend to have larger hippocampal volume than those who do not meditate (Fox et al., 2014; 

Holzel et al., 2008; Liu et al., 2019; Luders et al., 2013; Luders et al., 2009; Yue et al., 

2020). Tai Chi practitioners over age 60 show greater hippocampal grey matter density than 

do brisk walkers over age 60 (Yue et al., 2020), suggesting the Tai Chi effects go beyond 

the aerobic benefits of the activity. Increases in heart rate oscillations occur in meditators 

practicing Qigong, Kundalini yoga, or Zazen (Lehrer et al., 1999; Peng et al., 2004; Peng 

et al., 1999) or in people reciting either the rosary or a typical yoga mantra (Bernardi et 

al., 2001). Tai Chi also increases abdominal breathing and heart rate oscillatory activity 

(Wei et al., 2016). During these meditative practices, breathing slows down and drives large 

heart rate oscillations at the breathing frequency (Bernardi et al., 2001; Lehrer et al., 1999; 

Peng et al., 2004). Thus, one possibility is that meditative practices that increase heart rate 

oscillations may help older adults avoid hippocampal atrophy.

4.6. Limitations and alternative mechanisms

A limitation of these analyses was that we were limited to the available 1 × 1 × 1 mm3 

resolution T1-weighted MRI images. Unlike high resolution T2-weighted images, 1 × 1 

× 1 mm3 T1-weighted images do not allow clear visualization of the stratum radiatum 

lacunosum moleculare (SRLM). Due to this limitation, we avoided analyzing subfield data 

from the hippocampal head where the SRLM is needed to visualize the hippocampal 

digitations (Wisse et al., 2021). We focused instead on the hippocampal body, which has 

a less complex structure for segmentation. In addition, to reduce the impact of idiosyncratic 

errors in any one subfield, we combined four adjacent LC-targeted subregions from the 

hippocampal body into one larger ROI. Reliability was high across hippocampal subregions 

across the two scans despite the intervening intervention (Table S3) and each of the separate 

subfields comprising the LC-targeted ROI showed a consistent pattern in which volume 

Yoo et al. Page 17

Neurobiol Aging. Author manuscript; available in PMC 2024 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



shows relatively more positive change in the Osc+ than in the Osc− condition for older 

adults (Table S4).

It is also important to note that there are alternative pathways other than via LC modulation 

through which the daily practice of heart rate oscillation biofeedback could influence 

hippocampal volume. For instance, the hippocampus is especially susceptible to impaired 

cerebrovascular dynamics (Kril et al., 2002; Raz et al., 2007), which may have been 

affected by the intervention. For instance, if the intervention increased blood flow to the 

hippocampus, this could potentially influence hippocampal volume (e.g., Fierstra et al., 

2010). For this reason, we checked whether there were changes in blood flow and whether 

they could account for our volumetric findings. Average cerebral blood flow across the gray 

matter regions in the brain did not show any significant intervention effects. There was 

no significant three-way (condition x age group x time-point) interaction on CBF within 

hippocampal ROI.

4.7. Conclusions

In conclusion, our results showed that daily practice of heart rate oscillation biofeedback 

can affect the volume in bilateral hippocampal subregions innervated by LC (CA3 

body, CA4 body, dentate gyrus, molecular layer) in older adults. Among older adults, 

there were significant differences across conditions in hippocampal ROI, with the Osc+ 

condition showing relatively increased volume and Osc− showing relatively decreased 

volume. Furthermore, only in older adults, spectral power of heart rate within the 

resonance frequency band during training was positively correlated with volume change 

in hippocampal subregions innervated by LC. These findings provide novel evidence for 

causal pathways between heart rate oscillatory activity and the aging hippocampus.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This study was supported by NIH R01AG057184 (PI Mather). We thank study participants for their contribution. 
We thank our research assistants for their help with data collection: Paul Choi, Heekyung Rachael Kim, Seungyeon 
Lee, Alexandra Haydinger, Lauren Thompson, Gabriel Shih, Divya Suri, Sophia Ling, Akanksha Jain, Linette 
Bagtas, Michelle Wong, Kathryn Cassutt, Collin Amano, Yong Zhang.

References

Almela M, Hidalgo V, Villada C, van der Meij L, Espin L, Gomez-Amor J, Salvador A, 2011. Salivary 
alpha-amylase response to acute psychosocial stress: the impact of age. Biol Psychol 87(3), 421–
429. 10.1016/j.biopsycho.2011.05.008 [PubMed: 21664412] 

Aston-Jones G, Cohen JD, 2005. An integrative theory of locus coeruleus-norepinephrine 
function: adaptive gain and optimal performance. Annu Rev Neurosci 28, 403–450. 10.1146/
annurev.neuro.28.061604.135709 [PubMed: 16022602] 

Aston-Jones G, Rajkowski J, Cohen J, 1999. Role of locus coeruleus in attention and behavioral 
flexibility. Biol Psychiatry 46(9), 1309–1320. 10.1016/s0006-3223(99)00140-7 [PubMed: 
10560036] 

Yoo et al. Page 18

Neurobiol Aging. Author manuscript; available in PMC 2024 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Bangen KJ, Nation DA, Clark LR, Harmell AL, Wierenga CE, Dev SI, Delano-Wood L, Zlatar ZZ, 
Salmon DP, Liu TT, Bondi MW, 2014. Interactive effects of vascular risk burden and advanced 
age on cerebral blood flow. Front Aging Neurosci 6, 159. 10.3389/fnagi.2014.00159 [PubMed: 
25071567] 

Ben-Menachem E, 2002. Vagus-nerve stimulation for the treatment of epilepsy. Lancet Neurol 1(8), 
477–482. 10.1016/s1474-4422(02)00220-x [PubMed: 12849332] 

Bender AR, Keresztes A, Bodammer NC, Shing YL, Werkle-Bergner M, Daugherty AM, Yu Q, Kuhn 
S, Lindenberger U, Raz N, 2018. Optimization and validation of automated hippocampal subfield 
segmentation across the lifespan. Hum Brain Mapp 39(2), 916–931. 10.1002/hbm.23891 [PubMed: 
29171108] 

Bernardi L, Sleight P, Bandinelli G, Cencetti S, Fattorini L, Wdowczyc-Szulc J, Lagi A, 2001. Effect 
of rosary prayer and yoga mantras on autonomic cardiovascular rhythms: comparative study. BMJ 
323(7327), 1446–1449. 10.1136/bmj.323.7327.1446 [PubMed: 11751348] 

Biggio F, Gorini G, Utzeri C, Olla P, Marrosu F, Mocchetti I, Follesa P, 2009. Chronic vagus nerve 
stimulation induces neuronal plasticity in the rat hippocampus. Int J Neuropsychopharmacol 12(9), 
1209–1221. 10.1017/S1461145709000200 [PubMed: 19309534] 

Birditt KS, Tighe LA, Nevitt MR, Zarit SH, 2018. Daily social interactions and the biological stress 
response: Are there age differences in links between social interactions and alpha-amylase? The 
Gerontologist 58(6), 1114–1125. [PubMed: 29240901] 

Bortolotto V, Bondi H, Cuccurazzu B, Rinaldi M, Canonico PL, Grilli M, 2019. Salmeterol, a beta2 
Adrenergic Agonist, Promotes Adult Hippocampal Neurogenesis in a Region-Specific Manner. 
Front Pharmacol 10, 1000. 10.3389/fphar.2019.01000 [PubMed: 31572182] 

Brown GG, Eyler Zorrilla LT, Georgy B, Kindermann SS, Wong EC, Buxton RB, 2003. 
BOLD and perfusion response to finger-thumb apposition after acetazolamide administration: 
differential relationship to global perfusion. J Cereb Blood Flow Metab 23(7), 829–837. 
10.1097/01.WCB.0000071887.63724.B2 [PubMed: 12843786] 

Brück A, Kurki T, Kaasinen V, Vahlberg T, Rinne J, 2004. Hippocampal and prefrontal atrophy in 
patients with early non-demented Parkinson’s disease is related to cognitive impairment. Journal 
of Neurology, Neurosurgery & Psychiatry 75(10), 1467–1469. [PubMed: 15377698] 

Burt KB, Obradović J, 2013. The construct of psychophysiological reactivity: Statistical and 
psychometric issues. Developmental Review 33(1), 29–57.

