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Immediate impact of yogic
breathing on pulsatile
cerebrospinal fluid dynamics

SeldaYildiz**?, John Grinstead?, Andrea Hildebrand?, John Oshinski*,
William D. Rooney*%7:8, Miranda M. Lim%6°1011 & Barry Oken%®

Cerebrospinal fluid (CSF), a clear fluid bathing the central nervous system (CNS), undergoes pulsatile
movements. Together with interstitial fluid, CSF plays a critical role for the removal of waste products
from the brain, and maintenance of the CNS health. As such, understanding the mechanisms driving
CSF movement is of high scientific and clinical impact. Since pulsatile CSF dynamics is sensitive

and synchronous to respiratory movements, we are interested in identifying potential integrative
therapies such as yogic breathing to regulate CSF dynamics, which has not been reported before.
Here, we investigated the pre-intervention baseline data from our ongoing randomized controlled
trial, and examined the impact of four yogic breathing patterns: (i) slow, (ii) deep abdominal, (iii) deep
diaphragmatic, and (iv) deep chest breathing with the last three together forming a yogic breathing
called three-part breath. We utilized our previously established non-invasive real-time phase contrast
magnetic resonance imaging approach using a 3T MRl instrument, computed and tested differences
in single voxel CSF velocities (instantaneous, respiratory, cardiac 1st and 2nd harmonics) at the level
of foramen magnum during spontaneous versus yogic breathing. In examinations of 18 healthy
participants (eight females, ten males; mean age 34.9 + 14 (SD) years; age range: 18-61 years), we
observed immediate increase in cranially-directed velocities of instantaneous-CSF 16-28% and
respiratory-CSF 60-118% during four breathing patterns compared to spontaneous breathing, with
the greatest changes during deep abdominal breathing (28%, p=0.0008, and 118%, p=0.0001,
respectively). Cardiac pulsation was the primary source of pulsatile CSF motion except during deep
abdominal breathing, when there was a comparable contribution of respiratory and cardiac 1st
harmonic power [0.59 + 0.78], suggesting respiration can be the primary regulator of CSF depending
on the individual differences in breathing techniques. Further work is needed to investigate the impact
of sustained training yogic breathing on pulsatile CSF dynamics for CNS health.

Cerebrospinal fluid.  Cerebrospinal fluid (CSF) is one of the two discrete fluid compartments of the brain
along with interstitial fluid (ISF), and is crucial for the health of central nervous system (CNS). With the advances
in imaging technologies and recent research efforts'™"!, it is clear that CSF is more than a mechanical cushion
for the CNS and a vehicle for distribution of nutrients and hormones through the CNS. CSF movement'?'¢ and
CSF-ISF exchange?*'”"" during wakefulness, sleep and/or anesthesia recently have received particular interest
for their implications on pathological states involving CSE. For instance, CSF together with ISF plays an essential
role for the removal of solutes and metabolic wastes from the brain interstitium**. This waste removal plays a
key role in a number of disease pathologies, such as Alzheimer’s®, which is the most common form of dementia
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contributing to ~60-70% of ~ 50 million dementia cases worldwide?!, and is associated with the buildup of amy-
loid beta peptides?***. Understanding the mechanisms driving CSF movement, and interventions that influence
and enhance its resultant removal of waste products from the brain is therefore of high scientific and clinical
impact.

CSF movement is driven by pressure changes in CNS vascular system due to cardiac pulsation (~ 1 Hz)>7432
and respiration (0.1-0.3 Hz)'?1%33-38 ‘and is influenced by transient effects such as coughing'*#**-*!, and body
posture*>®. A topic of current interest involving CSF dynamics is identifying the primary regulator(s) of CNS
fluids or solute movement within subarachnoid spaces, ventricles, and deep brain parenchyma®?”!214363744 The
major drivers of CSF flow implicated in recent studies are: (1) forced inspiration in humans'?, (2) cardiac pulsa-
tion with some contribution from respiration in humans®’, and (3) cardiac pulsation in rodents’. A few earlier
studies particularly investigated respiratory-CSF dynamics during normal respiration using echo-planar imag-
ing (EPI) (1.5T MRI)**, normal breathing and breath holding using dynamic EPI (1.5T MRI)*, normal and
forced breathing using radial gradient-echo sequence (3T MRI)'%. However, these studies measured CSF signal
intensities in arbitrary units, and did not measure CSF directionality. A recent real-time multi slice EPI velocity
phase contrast MRI (PCMRI) study’® showed directionality and magnitude of respiratory- and cardiac-driven
CSF velocities in cm/s during a set of breathing patterns (normal, fast, and slow breathing), and breath hold-
ing (3T MRI). Recent works have also examined the magnitude, direction, and sensitivity of CSF movement to
respiratory performances and locations!4-1646:47,

More recently, low-frequency oscillations of CSF (e.g., vasomotion; ~ < 0.1 Hz) including those during sleep
have been of interest>*®*. In a recent study conducted with subjects sleeping in a magnetic resonance imaging
(MRI) scanner, Fultz and colleagues’ demonstrated that CSF flow oscillations during non-rapid eye movement
(NREM) sleep were larger (5.52 dB) and slower (0.05 Hz vasomotion) compared to wakefulness (0.25 Hz respira-
tory), and suggested that changes in pulsatile CSF dynamics during sleep may alter the brain’s waste clearance
due to increased mixing and diffusion®®.