Chalavi S, Simmons A, Dijkstra H, Barker GJ, Reinders AA, 2012. Quantitative and qualitative 
assessment of structural magnetic resonance imaging data in a two-center study. BMC Med 
Imaging 12(1), 27. 10.1186/1471-2342-12-27 [PubMed: 22867031] 

Chapleau MW, Sabharwal R, 2011. Methods of assessing vagus nerve activity and reflexes. Heart Fail 
Rev 16(2), 109–127. 10.1007/s10741-010-9174-6 [PubMed: 20577901] 

Chen Y, Wang DJ, Detre JA, 2011. Test-retest reliability of arterial spin labeling with common labeling 
strategies. J Magn Reson Imaging 33(4), 940–949. 10.1002/jmri.22345 [PubMed: 21448961] 

Clark KB, Smith DC, Hassert DL, Browning RA, Naritoku DK, Jensen RA, 1998. Posttraining 
electrical stimulation of vagal afferents with concomitant vagal efferent inactivation enhances 
memory storage processes in the rat. Neurobiol Learn Mem 70(3), 364–373. 10.1006/
nlme.1998.3863 [PubMed: 9774527] 

Convit A, Wolf OT, Tarshish C, De Leon MJ, 2003. Reduced glucose tolerance is associated with 
poor memory performance and hippocampal atrophy among normal elderly. Proceedings of the 
National Academy of Sciences 100(4), 2019–2022.

Dahl MJ, Bachman SL, Dutt S, Düzel S, Bodammer NC, Lindenberger U, Kühn S, Werkle-Bergner M, 
Mather M, 2022. The integrity of dopaminergic and noradrenergic brain regions is associated 
with different aspects of late-life memory performance. bioRxiv, 2022.2010.2012.511748. 
10.1101/2022.10.12.511748

Dahl MJ, Mather M, Düzel S, Bodammer NC, Lindenberger U, Kühn S, Werkle-Bergner M, 2019. 
Rostral locus coeruleus integrity is associated with better memory performance in older adults. 
Nature Human Behaviour 3(11), 1203–1214.

Yoo et al. Page 19

Neurobiol Aging. Author manuscript; available in PMC 2024 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Dahl MJ, Mather M, Sander MC, Werkle-Bergner M, 2020. Noradrenergic Responsiveness 
Supports Selective Attention across the Adult Lifespan. J Neurosci 40(22), 4372–4390. 10.1523/
JNEUROSCI.0398-19.2020 [PubMed: 32317388] 

De Taeye L, Vonck K, van Bochove M, Boon P, Van Roost D, Mollet L, Meurs A, De Herdt V, Carrette 
E, Dauwe I, 2014. The P3 event-related potential is a biomarker for the efficacy of vagus nerve 
stimulation in patients with epilepsy. Neurotherapeutics 11(3), 612–622. [PubMed: 24711167] 

deBoer RW, Karemaker JM, Strackee J, 1987. Hemodynamic fluctuations and baroreflex 
sensitivity in humans: a beat-to-beat model. Am J Physiol 253(3 Pt 2), H680–689. 10.1152/
ajpheart.1987.253.3.H680 [PubMed: 3631301] 

den Heijer T, Geerlings MI, Hoebeek FE, Hofman A, Koudstaal PJ, Breteler MM, 2006. Use of 
hippocampal and amygdalar volumes on magnetic resonance imaging to predict dementia in 
cognitively intact elderly people. Arch Gen Psychiatry 63(1), 57–62. 10.1001/archpsyc.63.1.57 
[PubMed: 16389197] 

Dergacheva O, Griffioen KJ, Neff RA, Mendelowitz D, 2010. Respiratory modulation of premotor 
cardiac vagal neurons in the brainstem. Respir Physiol Neurobiol 174(1-2), 102–110. 10.1016/
j.resp.2010.05.005 [PubMed: 20452467] 

Dubois B, Feldman HH, Jacova C, Hampel H, Molinuevo JL, Blennow K, DeKosky ST, Gauthier S, 
Selkoe D, Bateman R, Cappa S, Crutch S, Engelborghs S, Frisoni GB, Fox NC, Galasko D, Habert 
MO, Jicha GA, Nordberg A, Pasquier F, Rabinovici G, Robert P, Rowe C, Salloway S, Sarazin M, 
Epelbaum S, de Souza LC, Vellas B, Visser PJ, Schneider L, Stern Y, Scheltens P, Cummings JL, 
2014. Advancing research diagnostic criteria for Alzheimer's disease: the IWG-2 criteria. Lancet 
Neurol 13(6), 614–629. 10.1016/S1474-4422(14)70090-0 [PubMed: 24849862] 

Dutt S, Li Y, Mather M, Nation DA, Alzheimer's Disease Neuroimaging, I., 2021. Brainstem 
substructures and cognition in prodromal Alzheimer's disease. Brain Imaging Behav 15(5), 2572–
2582. 10.1007/s11682-021-00459-y [PubMed: 33646514] 

Erickson KI, Voss MW, Prakash RS, Basak C, Szabo A, Chaddock L, Kim JS, Heo S, Alves H, White 
SM, Wojcicki TR, Mailey E, Vieira VJ, Martin SA, Pence BD, Woods JA, McAuley E, Kramer 
AF, 2011. Exercise training increases size of hippocampus and improves memory. Proc Natl Acad 
Sci U S A 108(7), 3017–3022. 10.1073/pnas.1015950108 [PubMed: 21282661] 

Evans AK, Park HH, Saw NL, Singhal K, Ogawa G, Leib RD, Shamloo M, 2021. Age-related 
neuroinflammation and pathology in the locus coeruleus and hippocampus: beta-adrenergic 
antagonists exacerbate impairment of learning and memory in aged mice. Neurobiol Aging 106, 
241–256. 10.1016/j.neurobiolaging.2021.06.012 [PubMed: 34320462] 

Fierstra J, Poublanc J, Han JS, Silver F, Tymianski M, Crawley AP, Fisher JA, Mikulis DJ, 2010. Steal 
physiology is spatially associated with cortical thinning. Journal of Neurology, Neurosurgery & 
Psychiatry 81(3), 290–293. [PubMed: 20185465] 

Fischl B, Dale AM, 2000. Measuring the thickness of the human cerebral cortex from magnetic 
resonance images. Proc Natl Acad Sci U S A 97(20), 11050–11055. 10.1073/pnas.200033797 
[PubMed: 10984517] 

Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C, van der Kouwe A, Killiany 
R, Kennedy D, Klaveness S, Montillo A, Makris N, Rosen B, Dale AM, 2002. Whole brain 
segmentation: automated labeling of neuroanatomical structures in the human brain. Neuron 33(3), 
341–355. 10.1016/s0896-6273(02)00569-x [PubMed: 11832223] 

Fischl B, Salat DH, van der Kouwe AJ, Makris N, Segonne F, Quinn BT, Dale AM, 2004a. Sequence-
independent segmentation of magnetic resonance images. Neuroimage 23 Suppl 1, S69–84. 
10.1016/j.neuroimage.2004.07.016 [PubMed: 15501102] 

Fischl B, van der Kouwe A, Destrieux C, Halgren E, Segonne F, Salat DH, Busa E, Seidman LJ, 
Goldstein J, Kennedy D, Caviness V, Makris N, Rosen B, Dale AM, 2004b. Automatically 
parcellating the human cerebral cortex. Cereb Cortex 14(1), 11–22. 10.1093/cercor/bhg087 
[PubMed: 14654453] 

Fornai F, Ruffoli R, Giorgi FS, Paparelli A, 2011. The role of locus coeruleus in the antiepileptic 
activity induced by vagus nerve stimulation. Eur J Neurosci 33(12), 2169–2178. 10.1111/
j.1460-9568.2011.07707.x [PubMed: 21535457] 

Fox KC, Nijeboer S, Dixon ML, Floman JL, Ellamil M, Rumak SP, Sedlmeier P, Christoff K, 2014. 
Is meditation associated with altered brain structure? A systematic review and meta-analysis of 

Yoo et al. Page 20

Neurobiol Aging. Author manuscript; available in PMC 2024 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



morphometric neuroimaging in meditation practitioners. Neuroscience & Biobehavioral Reviews 
43, 48–73. [PubMed: 24705269] 

Gatz M, Reynolds C, Nikolic J, Lowe B, Karel M, Pedersen N, 1995. An empirical test of 
telephone screening to identify potential dementia cases. Int Psychogeriatr 7(3), 429–438. 
10.1017/s11041610295002171 [PubMed: 8821350] 

Ghosh A, Massaeli F, Power KD, Omoluabi T, Torraville SE, Pritchett JB, Sepahvand T, Strong VD, 
Reinhardt C, Chen X, Martin GM, Harley CW, Yuan Q, 2021. Locus Coeruleus Activation Patterns 
Differentially Modulate Odor Discrimination Learning and Odor Valence in Rats. Cereb Cortex 
Commun 2(2), tgab026. 10.1093/texcom/tgab026 [PubMed: 34296171] 

Goodman AM, Langner BM, Jackson N, Alex C, McMahon LL, 2021. Heightened Hippocampal beta-
Adrenergic Receptor Function Drives Synaptic Potentiation and Supports Learning and Memory in 
the TgF344-AD Rat Model during Prodromal Alzheimer's Disease. J Neurosci 41(26), 5747–5761. 
10.1523/JNEUROSCI.0119-21.2021 [PubMed: 33952633] 

Goutagny R, Krantic S, 2013. Hippocampal oscillatory activity in Alzheimer's disease: toward the 
identification of early biomarkers? Aging Dis 4(3), 134–140. [PubMed: 23730529] 

Hackert VH, den Heijer T, Oudkerk M, Koudstaal PJ, Hofman A, Breteler MM, 2002. Hippocampal 
head size associated with verbal memory performance in nondemented elderly. Neuroimage 17(3), 
1365–1372. 10.1006/nimg.2002.1248 [PubMed: 12414276] 

Hagena H, Hansen N, Manahan-Vaughan D, 2016. beta-Adrenergic Control of Hippocampal Function: 
Subserving the Choreography of Synaptic Information Storage and Memory. Cereb Cortex 26(4), 
1349–1364. 10.1093/cercor/bhv330 [PubMed: 26804338] 

Han T-K, Leem Y-H, Kim H-S, 2019. Treadmill exercise restores high fat diet-induced disturbance of 
hippocampal neurogenesis through β2-adrenergic receptor-dependent induction of thioredoxin-1 
and brain-derived neurotrophic factor. Brain research 1707, 154–163. [PubMed: 30496734] 

Hansen N, 2017. The Longevity of Hippocampus-Dependent Memory Is Orchestrated by the Locus 
Coeruleus-Noradrenergic System. Neural Plast 2017, 2727602. 10.1155/2017/2727602 [PubMed: 
28695015] 

Hayes AF, 2017. Introduction to mediation, moderation, and conditional process analysis: A 
regression-based approach. Guilford publications.

HeartMath®Institute, 2020. emWavePro.

Holzel BK, Ott U, Gard T, Hempel H, Weygandt M, Morgen K, Vaitl D, 2008. Investigation of 
mindfulness meditation practitioners with voxel-based morphometry. Soc Cogn Affect Neurosci 
3(1), 55–61. 10.1093/scan/nsm038 [PubMed: 19015095] 

Hortnagl H, Berger ML, Sperk G, Pifl C, 1991. Regional heterogeneity in the distribution 
of neurotransmitter markers in the rat hippocampus. Neuroscience 45(2), 261–272. 
10.1016/0306-4522(91)90224-c [PubMed: 1684835] 

Huberfeld G, Blauwblomme T, Miles R, 2015. Hippocampus and epilepsy: Findings from human 
tissues. Rev Neurol (Paris) 171(3), 236–251. 10.1016/j.neurol.2015.01.563 [PubMed: 25724711] 

Hulsey DR, Riley JR, Loerwald KW, Rennaker RL 2nd, Kilgard MP, Hays SA, 2017. Parametric 
characterization of neural activity in the locus coeruleus in response to vagus nerve stimulation. 
Exp Neurol 289, 21–30. 10.1016/j.expneurol.2016.12.005 [PubMed: 27988257] 

Iglesias JE, Augustinack JC, Nguyen K, Player CM, Player A, Wright M, Roy N, Frosch MP, 
McKee AC, Wald LL, Fischl B, Van Leemput K, Alzheimer's Disease Neuroimaging, I., 2015. 
A computational atlas of the hippocampal formation using ex vivo, ultra-high resolution MRI: 
Application to adaptive segmentation of in vivo MRI. Neuroimage 115, 117–137. 10.1016/
j.neuroimage.2015.04.042 [PubMed: 25936807] 

Iglesias JE, Van Leemput K, Augustinack J, Insausti R, Fischl B, Reuter M, Alzheimer's Disease 
Neuroimaging, I., 2016. Bayesian longitudinal segmentation of hippocampal substructures in brain 
MRI using subject-specific atlases. Neuroimage 141, 542–555. 10.1016/j.neuroimage.2016.07.020 
[PubMed: 27426838] 

Jhaveri DJ, Mackay EW, Hamlin AS, Marathe SV, Nandam LS, Vaidya VA, Bartlett PF, 2010. 
Norepinephrine directly activates adult hippocampal precursors via beta3-adrenergic receptors. 
J Neurosci 30(7), 2795–2806. 10.1523/JNEUROSCI.3780-09.2010 [PubMed: 20164362] 