In short, CSF movement'>!%*! and removal of solutes"®!8194852-5% from the brain is a topic of high clinical
impact. Since pulsatile CSF dynamics is sensitive and synchronous to respiratory movements, we are interested
in identifying potential integrative therapies such as yogic breathing to regulate CSF dynamics, which has not
been reported before. To this end, we designed a study to investigate the impact of yogic breathing on pulsatile
CSF dynamics.

Yogic breathing. Mind-body approaches™ encompass a large and diverse group of therapies including
yoga, meditation, Tai-Chi, Qi-Gong, and relaxation techniques. Among all, yoga has become one of the most
popular integrative and complementary mind-body approaches®® of the 21th century for cultivating overall
health and well-being. As a critical component of a traditional yoga practice, yogic breathing (pranayama®; the
fourth limb of the — traditional — eight-limb path yoga practice®”*® consists of a variety of breathing techniques
performed with mindful awareness, focused attention, and conscious control with a long-term goal of sustained
mindful breathing pattern. One of the key principles of a regular yogic breathing practice is to make the breath
slower, deeper, and rhythmical, which is associated with the self-regulatory mechanism and health-benefits*-¢'.
Documented effects of slow breathing cover respiratory, cardiovascular, and cardiorespiratory autonomic nerv-
ous systems®. Further, through systematically paying attention to sensations of breathing, yogic breathing may
be aimed to improve metacognitive awareness of mind-body connections and interoception, which is funda-
mentally a process linking brain and body®”. For a systematic review of therapeutic benefits of yogic breathing
see Jayawardena et al.*> One commonly studied mechanism for the health benefits of yogic breathing is its bal-
ancing effect on the autonomic nervous system through parasympathetic activation®®®%. Since CSF is sensitive
to respiratory dynamics'>*%, we believe another potential mechanism for the benefits of yogic breathing is its
influence on pulsatile CSF dynamics, which to date has not been reported.

We have recently developed a non-invasive real-time phase-contrast MRI (RT-PCMRI) approach'* that
quantifies the influence of respiration and (harmonics of) cardiac pulsation on the (magnitude and direction
of) instantaneous CSF velocities in absolute units [cm/s], which provides a unique opportunity to study the
impact of yogic breathing on pulsatile CSF dynamics. We have utilized this RT-PCMRI in a recent randomized
controlled trial (RCT) that aims to investigate effects of two separate 8-week yogic breathing interventions on
pulsatile CSF dynamics. While the RCT aims to investigate the long-term impact of yogic breathing among nov-
ice practitioners, we herein present the pre-intervention baseline data, prior to randomization, to demonstrate
the immediate impact of a set of slow and deep yogic breathing patterns on pulsatile CSF dynamics compared
to spontaneous breathing by studying respiratory and cardiac-induced harmonic components of CSF. Briefly,
we computed instantaneous-CSF (iCSF) velocities acquired with RT-PCMRI during spontaneous breathing
and four yogic breathing practices (for a total of five breathing conditions). We then separated iCSF into three
components: respiratory (rCSF), cardiac 1st (c;CSF) and 2nd harmonics (c,CSF), and rigorously tested the dif-
ferences between spontaneous versus four yogic breathing conditions.

It is important to keep in mind that most studies of CSF dynamics have investigated the primary component
of cardiac pulsation which is usually at the heart rate frequency. Cardiac-induced harmonics have been observed
only in a few studies® including in intracranial pressure (ICP) to assess pressure pulsatility, and recently in alliga-
tor CSF® in the spinal canal and the cranial cavity. Further, several studies®”® observed changes in CSF between
individuals due to age and sex among other factors. Here, we provide cardiac-induced harmonics components
of CSF movement as well as associations between demographic covariates (age, sex, and body mass index) and
changes in CSF metrics during spontaneous versus yogic breathing conditions.

The primary goal of this pre-intervention baseline study is then two-fold: (1) to quantify and compare the
immediate impact of four yogic breathing practices versus spontaneous breathing on (magnitude and direction
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of) velocities of iCSE, rCSF, ¢,CSE, and ¢,CSF, and (2) to quantify the relative contribution of rCSF versus ¢, CSF
and ¢,CSF during each breathing condition to determine the primary regulator of CSF motion in all breathing
conditions.