Yoo et al. Page 21

Neurobiol Aging. Author manuscript; available in PMC 2024 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Jhaveri DJ, Nanavaty I, Prosper BW, Marathe S, Husain BF, Kernie SG, Bartlett PF, Vaidya VA, 
2014. Opposing effects of alpha2- and beta-adrenergic receptor stimulation on quiescent neural 
precursor cell activity and adult hippocampal neurogenesis. PLoS One 9(6), e98736. 10.1371/
journal.pone.0098736 [PubMed: 24922313] 

Jiman AA, Ratze DC, Welle EJ, Patel PR, Richie JM, Bottorff EC, Seymour JP, Chestek CA, 
Bruns TM, 2020. Multi-channel intraneural vagus nerve recordings with a novel high-density 
carbon fiber microelectrode array. Sci Rep 10(1), 15501. 10.1038/s41598-020-72512-7 [PubMed: 
32968177] 

Jurgens CW, Rau KE, Knudson CA, King JD, Carr PA, Porter JE, Doze VA, 2005. Betal adrenergic 
receptor-mediated enhancement of hippocampal CA3 network activity. J Pharmacol Exp Ther 
314(2), 552–560. 10.1124/jpet.105.085332 [PubMed: 15908512] 

Kalaria R, Andom A, Tabaton M, Whitehouse P, Harik S, Unnerstall J, 1989. Adrenergic receptors 
in aging and Alzheimer's disease: increased β2-receptors in prefrontal cortex and hippocampus. 
Journal of neurochemistry 53(6), 1772–1781. [PubMed: 2553864] 

Kaufmann H, Norcliffe-Kaufmann L, Palma J-A, 2020. Baroreflex dysfunction. New England Journal 
of Medicine 382(2), 163–178. [PubMed: 31914243] 

Koenig J, Abler B, Agartz I, Akerstedt T, Andreassen OA, Anthony M, Bar KJ, Bertsch K, Brown RC, 
Brunner R, Carnevali L, Critchley HD, Cullen KR, de Geus EJC, de la Cruz F, Dziobek I, Ferger 
MD, Fischer H, Flor H, Gaebler M, Gianaros PJ, Giummarra MJ, Greening SG, Guendelman 
S, Heathers JAJ, Herpertz SC, Hu MX, Jentschke S, Kaess M, Kaufmann T, Klimes-Dougan B, 
Koelsch S, Krauch M, Kumral D, Lamers F, Lee TH, Lekander M, Lin F, Lotze M, Makovac 
E, Mancini M, Mancke F, Mansson KNT, Manuck SB, Mather M, Meeten F, Min J, Mueller B, 
Muench V, Nees F, Nga L, Nilsonne G, Ordonez Acuna D, Osnes B, Ottaviani C, Penninx B, 
Ponzio A, Poudel GR, Reinelt J, Ren P, Sakaki M, Schumann A, Sorensen L, Specht K, Straub 
J, Tamm S, Thai M, Thayer JF, Ubani B, van der Mee DJ, van Velzen LS, Ventura-Bort C, 
Villringer A, Watson DR, Wei L, Wendt J, Schreiner MW, Westlye LT, Weymar M, Winkelmann T, 
Wu GR, Yoo HJ, Quintana DS, 2021. Cortical thickness and resting-state cardiac function across 
the lifespan: A cross-sectional pooled mega-analysis. Psychophysiology 58(7), e13688. 10.1111/
psyp.13688 [PubMed: 33037836] 

Krahl SE, Clark KB, Smith DC, Browning RA, 1998. Locus coeruleus lesions suppress the 
seizure-attenuating effects of vagus nerve stimulation. Epilepsia 39(7), 709–714. 10.1111/
j.1528-1157.1998.tb01155.x [PubMed: 9670898] 

Kril J, Patel S, Harding A, Halliday G, 2002. Patients with vascular dementia due to microvascular 
pathology have significant hippocampal neuronal loss. Journal of Neurology, Neurosurgery & 
Psychiatry 72(6), 747–751. [PubMed: 12023418] 

Kromenacker BW, Sanova AA, Marcus FI, Allen JJB, Lane RD, 2018. Vagal Mediation of Low-
Frequency Heart Rate Variability During Slow Yogic Breathing. Psychosom Med 80(6), 581–587. 
10.1097/PSY.0000000000000603 [PubMed: 29771730] 

Kuhn HG, Toda T, Gage FH, 2018. Adult Hippocampal Neurogenesis: A Coming-of-Age Story. J 
Neurosci 38(49), 10401–10410. 10.1523/JNEUROSCI.2144-18.2018 [PubMed: 30381404] 

Kuusela TA, Kaila TJ, Kahonen M, 2003. Fine structure of the low-frequency spectra of heart rate and 
blood pressure. BMC Physiol 3(1), 11. 10.1186/1472-6793-3-11 [PubMed: 14552660] 

Lam AD, Deck G, Goldman A, Eskandar EN, Noebels J, Cole AJ, 2017. Silent hippocampal seizures 
and spikes identified by foramen ovale electrodes in Alzheimer's disease. Nat Med 23(6), 678–680. 
10.1038/nm.4330 [PubMed: 28459436] 

Leal SL, Yassa MA, 2015. Neurocognitive Aging and the Hippocampus across Species. Trends 
Neurosci 38(12), 800–812. 10.1016/j.tins.2015.10.003 [PubMed: 26607684] 

Lehrer P, Sasaki Y, Saito Y, 1999. Zazen and cardiac variability. Psychosom Med 61(6), 812–821. 
10.1097/00006842-199911000-00014 [PubMed: 10593633] 

Lehrer PM, Gevirtz R, 2014. Heart rate variability biofeedback: how and why does it work? Frontiers 
in psychology 5, 756. [PubMed: 25101026] 

Liu S, Li L, Liu Z, Guo X, 2019. Long-Term Tai Chi Experience Promotes Emotional Stability 
and Slows Gray Matter Atrophy for Elders. Front Psychol 10, 91. 10.3389/fpsyg.2019.00091 
[PubMed: 30761046] 

Yoo et al. Page 22

Neurobiol Aging. Author manuscript; available in PMC 2024 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lo JC, Sehic E, Meijer SA, 2017. Measuring mental workload with low-cost and wearable sensors: 
Insights into the accuracy, obtrusiveness, and research usability of three instruments. Journal of 
cognitive engineering and decision making 11(4), 323–336. [PubMed: 30369839] 

Lovden M, Schaefer S, Noack H, Bodammer NC, Kuhn S, Heinze HJ, Duzel E, Backman L, 
Lindenberger U, 2012. Spatial navigation training protects the hippocampus against age-related 
changes during early and late adulthood. Neurobiol Aging 33(3), 620 e629–620 e622. 10.1016/
j.neurobiolaging.2011.02.013

Lovden M, Wenger E, Martensson J, Lindenberger U, Backman L, 2013. Structural brain plasticity 
in adult learning and development. Neurosci Biobehav Rev 37(9 Pt B), 2296–2310. 10.1016/
j.neubiorev.2013.02.014 [PubMed: 23458777] 

Loy R, Koziell DA, Lindsey JD, Moore RY, 1980. Noradrenergic innervation of the adult rat 
hippocampal formation. J Comp Neurol 189(4), 699–710. 10.1002/cne.901890406 [PubMed: 
7381046] 

Luders E, Thompson PM, Kurth F, Hong JY, Phillips OR, Wang Y, Gutman BA, Chou YY, Narr KL, 
Toga AW, 2013. Global and regional alterations of hippocampal anatomy in long-term meditation 
practitioners. Hum Brain Mapp 34(12), 3369–3375. 10.1002/hbm.22153 [PubMed: 22815233] 

Luders E, Toga AW, Lepore N, Gaser C, 2009. The underlying anatomical correlates of long-term 
meditation: larger hippocampal and frontal volumes of gray matter. Neuroimage 45(3), 672–678. 
10.1016/j.neuroimage.2008.12.061 [PubMed: 19280691] 

MacLullich AM, Ferguson KJ, Deary IJ, Seckl JR, Starr JM, Wardlaw JM, 2002. Intracranial capacity 
and brain volumes are associated with cognition in healthy elderly men. Neurology 59(2), 169–
174. 10.1212/wnl.59.2.169 [PubMed: 12136052] 

Maguire EA, Gadian DG, Johnsrude IS, Good CD, Ashburner J, Frackowiak RS, Frith CD, 2000. 
Navigation-related structural change in the hippocampi of taxi drivers. Proc Natl Acad Sci U S A 
97(8), 4398–4403. 10.1073/pnas.070039597 [PubMed: 10716738] 

Marquis S, Moore MM, Howieson DB, Sexton G, Payami H, Kaye JA, Camicioli R, 2002. 
Independent predictors of cognitive decline in healthy elderly persons. Arch Neurol 59(4), 601–
606. 10.1001/archneur.59.4.601 [PubMed: 11939895] 

Martensson J, Eriksson J, Bodammer NC, Lindgren M, Johansson M, Nyberg L, Lovden M, 2012. 
Growth of language-related brain areas after foreign language learning. Neuroimage 63(1), 240–
244. 10.1016/j.neuroimage.2012.06.043 [PubMed: 22750568] 

Mather M, 2021. Noradrenaline in the aging brain: Promoting cognitive reserve or accelerating 
Alzheimer's disease?, Seminars in cell & developmental biology. Elsevier.

McCall JG, Al-Hasani R, Siuda ER, Hong DY, Norris AJ, Ford CP, Bruchas MR, 2015. CRH 
Engagement of the Locus Coeruleus Noradrenergic System Mediates Stress-Induced Anxiety. 
Neuron 87(3), 605–620. 10.1016/j.neuron.2015.07.002 [PubMed: 26212712] 

Melnychuk MC, Dockree PM, O'Connell RG, Murphy PR, Balsters JH, Robertson IH, 2018. Coupling 
of respiration and attention via the locus coeruleus: Effects of meditation and pranayama. 
Psychophysiology 55(9), e13091. 10.1111/psyp.13091 [PubMed: 29682753] 

Mendes AJ, Pacheco-Barrios K, Lema A, Goncalves OF, Fregni F, Leite J, Carvalho S, 
2022. Modulation of the cognitive event-related potential P3 by transcranial direct current 
stimulation: Systematic review and meta-analysis. Neurosci Biobehav Rev 132, 894–907. 10.1016/
j.neubiorev.2021.11.002 [PubMed: 34742723] 

Miyazaki M, Tanaka I, Ezure K, 1999. Excitatory and inhibitory synaptic inputs shape the discharge 
pattern of pump neurons of the nucleus tractus solitarii in the rat. Exp Brain Res 129(2), 191–200. 
10.1007/s002210050889 [PubMed: 10591893] 

Mokhothu TM, Tanaka KZ, 2021. Characterizing Hippocampal Oscillatory Signatures Underlying 
Seizures in Temporal Lobe Epilepsy. Front Behav Neurosci 15, 785328. 10.3389/
fnbeh.2021.785328 [PubMed: 34899205] 

Mosher KI, Schaffer DV, 2018. Influence of hippocampal niche signals on neural stem cell functions 
during aging. Cell Tissue Res 371(1), 115–124. 10.1007/s00441-017-2709-6 [PubMed: 29124394] 

Nashiro K, Min J, Yoo HJ, Cho C, Bachman SL, Dutt S, Thayer JF, Lehrer PM, Feng T, Mercer 
N, Nasseri P, Wang D, Chang C, Marmarelis VZ, Narayanan S, Nation DA, Mather M, 2023. 
Increasing coordination and responsivity of emotion-related brain regions with a heart rate 

Yoo et al. Page 23

Neurobiol Aging. Author manuscript; available in PMC 2024 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



variability biofeedback randomized trial. Cogn Affect Behav Neurosci 23(1), 66–83. 10.3758/
s13415-022-01032-w [PubMed: 36109422] 

Nater UM, Hoppmann CA, Scott SB, 2013. Diurnal profiles of salivary cortisol and alpha-
amylase change across the adult lifespan: evidence from repeated daily life assessments. 
Psychoneuroendocrinology 38(12), 3167–3171. 10.1016/j.psyneuen.2013.09.008 [PubMed: 
24099860] 

Nesvold A, Fagerland MW, Davanger S, Ellingsen O, Solberg EE, Holen A, Sevre K, Atar D, 2012. 
Increased heart rate variability during nondirective meditation. Eur J Prev Cardiol 19(4), 773–780. 
10.1177/1741826711414625 [PubMed: 21693507] 

Nguyen PV, Gelinas JN, 2018. Noradrenergic gating of long-lasting synaptic potentiation in the 
hippocampus: from neurobiology to translational biomedicine. J Neurogenet 32(3), 171–182. 
10.1080/01677063.2018.1497630 [PubMed: 30175650] 

Nieuwenhuis S, Aston-Jones G, Cohen JD, 2005. Decision making, the P3, and the locus coeruleus-
norepinephrine system. Psychol Bull 131(4), 510–532. 10.1037/0033-2909.131.4.510 [PubMed: 
16060800] 

O'Dell TJ, Connor SA, Gelinas JN, Nguyen PV, 2010. Viagra for your synapses: Enhancement of 
hippocampal long-term potentiation by activation of beta-adrenergic receptors. Cell Signal 22(5), 
728–736. 10.1016/j.cellsig.2009.12.004 [PubMed: 20043991] 

Olsen RK, Carr VA, Daugherty AM, La Joie R, Amaral RSC, Amunts K, Augustinack JC, Bakker A, 
Bender AR, Berron D, Boccardi M, Bocchetta M, Burggren AC, Chakravarty MM, Chetelat G, de 
Flores R, DeKraker J, Ding SL, Geerlings MI, Huang Y, Insausti R, Johnson EG, Kanel P, Kedo O, 
Kennedy KM, Keresztes A, Lee JK, Lindenberger U, Mueller SG, Mulligan EM, Ofen N, Palombo 
DJ, Pasquini L, Pluta J, Raz N, Rodrigue KM, Schlichting ML, Lee Shing Y, Stark CEL, Steve 
TA, Suthana NA, Wang L, Werkle-Bergner M, Yushkevich PA, Yu Q, Wisse LEM, Hippocampal 
Subfields, G., 2019. Progress update from the hippocampal subfields group. Alzheimers Dement 
(Amst) 11(1), 439–449. 10.1016/j.dadm.2019.04.001 [PubMed: 31245529] 

Omoluabi T, Torraville SE, Maziar A, Ghosh A, Power KD, Reinhardt C, Harley CW, Yuan Q, 
2021. Novelty-like activation of locus coeruleus protects against deleterious human pretangle tau 
effects while stress-inducing activation worsens its effects. Alzheimer's & Dementia: Translational 
Research & Clinical Interventions 7(1), e12231.