Materials and methods

Participants. The study was approved by the Institutional Review Board of the Oregon Health & Science
University (OHSU), and the full ongoing RCT was registered at the Clinicaltrials.gov (ID # NCT03858309). We
received verbal and written informed consent from all study subjects prior to all study procedures. We recruited
healthy participants from the Portland metropolitan area using OHSU’s study participation opportunities web-
site, Oregon Center for Clinical and Translational Research Institute (OCTRI) research match for recruitment,
flyers throughout the OHSU campus and communities in Portland, and social media (Facebook). We aimed to
enroll participants 18 to 65 years of age who were able and available for study activities including undergoing
non-invasive MRI scans, had no current or previous regular practice of mind-body therapies focusing on breath
awareness and/or training (e.g., yoga, meditation, Tai-Chi, Qi-Gong), and were in good health without any his-
tory of neurological disorders, sleep disorders, respiratory disorders, problems with heart, circulatory system,
and lungs. See Table S1 for a full list of RCT inclusion/exclusion criteria. Of the 65 participants contacted for the
study, 57 were phone screened, 26 were enrolled, 21 completed the baseline procedures (September—October,
2019 at OHSU), and 18 were included in final baseline data analysis (N =18, eight females, ten males; mean age:
34.9+14 (SD) years; age range: 18-61 years). See Fig. 1 for the study flow chart, and Table 1 for the study group
characteristics (N=18).

Experimental methodology. Each subject’s imaging visit lasted approximately 3-h including study
instructions, 1-h MRI scans, and a set of questionnaires (as part of the RCT activities; not reported herein).
Upon arrival for their imaging visit, we measured each subject’s temperature, blood pressure, and height and
weight for body mass index (BMI). We then transitioned subjects to a mock scanner (0T room) for a ~30-min
instruction for the breathing practices to be performed during the RT-PCMRI scans. The mock scanner room
is designed to prepare research study subjects prior to entering the MRI Instrument suite, and is useful to help
acclimate subjects to the enclosed space inside an MR Instrument. We first explained and demonstrated each
breathing practice, then guided subjects to perform at their own pace first seated on a chair, and then in supine
in the mock scanner to mimic the MRI environment.

MRI breathing protocol. ~We instructed subjects to perform the following breathing protocol first in the mock
scanner for training purposes, and then in the MRI instrument during the ~ 1-min RT-PCMRI measurements,
each to be collected twice with 30-60 s between consecutive measurements in the following order: (1) spontane-

ous breathing (SponB), (2) slow breathing (SlowB), (3) deep abdominal breathing (DAB), (4) deep diaphrag-
matic breathing (DDB) (5) deep chest breathing (DCB). See Table 2 for the MRI breathing protocol details.

Rationale for the MRI breathing protocol design. We chose breathing practices that were easily performed in
supine in an MRI instrument without any constraints, and were less likely to cause head motion artifacts. We
began with spontaneous breathing to observe each subject’s unique resting-state (natural) breathing patterns,
and corresponding instantaneous CSF velocity waveforms. Since a key principle of a regular yogic breathing
practice — that have been associated with health-benefits®®*-*! — is to make the breath slower and deeper, we
included slow and deep breathing practices that were likely to have immediate impact on pulsatile CSF motion,
and create larger changes compared to spontaneous breathing in magnitude and frequency of pulsatile CSF
motion based on our pilot studies and literature review'?%, Based on our investigations, we hypothesized slow
breathing would create an impact in between spontaneous and deep breathing. Therefore, we utilized slow
breathing in between spontaneous and deep breathing measurements. Three-part breath components were uti-
lized in the order they are performed in a traditional yoga practice: abdominal, diaphragm and chest. We utilized
this same order for each subject—instead of randomizing—to prevent any “carrying over” effect from slow and
deep breathing patterns to spontaneous breathing. This would allow us (i) to compare each subject’s unique
spontaneous versus yogic breathing patterns, and corresponding CSF velocity waveforms (ii) to then quantify
changes in magnitude and frequency components of CSF for identifying the primary driving force of CSF (res-
piratory versus cardiac components) during spontaneous versus yogic breathing practices.

While we herein are interested in the impact of different deep breathing practices on CSF velocities — per-
formed as in traditional yogic practices —, it is important to note the physiology of different breathing prac-
tices: a recent study' provided the influence of deep abdominal versus deep thoracic breathing while noting
the two-breathing patterns exerting different muscle groups. During abdominal breathing, the diaphragm is
utilized as the inspiratory muscle, and changes in intrathoracic volume and intrathoracic pressure are greater
during abdominal versus thoracic breathing. Particularly, more pronounced contracting of the diaphragm during
abdominal breathing results in greater opening of costodiaphragmatic recess.