Osorio I, Frei MG, 2009. Real-time detection, quantification, warning, and control of epileptic 
seizures: the foundations for a scientific epileptology. Epilepsy Behav 16(3), 391–396. 10.1016/
j.yebeh.2009.08.024 [PubMed: 19783218] 

Oyamada Y, Ballantyne D, Muckenhoff K, Scheid P, 1998. Respiration-modulated membrane potential 
and chemosensitivity of locus coeruleus neurones in the in vitro brainstem-spinal cord of the 
neonatal rat. J Physiol 513 (Pt 2)(Pt 2), 381–398. 10.1111/j.1469-7793.1998.381bb.x [PubMed: 
9806990] 

Peng CK, Henry IC, Mietus JE, Hausdorff JM, Khalsa G, Benson H, Goldberger AL, 2004. 
Heart rate dynamics during three forms of meditation. Int J Cardiol 95(1), 19–27. 10.1016/
j.ijcard.2003.02.006 [PubMed: 15159033] 

Peng CK, Mietus JE, Liu Y, Khalsa G, Douglas PS, Benson H, Goldberger AL, 1999. Exaggerated 
heart rate oscillations during two meditation techniques. Int J Cardiol 70(2), 101–107. 10.1016/
s0167-5273(99)00066-2 [PubMed: 10454297] 

Pickel VM, Segal M, Bloom FE, 1974. A radioautographic study of the efferent pathways of 
the nucleus locus coeruleus. J Comp Neurol 155(1), 15–42. 10.1002/cne.901550103 [PubMed: 
4836061] 

Polich J, Corey-Bloom J, 2005. Alzheimer's disease and P300: review and evaluation of task 
and modality. Curr Alzheimer Res 2(5), 515–525. 10.2174/156720505774932214 [PubMed: 
16375655] 

Raedt R, Clinckers R, Mollet L, Vonck K, El Tahry R, Wyckhuys T, De Herdt V, Carrette E, Wadman 
W, Michotte Y, 2011. Increased hippocampal noradrenaline is a biomarker for efficacy of 
vagus nerve stimulation in a limbic seizure model. Journal of neurochemistry 117(3), 461–469. 
[PubMed: 21323924] 

Raz N, Lindenberger U, Rodrigue KM, Kennedy KM, Head D, Williamson A, Dahle C, Gerstorf 
D, Acker JD, 2005. Regional brain changes in aging healthy adults: general trends, individual 

Yoo et al. Page 24

Neurobiol Aging. Author manuscript; available in PMC 2024 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



differences and modifiers. Cereb Cortex 15(11), 1676–1689. 10.1093/cercor/bhi044 [PubMed: 
15703252] 

Raz N, Rodrigue KM, Haacke EM, 2007. Brain aging and its modifiers: insights from in vivo 
neuromorphometry and susceptibility weighted imaging. Ann N Y Acad Sci 1097(1), 84–93. 
10.1196/annals.1379.018 [PubMed: 17413014] 

Reuter M, Rosas HD, Fischl B, 2010. Highly accurate inverse consistent registration: a 
robust approach. Neuroimage 53(4), 1181–1196. 10.1016/j.neuroimage.2010.07.020 [PubMed: 
20637289] 

Reuter M, Schmansky NJ, Rosas HD, Fischl B, 2012. Within-subject template estimation for unbiased 
longitudinal image analysis. Neuroimage 61(4), 1402–1418. 10.1016/j.neuroimage.2012.02.084 
[PubMed: 22430496] 

Revesz D, Tjernstrom M, Ben-Menachem E, Thorlin T, 2008. Effects of vagus nerve 
stimulation on rat hippocampal progenitor proliferation. Exp Neurol 214(2), 259–265. 10.1016/
j.expneurol.2008.08.012 [PubMed: 18804463] 

Roosevelt RW, Smith DC, Clough RW, Jensen RA, Browning RA, 2006. Increased extracellular 
concentrations of norepinephrine in cortex and hippocampus following vagus nerve stimulation 
in the rat. Brain Res 1119(1), 124–132. 10.1016/j.brainres.2006.08.048 [PubMed: 16962076] 

Rosen AC, Prull MW, Gabrieli JD, Stoub T, O'Hara R, Friedman L, Yesavage JA, deToledo-Morrell 
L, 2003. Differential associations between entorhinal and hippocampal volumes and memory 
performance in older adults. Behav Neurosci 117(6), 1150–1160. 10.1037/0735-7044.117.6.1150 
[PubMed: 14674836] 

Rosen AFG, Roalf DR, Ruparel K, Blake J, Seelaus K, Villa LP, Ciric R, Cook PA, Davatzikos 
C, Elliott MA, Garcia de La Garza A, Gennatas ED, Quarmley M, Schmitt JE, Shinohara RT, 
Tisdall MD, Craddock RC, Gur RE, Gur RC, Satterthwaite TD, 2018. Quantitative assessment 
of structural image quality. Neuroimage 169, 407–418. 10.1016/j.neuroimage.2017.12.059 
[PubMed: 29278774] 

Ruffoli R, Giorgi FS, Pizzanelli C, Murri L, Paparelli A, Fornai F, 2011. The chemical neuroanatomy 
of vagus nerve stimulation. J Chem Neuroanat 42(4), 288–296. 10.1016/j.jchemneu.2010.12.002 
[PubMed: 21167932] 

Samann PG, Iglesias JE, Gutman B, Grotegerd D, Leenings R, Flint C, Dannlowski U, Clarke-
Rubright EK, Morey RA, van Erp TGM, Whelan CD, Han LKM, van Velzen LS, Cao B, 
Augustinack JC, Thompson PM, Jahanshad N, Schmaal L, 2022. FreeSurfer-based segmentation 
of hippocampal subfields: A review of methods and applications, with a novel quality control 
procedure for ENIGMA studies and other collaborative efforts. Hum Brain Mapp 43(1), 207–
233. 10.1002/hbm.25326 [PubMed: 33368865] 

Sanders TH, Weiss J, Hogewood L, Chen L, Paton C, McMahan RL, Sweatt JD, 2019. Cognition-
Enhancing Vagus Nerve Stimulation Alters the Epigenetic Landscape. J Neurosci 39(18), 3454–
3469. 10.1523/JNEUROSCI.2407-18.2019 [PubMed: 30804093] 

Schelegle ES, Green JF, 2001. An overview of the anatomy and physiology of slowly adapting 
pulmonary stretch receptors. Respir Physiol 125(1-2), 17–31. 10.1016/s0034-5687(00)00202-4 
[PubMed: 11240150] 