Breathing rate and depth. At the core of yogic breathing practices lies awareness and training of the breath.
We designed our RCT yogic breathing interventions from Raja Yoga® practices in the Himalayan Tradition, in
which yogic breathing is suggested to be performed within each person’s own capacity for safety reasons, with
inhale/exhale to be extended and expanded with caution through regular long-term practice. With that goal in
mind, for the MRI breathing protocol, we specifically avoided enforcing any specific rate or depth for inhale/
exhale other than giving a choice of rate (e.g., 3 to 5 counts with a count rate of 1/sec).
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Initial Contact for the Study (n=65)
No response (8)

Phone Screening: Assessed for Consent Visit Eligibility (n=57)

Excluded

» Unavailable/unable for study activities (16)

* Prior or current regular practice of mind body practices inducing breath
awareness or training, e.g., yoga, meditation, Tai-Chi, Qi-Gong (2)

* MRI contraindications (e.g., pacemakers, aneurysms clips, metallic
implants, or claustrophobia) (I claustrophobia, 2 metallic implants)

* Sleep disorders (I CPAP)

* Allergic or respiratory disorders (I asthma)

* Major depression, anxiety, any condition requiring the use of medication

that acts on the brain like stimulants and sedatives (2 anti-anxiety
medication)
* Lack of compatible electronic device for physiological data collection* (1)

Consent Visit: (n=31)

Excluded

* Unavailable/unable for study activities (2)

¢ MRI contraindications (I metallic
implant)

» Lack of compatible device for
physiological data collection* (2)

Enrolled (n=26)

Excluded
* Unavailable/unable for study activities (1)

Scheduled for Baseline Scan Visit (n=25)

Excluded
* Unavailable/unable for study activities (2)
* No show up for scan visit (2)

Scan Visit (n=21)

No exclusions

Data Processing (n=21)

Data exclusions

* Poor quality MRI - motion artifacts (2)

* Unable to follow up the MRI breathing
protocol (1)

Final data analysis (n=18)

Figure 1. Study flow chart. *Our study utilized physiological data devices to objectively track participants’
home practice during the 8-week interventions. We excluded participants who did not have a compatible
electronic device such as smartphone or tablet (see Table S1).

Subject preparation in the MR instrument. After being introduced to the breathing techniques in the mock
scanner, we transitioned subjects to a 3T MRI instrument (MAGNETOM Prisma, Siemens Healthineers, Erlan-
gen, Germany) for baseline data acquisitions using a 64-channel head and neck coil. We positioned subjects in
supine, and provided them with (i) a bolster placed under the knees, (ii) foam pads under the elbows, (iii) pads
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Age in years BMI BP
N Agerange | Mean (SD) Sex Mean (SD) | Mean (SD) Race Ethnicity
E8 Systolic, 123 (17) | 1 African American 2 Hispanic or Latino
4 Asian
18 18-61 34.9 (14) 24.2 (5.6) 1 More than one race
M, 10 Diastolic, 75 (16) 16 Not Hispanic or Latino
1 Unknown
11 White
Table 1. Study group characteristics.
MRI breathing protocol
Breathing pattern Also known as Performed
1 Spontaneous breathing (SponB) Natural breathing, resting state breathing With or without awareness on inhalation and exhalation without

forcing to change the duration and/or the depth of the breath

2 Slow breathing (SlowB)

By consciously slowing down the breath with or without deepen-
Slow rhythmic breathing ing the breath

Choice of e.g., 3 to 5 counts* for each inhale/exhale

3 Deep abdominal breathing (DAB) Belly breathing, lower breathing, part one of three-part breath position with exhalation

By consciously creating deep breaths in lower torso by expanding
the lower abdomen with inhalation, and relaxing back to resting

Choice of e.g., 3 to 5 counts* for each inhale/exhale

4 Deep diaphragmatic breathing (DDB) | Middle breathing, part two of three-part breath relaxing with exhalation

By consciously creating deep breaths in middle torso by expand-
ing lower ribs and diaphragm to the sides with inhalation and

Choice of e.g., 3 to 5 counts* for each inhale/exhale

5 Deep chest breathing (DCB)

By consciously creating deep breaths in upper torso performed
. . . by expanding the chest and the lungs to the sides, front and
Thoracic breathing, upper breathing, part three of three-part back with inhalation, and relaxing back to resting position with
breath exhalation

Choice of e.g., 3 to 5 counts* for each inhale/exhale

Table 2. MRI breathing protocol. Of the five breathing techniques in the MRI breathing protocol, the last
three deep breathing techniques (#3-5) together forms a specific yogic breathing called “three-part breath;
Dirgha Pranayama””’. Typically, these three deep breathing practices are first performed in isolation for a few
minutes for practitioners to gain ability to isolate the breathing and associated movement in lower, middle, and
upper torso separately, with a long-term goal to improve the breathing apparatus and utilize the full capacity of
the lungs. After several rounds of stand-alone performance in each part, practitioners then perform the three-
part breath by combining all three parts during one breath: “During inhalation, beginning with expanding
lower abdomen, smoothly moving the breath and expansion up to diaphragm, then to chest (all in one inhale);
and during exhalation, beginning with contracting chest, smoothly moving the breath and contraction down
to diaphragm, then to lower abdomen (all in one exhale)”, forming one repetition of a three-part breath.

around head and neck for comfort and minimizing motion artifacts, (iv) blankets for warmth, (v) a wireless
finger pulse sensor (Siemens Health) for pulse data collection, and (vi) a respiration bellow (Siemens Health) for
respiration data collection during the entire RT-PCMRI data acquisitions. We instructed subjects to lie still in
supine during the entire data acquisition.

Data acquisition. We utilized a 1-h data acquisition protocol, similar to our previous work'%, consisting of
anatomical MRI acquisitions, followed by simultaneous recordings of our previously established RT-PCMRI'*
acquisition, respiration and finger pulse acquisitions. Briefly, for consistency across all subjects, we aimed to
measure CSF at an angle perpendicular to the spinal cord at the level of the foramen magnum (FM) (Fig. 2A,_,
green lines). To determine the location of FM, we first collected anatomical MR images using a T,-weighted fast
spin echo (HASTE, repetition time (TR) 1200 ms, echo time (TE) 80 ms; Fig. 2A); a 3D T-weighted gradient
echo sequence (MPRAGE; TR 2300 ms; TE 2.32 ms; Fig. 2A,). We then acquired a cardiac gated PCMRI (TR
26.4 ms, TE 9.04 ms; Fig. 2A;) prior to RT-PCMRI to ensure proper slice location and angle for visibility of CSF
pulsations, and that CSF was not obstructed. Upon confirming the pulsatile CSF motion (Fig. 2A;), we then
acquired ~ 1-min RT-PCMRI (Fig. 2A, ;) at the same slice location and angle when subjects performed each
of the breathing practices. RT-PCMRI sequence parameters included: velocity encoding value (VENC) 5 cm/s,
temporal resolution ~ 55 ms, flip angle 30 degrees, matrix size 78 x 128, field of view (FOV) 196 x 323 mm (in-
plane resolution ~ 2.5 x 2.5 mm), EPI factor 7, slice thickness 10 mm, TR 108.88 ms, TE 8.74 ms). RT-PCMRI has
previously been described in detail'. During the RT-PCMRI acquisitions, we simultaneously collected respira-
tion and pulse data with a sampling frequency of f,=400 Hz.
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A. MRI data collection

A, T,- HASTE A, T,-MPRAGE A, CSFROI

A, Cardiac Gated PCMRI A, RT-PCMRI

.
.®
.

WNWMWMMMW Pulse Data
\j\f\[\j-\j_\ Respiration Data

C. Time domain signals

Cl Spontaneous C2 Slow C3 Deep Abdominal C 4 Deep Diapraghmatic C5 Deep Chest
Breathing Breathing Breathing Breathing Breathing
3.97 3.88 4.03 3.69
2.68
-3.82 _4.38 -4.09 -3.91 -3.67
o 20 40 o 20 40 o 20 40 o 20 40 o 20 40

time [sec]

Pulse [time and frequency domain: a.u.]

D. Frequency domain signals

Respiration [time and frequency domain:a.u]

= CSF Velocity [time domain:cm/s, frequency domain: a.u]

D1 Spontaneous D2 Slow D3 Deep Abdominal D4 Deep Diapraghmatic D5 Deep Chest
Breathing Breathing Breathing Breathing Breathing
| 773.24 = = 776.87 — _,,L_.A___
697.6 ‘
658.35 I 603.57
373.3
10622 | 2°%% 205.27 204.89 |300.78 235.93 1 57555 20739
86.51 p
0.14 1.01 2.03 0.11  1.01 2 0.14 1.01 2.01 0.16 1.01 2 0.18 1.01 2

frequency [Hz]

Figure 2. (A,_,) Sagittal anatomical MRI images showing the CSF measurement location at the level of foramen
magnum (green lines) of a 37-year-old female. (A;) Axial images for cardiac gated PCMRI and RT-PCMRI