Sclocco R, Garcia RG, Kettner NW, Isenburg K, Fisher HP, Hubbard CS, Ay I, Polimeni JR, Goldstein 
J, Makris N, Toschi N, Barbieri R, Napadow V, 2019. The influence of respiration on brainstem 
and cardiovagal response to auricular vagus nerve stimulation: A multimodal ultrahigh-field (7T) 
fMRI study. Brain Stimul 12(4), 911–921. 10.1016/j.brs.2019.02.003 [PubMed: 30803865] 

Smith DC, Modglin AA, Roosevelt RW, Neese SL, Jensen RA, Browning RA, Clough RW, 2005. 
Electrical stimulation of the vagus nerve enhances cognitive and motor recovery following 
moderate fluid percussion injury in the rat. J Neurotrauma 22(12), 1485–1502. 10.1089/
neu.2005.22.1485 [PubMed: 16379585] 

Smith LK, White CW, Villeda SA, 2018. The systemic environment: at the interface of aging and adult 
neurogenesis. Cell and tissue research 371(1), 105–113. [PubMed: 29124393] 

Stocker SD, Sved AF, Andresen MC, 2019. Missing pieces of the Piezo1/Piezo2 baroreceptor 
hypothesis: an autonomic perspective. J Neurophysiol 122(3), 1207–1212. 10.1152/
jn.00315.2019 [PubMed: 31314636] 

Yoo et al. Page 25

Neurobiol Aging. Author manuscript; available in PMC 2024 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Strahler J, Berndt C, Kirschbaum C, Rohleder N, 2010. Aging diurnal rhythms and chronic stress: 
Distinct alteration of diurnal rhythmicity of salivary alpha-amylase and cortisol. Biol Psychol 
84(2), 248–256. 10.1016/j.biopsycho.2010.01.019 [PubMed: 20138206] 

Suarez AN, Hsu TM, Liu CM, Noble EE, Cortella AM, Nakamoto EM, Hahn JD, de Lartigue G, 
Kanoski SE, 2018. Gut vagal sensory signaling regulates hippocampus function through multi-
order pathways. Nature communications 9(1), 1–15.

Takeuchi T, Duszkiewicz AJ, Sonneborn A, Spooner PA, Yamasaki M, Watanabe M, Smith CC, 
Fernandez G, Deisseroth K, Greene RW, Morris RG, 2016. Locus coeruleus and dopaminergic 
consolidation of everyday memory. Nature 537(7620), 357–362. 10.1038/nature19325 [PubMed: 
27602521] 

Tarvainen MP, Niskanen JP, Lipponen JA, Ranta-Aho PO, Karjalainen PA, 2014. Kubios HRV--heart 
rate variability analysis software. Comput Methods Programs Biomed 113(1), 210–220. 10.1016/
j.cmpb.2013.07.024 [PubMed: 24054542] 

van Dinteren R, Arns M, Jongsma ML, Kessels RP, 2014. P300 development across the lifespan: 
a systematic review and meta-analysis. PLoS One 9(2), e87347. 10.1371/journal.pone.0087347 
[PubMed: 24551055] 

van Osch MJ, Teeuwisse WM, van Walderveen MA, Hendrikse J, Kies DA, van Buchem MA, 2009. 
Can arterial spin labeling detect white matter perfusion signal? Magnetic Resonance in Medicine: 
An Official Journal of the International Society for Magnetic Resonance in Medicine 62(1), 
165–173.

Van Petten C, 2004. Relationship between hippocampal volume and memory ability in healthy 
individuals across the lifespan: review and meta-analysis. Neuropsychologia 42(10), 1394–1413. 
[PubMed: 15193947] 

Vaschillo EG, Vaschillo B, Lehrer PM, 2006. Characteristics of resonance in heart rate 
variability stimulated by biofeedback. Appl Psychophysiol Biofeedback 31(2), 129–142. 
10.1007/s110484-006-9009-3 [PubMed: 16838124] 

Vazey EM, Moorman DE, Aston-Jones G, 2018. Phasic locus coeruleus activity regulates cortical 
encoding of salience information. Proc Natl Acad Sci U S A 115(40), E9439–E9448. 10.1073/
pnas.1803716115 [PubMed: 30232259] 

Walhovd KB, Fjell AM, 2001. Two- and three-stimuli auditory oddball ERP 
tasks and neuropsychological measures in aging. Neuroreport 12(14), 3149–3153. 
10.1097/00001756-200110080-00033 [PubMed: 11568654] 

Walling SG, Harley CW, 2004. Locus ceruleus activation initiates delayed synaptic potentiation 
of perforant path input to the dentate gyrus in awake rats: a novel β-adrenergic-and protein 
synthesis-dependent mammalian plasticity mechanism. Journal of Neuroscience 24(3), 598–604. 
[PubMed: 14736844] 

Wang Z, Aguirre GK, Rao H, Wang J, Fernandez-Seara MA, Childress AR, Detre JA, 2008. Empirical 
optimization of ASL data analysis using an ASL data processing toolbox: ASLtbx. Magn Reson 
Imaging 26(2), 261–269. 10.1016/j.mri.2007.07.003 [PubMed: 17826940] 

Warren CM, van den Brink RL, Nieuwenhuis S, Bosch JA, 2017. Norepinephrine transporter blocker 
atomoxetine increases salivary alpha amylase. Psychoneuroendocrinology 78, 233–236. 10.1016/
j.psyneuen.2017.01.029 [PubMed: 28232237] 

Wei GX, Li YF, Yue XL, Ma X, Chang YK, Yi LY, Li JC, Zuo XN, 2016. Tai Chi Chuan modulates 
heart rate variability during abdominal breathing in elderly adults. Psych J 5(1), 69–77. 10.1002/
pchj.105 [PubMed: 26377754] 

Weinshenker D, 2018. Long Road to Ruin: Noradrenergic Dysfunction in Neurodegenerative Disease. 
Trends Neurosci 41(4), 211–223. 10.1016/j.tins.2018.01.010 [PubMed: 29475564] 

Wilson RS, Nag S, Boyle PA, Hizel LP, Yu L, Buchman AS, Schneider JA, Bennett DA, 2013. Neural 
reserve, neuronal density in the locus ceruleus, and cognitive decline. Neurology 80(13), 1202–
1208. 10.1212/WNL.0b013e3182897103 [PubMed: 23486878] 

Wisse LEM, Chetelat G, Daugherty AM, de Flores R, la Joie R, Mueller SG, Stark CEL, Wang L, 
Yushkevich PA, Berron D, Raz N, Bakker A, Olsen RK, Carr VA, 2021. Hippocampal subfield 
volumetry from structural isotropic 1 mm(3) MRI scans: A note of caution. Hum Brain Mapp 
42(2), 539–550. 10.1002/hbm.25234 [PubMed: 33058385] 

Yoo et al. Page 26

Neurobiol Aging. Author manuscript; available in PMC 2024 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Xu Y, Lavrencic L, Radford K, Booth A, Yoshimura S, Anstey KJ, Anderson CS, Peters R, 2021. 
Systematic review of coexistent epileptic seizures and Alzheimer's disease: Incidence and 
prevalence. J Am Geriatr Soc 69(7), 2011–2020. 10.1111/jgs.17101 [PubMed: 33740274] 

Yoo HJ, Nashiro K, Min J, Cho C, Bachman SL, Nasseri P, Porat S, Dutt S, Grigoryan V, Choi 
P, Thayer JF, Lehrer PM, Chang C, Mather M, 2022a. Heart rate variability (HRV) changes 
and cortical volume changes in a randomized trial of five weeks of daily HRV biofeedback 
in younger and older adults. Int J Psychophysiol 181, 50–63. 10.1016/j.ijpsycho.2022.08.006 
[PubMed: 36030986] 

Yoo HJ, Nashiro K, Min J, Cho C, Mercer N, Bachman SL, Nasseri P, Dutt S, Porat S, Choi P, 2022b. 
Multimodal neuroimaging data from a 5-week heart rate variability biofeedback randomized 
clinical trial. medRxiv.