velocity distribution. Cardiac-gated PCMRI is first collected for confirming CSF pulsation visibility prior to
RT-PCMRI. ~ I-min RT-PCMRI is then collected at the same location during five breathing patterns. (As) A detailed
image of region delineates the voxels of CSF and spinal cord (orange lines) and surrounding tissue. (B,) RT-PCMRI
DICOM phase images (N=1021) are collected for each breathing pattern repeated twice, resulting a total of 214,410
images processed for the n=21 subjects, and 183,780 images utilized for the results of n=18 subjects. (B,) Sample
time series of CSF from single voxel RT-PCMRI (2.5 mm x 2.5 mm). Respiration and pulse data were simultaneously
recorded, and temporally registered with the RT-PCMRI time series. (C-D) Time and frequency domain analysis of
five breathing conditions: spontaneous breathing (SponB), slow breathing (SlowB), deep abdominal breathing (DAB),
deep diaphragmatic breathing (DDB), and deep chest breathing (DCB) (with the last three forming a specific yogic
breathing technique called three-part breath; see Table 2). When compared to SponB, both time domain maximum
(positive; cranially directed) instantaneous CSF velocity values (in C), and peak respiration frequency amplitudes (in
D) increase during SlowB, DAB, DDB, and DCB. Results are produced with MATLAB (https://www.mathworks.com/
products/matlab.html) and presented using Adobe Illustrator (https://www.adobe.com/products/illustrator.html).
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Data processing. Each RT-PCMRI acquisition series produced 2042 images (1021 magnitude and 1021
phase, Fig. 2B,). In total (for N =21 subjects, five breathing conditions (SponB, SlowB, DAB, DDB, DCB) each
repeated twice) we have acquired 428,820 RT-PCMRI (magnitude and phase) images, and processed the needed
214,410 RT-PCMRI phase images for obtaining CSF velocity time series. We have developed a semi-automated
protocol for post-processing all MRI DICOM images, and respiration and pulse data time series using MATLAB
software packages [MATLAB, R2019-2020. Natick, Massachusetts: The MathWorks Inc.].

CSF ROI and velocity waveforms. A common method**** in conventional PCMRI studies to obtain CSF veloc-
ity time series is to average CSF across all voxels within the outlined region of interest (ROI), which may poten-
tially cause spatial noise due to border zone partial volume effects”’. Achieving a high temporal resolution for
RT-PCMRI further may reduce the spatial resolution compared to conventional PCMRI, for which we previ-
ously developed a correlation mapping technique that allowed us to extract and average only highly correlated
CSF voxels for an averaged CSF velocity time series. In this study, we are interested in obtaining and comparing
true spatial and temporal CSF velocity values [cm/s] for each breathing practice. Therefore, to capture true spa-
tial peak velocities to our best ability, we utilized a 2-step process to evaluate CSF velocity waveforms at a single
voxel’ (Fig. 3). We first extracted highly correlated CSF voxels (greater than 0.7 correlation coefficient'*) with
our previously developed correlation mapping technique'®, and then visually compared the CSF ROI voxels on
RT-PCMRI images (spatial resolution of 2.5x2.5 mm) with the cardiac-gated PCMRI images (higher spatial
resolution of 0.625x0.625 mm) to confirm the location of a single voxel of interest within CSF ROI. We are
interested in maximum capacity of (participant) breathing impact on CSE. Anterior CSF velocities were usually
larger than posterior velocities across our study population. We selected a single anterior voxel, within the CSF
space, with greater velocity, which was usually among the highest correlated voxels (greater than 0.9 correlation
coefficient) obtained from the correlation mapping technique. In addition, to confirm deep breathing practices
did not cause artifacts in velocity values, potentially by BO field changes in the head caused by the motion of torso
during deep breathing, we computed CSF velocities in a set of voxels within static tissue, and confirmed there
were no respiratory or cardiac frequency components (Fig. S1).

Time and frequency domain signals of interest. Previous studies>!>'*?” reported vasomotion, respiration, and

cardiac (1st harmonic) components of CSF signals. We observed (Fig. S2) higher order harmonics of cardiac
pulsations in our preliminary analysis of frequency domain CSF velocity signals, which provides important
information for determining the mechanisms, and their relative contribution to pulsatile CSF velocities. Hav-
ing observed 1st and 2nd cardiac harmonics but not 3rd or 4th harmonics in all subjects, we have included 2nd
cardiac harmonics in our analysis. In short, we are interested in four distinctive CSF velocity time series: instan-
taneous (iCSF), respiratory (rCSF), and cardiac 1st (¢,CSF) and 2nd harmonics (c,CSF), which were below 4 Hz.
To remove higher harmonics and high frequency signals, and investigate only the rCSF, respiration, ¢,CSF and
¢,CSE we then low-pass filtered raw CSF velocity time series (see Fig. S3) using a 4th order Butterworth filter
with a cut-off frequency of 4 Hz, which provided time domain iCSF velocity signals in Fig. 2C,_;. We then com-
puted frequency domain signals using a fast Fourier transform (Fig. 2D, _s). See Fig. $4 for sufficient resolution
of signals in Fig. 2C,_5, D, _5

To separate and investigate rCSE, ¢;CSF and ¢,CSF (Fig. 4), we first computed frequency bands of each of
the three components for each subject and breathing condition. This allowed us to take into consideration the
individual and unique variations of frequency bands for accurate time domain velocity waveforms as well as
frequency domain power calculations for each of the three components. We then filtered instantaneous CSF
velocity waveforms (Fig. 4A,), using the individual frequency bands (Fig. 4A,), in (i) respiration frequency
band of (estimated as typically f <~ 0.6 Hz band), and (ii) cardiac 1st harmonic frequency band (estimated
as typically ~ 0.6 <f<~ 1.6 Hz band), and (iii) in cardiac 2nd harmonic frequency band (estimated as typi-
cally~ 1.6 <f<~2.7 Hz band) (Fig. 4A;_;). We repeated the above procedure for each breathing condition of
each subject, and obtained time and frequency domain signals for all four distinctive CSF velocity waveforms.

In parallel, to confirm that estimated frequencies of CSF signals match with the physiological data, we filtered
respiratory sensor and pulse sensor data in the same frequency band of respiratory and cardiac components
of CSF velocity waveforms. For visualization purposes, we arbitrarily scaled the respiration and pulse data to
compare with CSF velocity waveforms (Fig. 2C-D,_;). We confirmed the respiratory component in respiration
data, and cardiac (1st and 2nd) harmonic components in pulse data (blue and purple lines in Fig. 2D, _;).

CSF metrics. Time domain CSF metrics. We computed the following metrics from time domain CSF ve-
locity waveforms iCSE, rCSF, ¢,CSE, ¢,CSF for each subject and breathing condition: (1) peak'*!**” maximum
(cranially directed value at the highest point) and peak minimum (caudally directed at the lowest point) dur-
ing~1-min time series; (2) averaged peak maximum and averaged peak minimum obtained from the aver-
age of local peak maximums (and peak minimums, resp.) above (and below, resp.) a threshold set at 97.5th
percentile’>” (and 2.5th percentile, resp.); (3) range® of peak maximum to peak minimum; (4) range of aver-
aged peak maximum to averaged peak minimum; (5) displacement computed from the integration of the CSF
velocity time series [cm/s] and converted to [mm]. Lastly, we computed % change in these metrics, from SponB
to SlowB, DAB, DDB, and DCB.

Note that the traditional method for computing cranially- and caudally-directed velocities are to compute
peak maximum and peak minimum values. In addition to peak maximum and minimum, for this study, we also
computed averaged peak maximum and averaged minimum values. See Fig. 4 blue and orange dash lines for a
comparison of peak versus averaged peak values. Since our goal during each breathing condition is to capture true
maximum capacity of CSF velocity, the use of averaged peak approach allowed us to reduce temporal noise caused
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Figure 3. RT-PCMRI CSF ROI single voxel selection. (A) Sample conventional cardiac-gated PCMRI image
(spatial resolution of 0.625 mm x 0.625 mm) showing the CSF region of interest (ROI) within orange circles.

(B) Increasing temporal resolution for RT-PCMRI reduces the spatial resolution (2.5 mm x 2.5 mm). To

capture true spatial velocity peak values, we implemented a 2-step process. Utilizing our previously developed
correlation mapping technique, we first computed highly correlated CSF ROI voxels (greater than 0.7 correlation
coeflicient) — e.g., 33, 44, 48, 57 as labeled within each ROI. We then compared PCMRI image (A) with
RT-PCMRI correlation map (B) to visually confirm the location of voxels. We are interested in maximum
capacity of breathing impact on CSE Anterior CSF velocities were usually greater than posterior velocities

across our study population. Therefore, we have selected a single anterior voxel, within the CSF space and

not contaminated by partial volume effects, and with greater velocity, which was usually among the highest
correlated voxels obtained from the correlation mapping technique (greater than 0.9 correlation coefficient) such
as voxel #44 for this sample. (C) For instance, while voxels #33, 48, and 57 are highly correlated one another,
partial volume effects due to spinal cord or outside the subarachnoid space, the velocity waveforms and/or peak
values are not truly preserved compared to voxel #44 which is within the CSF space. Results are produced with
MATLAB (https://www.mathworks.com/products/matlab.html) and presented using Adobe Illustrator (https://
www.adobe.com/products/illustrator.html).

by (i) random transient events that are not part of the regular breathing pattern (e.g., unexpected deep sigh)
resulting in greater peak values, or (ii) “participant fatigue” experienced — among novice practitioners — while
performing slow and/or deep breathing conditions resulting in lower peak values. It is possible for novice prac-
titioners to experience “fatigue” resulting in brief pause and/or reduced capacity of respiratory movements due
to novelty of the practices. The longer and more frequently novices perform these breathing practices, the less
likely they would experience “fatigue” as in meditation and other mindfulness practices”.