Yoo HJ, Thayer JF, Greening S, Lee TH, Ponzio A, Min J, Sakaki M, Nga L, Mather M, Koenig 
J, 2018. Brain structural concomitants of resting state heart rate variability in the young and 
old: evidence from two independent samples. Brain Struct Funct 223(2), 727–737. 10.1007/
s00429-017-1519-7 [PubMed: 28921167] 

Yue C, Yu Q, Zhang Y, Herold F, Mei J, Kong Z, Perrey S, Liu J, Muller NG, Zhang Z, Tao Y, Kramer 
A, Becker B, Zou L, 2020. Regular Tai Chi Practice Is Associated With Improved Memory as 
Well as Structural and Functional Alterations of the Hippocampus in the Elderly. Front Aging 
Neurosci 12, 586770. 10.3389/fnagi.2020.586770 [PubMed: 33192481] 

Yoo et al. Page 27

Neurobiol Aging. Author manuscript; available in PMC 2024 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• Participants completed daily heart rate variability (HRV) biofeedback sessions

• Biofeedback affected locus coeruleus-innervated hippocampal volume in 

older adults

• In older adults, heart rate oscillations during sessions mediated volume 

change

• Change in hippocampal ROI volume was not accounted for by blood flow 

changes

• Younger adults showed no intervention effects on volume in hippocampal 

ROI
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Fig. 1. Examples of biofeedback display for Osc+ condition (A) and Osc− condition (B) and 
examples of power spectrum using fast Fourier transform (FFT) method for Osc+ condition (C) 
and Osc− condition (D).
Note that in order to allow Osc+ power spectrum to be visible, the Y axis scales differ in 

panels C and D. In the Increase-Oscillations (Osc+) condition, participants were instructed 

to maximize heart rate oscillatory activity by breathing slowly in rhythm with a visual pacer. 

In the Decrease-Oscillations (Osc−) condition, participants were instructed to try to keep 

their heart rate steady using self-selected strategies.
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Fig. 2. Examples of automatic hippocampal segmentation results by FreeSurfer ver.6 on a T1-
weighted MRI in an older adult.
Note: HATA = hippocampus-amygdala-transition-area; HP = hippocampus; CA1~4 = cornu 

ammonis 1~4; GC = granule cell layer; ML = molecular layer; DG = dentate gyrus.
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Fig. 3. Distribution of hippocampal ROI volume for younger adults (A) and for older adults (B).
Mean values were adjusted for intracranial volume as covariate and the error bars reflect the 

standard error.
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Fig 4. Scatterplot of the partial correlation between heart rate oscillatory activity during 
training and volume in the LC-innervated-regions hippocampal ROI at post-intervention when 
controlling for pre-intervention ROI volume.
The solid lines represent the fitted regression line, and the shadowed areas represent the 95% 

confidence interval. Both the X and Y were adjusted for pre-intervention ROI volume in the 

partial correlation model.
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Fig 5. Resonance frequency power mediation model of the relationship between condition and 
hippocampal ROI volume among older adults.
a, b, c, and c’ are expressed as the unstandardized regression coefficients. c represents the 

total effect and c′ represents the direct effect within the mediation model. *p < .05, ***p < 

.001
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Table 1.

Basic participant characteristics across age groups and conditions (N=144)

Younger adults (18~31 years, N = 96) Older adults (55~80 years, N = 48)

Osc+ Osc−
Condition
difference

(p)
Osc+ Osc−

Condition
difference

(p)

N 49 47 23 25

Age 22.9 (2.4) 22.8 (3.2) .707 65.8 (8.1) 64.6 (5.5) .553

Gender 26 F/23 M 24 F/23 M .845 16 F/7 M 18 F/7 M .853

Education 16.1 (1.6) 15.8 (2.6) .461 17.0 (1.9) 16.3 (2.4) .277

Race .170 .516

African American 4 4 0 6 4 2

Asian 71 37 34 9 5 4

Bi-racial 1 0 1 2 1 1

Caucasian 15 5 10 30 13 17

Other 4 2 2 0 0 0

Prefer not to state 1 1 0 1 0 1

*
p < 0.05

**
p < 0.01

***
p < 0.001, 2-tailed. Note: Condition differences were statistically tested using t-tests for age and education and chi-square tests for gender and 

race.
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Table 2.

Mean table of HRV indices at pre- and post-intervention sessions and during training (N = 134)

Younger Adults (N = 88) Older Adults (N = 46)

Osc+
(N = 45)

Osc−
(N = 43)

condition
difference

Osc+
(N = 21)

Osc−
(N = 25)

condition
difference

mean mean p mean mean p

Resting state mean HR pre 72.61 72.79 0.94 68.05 73.51 0.08

post 79.97 79.36 0.81 69.62 75.63 0.09

log SDNN pre 4.03 3.97 0.45 3.32 3.24 0.55

post 4.08 3.85 0.01* 3.45 3.35 0.53

log RMSSD pre 4.05 4.00 0.53 3.43 3.40 0.82

post 3.97 3.97 0.97 3.54 3.56 0.91

log HF-power pre 6.90 6.81 0.60 5.55 5.33 0.47

post 6.52 6.56 0.83 5.67 5.57 0.77

log LF-power pre 7.15 6.96 0.33 5.54 5.05 0.22

post 7.53 6.66 <.001*** 5.91 5.24 0.16

log total power pre 7.89 7.76 0.43 6.41 6.13 0.38

post 8.02 7.45 0.01* 6.67 6.31 0.34

log power within resonance frequency range pre 5.52 5.35 0.38 3.84 3.36 0.24

post 5.92 5.04 <.001*** 4.25 3.55 0.16

Training log power within resonance frequency range 7.40 5.88 <.001*** 6.42 5.08 <.001***

*
p < 0.05

**
p < 0.01

***
p < 0.001, 2-tailed.

HR: the mean heart rate; log SDNN: natural logarithm transformed values of standard deviation of RR intervals; log RMSSD: natural logarithm 
transformed values of square root of the mean squared differences between successive RR intervals; log HF-power: natural logarithm transformed 
values of absolute powers of high frequency bands (HF, 0.15–0.4 Hz); log LF-power: natural logarithm transformed values of absolute powers 
of low frequency bands (LF, 0.04–0.15 Hz); log total power: natural logarithm transformed values of absolute powers of HF, LF, and very low 
frequency (VLF, 0-0.04 Hz) bands (0-0.4 Hz); log power within resonance frequency range: natural logarithm transformed values of absolute 
powers of resonance frequency range (0.063-0.125 Hz: corresponding to periods of 8-16s, a range encompassing paces used by Osc+ participants 
for their breathing).
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