Frequency domain CSF metrics. From the instantaneous CSF velocity waveforms, we have computed (1) peak
frequencies, and (2) peak frequency amplitudes (Fig. 4A,). Additionally, to observe individual peak frequency
amplitude ratio changes, we computed (3) a peak-to-peak frequency amplitude ratio [r/cpeu] and [1/cypeql cal-
culated as the ratio of rCSF peak frequency amplitude to the ¢, CSE, and ¢,CSF peak frequency amplitudes in the
frequency domain (Fig. 5A,_;).
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Figure 4. Separation of instantaneous CSF (iCSF) velocity waveforms (measured during deep abdominal
breathing (DAB) for a 37 y-o female) into three components : respiratory (rCSF), cardiac 1st harmonic (c,CSF)
and cardiac 2nd harmonic (c,CSF). (A,) Time domain iCSF velocity waveforms. (A,) Frequency domain iCSF
obtained from Fast Fourier Transform (FFT) of iCSF velocity time series presenting peak frequency amplitudes
for respiration (r,g), cardiac 1st harmonic (cy,p,) and 2nd harmonic (cy,). We filtered iCSF within the
bandwidth of each component — respiratory (magenta), cardiac 1st harmonic (light green) and 2nd harmonic
(dark green) — in order to obtain and compare the characteristics of individual pulsatile velocity time series
(A3) rCSE (Ay) ¢,CSE and (A;) ¢,CSE We computed maximum (positive; cranially directed) and minimum
(negative; caudally directed) CSF velocity value in two ways: (i) peak value obtained as the highest and lowest
point (blue solid line) during the entire time series, and (ii) averaged peak value (orange dash line) obtained

by averaging the local maximums (and minimum, respectively) above a threshold set at 97.5th percentile (and
2.5th percentile, respectively). We used averaged peak values in statistical analysis to reduce temporal noise
due to any transient events that may cause abrupt peaks (e.g., unexpected deep sigh) or lower peaks (indicating
less than maximum capacity) caused by “participant fatigue” among novices during deep breathing conditions.
Results are produced with MATLAB (https://www.mathworks.com/products/matlab.html) and presented using
Adobe Illustrator (https://www.adobe.com/products/illustrator.html).

Relative contribution of rCSE c¢,CSE c¢,CSF signals. To compare the contribution of rCSF, c1CSF, and ¢2CSF and
determine the primary regulatory force(s) for pulsatile CSE, we computed (1) estimated frequency band of rCSE,
c1CSF, and c2CSF (Figs. 4A,, 5A,_;), (2) power of rCSE, c1CSE, and c2CSF, and (3) relative contribution'**% of
the respiration versus cardiac components by defining power ratio'* [r/clpower] and [r/c2power] calculated as
the ratio of the power of the rCSF to the power of c1CSF and c2CSE, respectively.

To compute the power of rCSE, c1CSFE, and c2CSF (defined' as the integral of the square of the amplitude
spectrum over the corresponding frequency band), we used trapezoidal numerical integration in frequency
given by Eq. (1).

b b— N
/S(f)df= = D (S(6) + S (1)
a i=1

where a and b are the first and last frequencies of the estimated frequency band (of signal of interest, e.g., rCSE,
¢,CSE and ¢,CSF), (b — a) is the frequency bandwidth, S is the square of the signal amplitude spectrum, N is the
number of samples within the frequency band, and (b — a)/N is the spacing between samples, i.e., df frequency
resolution. We then computed [1/¢;,4,e,] @ the ratio of rCSF power to the ¢;CSF power, and [r/cy,oe] a8 the
ratio of rCSF power to the ¢,CSF power.

Statistical analysis. To test the differences between spontaneous and four yogic breathing techniques, we
used mean and standard deviation (SD) for the following time and frequency domain CSF metrics (i) averaged
peak maximum and minimum values for iCSF, rCSE, ¢,CSE, ¢,CSF; (ii) range of iCSF averaged peak maximum
and minimum values, (iii) iCSF displacement, (iv) peak frequencies, (v) peak frequency amplitudes, (vi) power
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Figure 5. Sample datasets from a 37 y-o female presenting all four distinctive CSF signals (black: iCSFE,
magenta: rCSE light green: ¢, CSE, dark green: ¢,CSF) during SponB, SlowB, DAB, DDB, and DCB. (A,_s)
Frequency domain iCSF signals presenting the changes in peak frequencies [x-axis: rpp, €16 and ¢y, Hz] and
peak frequency amplitudes [y-axis; ryp, Cipp» and Cpp; a.u]. There was a decrease in respiration peak frequency
during SlowB compared to SponB, and increase in respiration peak frequency amplitude r,, during all four
yogic breathing techniques (A,_s) due to increased respiratory movement. We computed peak frequency
amplitude ratios [r/c;pe,] and [1/cypeai] (€.8. [1/Cpea] indicated by sample purple arrows) for observing the
changes, and power ratios [1/poer] and [1/Cypoye;] for testing the relative contribution of each component to
instantaneous CSE. (B,_;) Time domain CSF signals presenting an increase in both cranially directed iCSF and
rCSF velocities during four yogic breathing techniques compared to SponB; with detailed waveforms presented
in [0-10] s time window in (C,_s). Results are produced with MATLAB (https://www.mathworks.com/products/
matlab.html) and presented using Adobe Illustrator (https://www.adobe.com/products/illustrator.html).

values for rCSE, ¢,CSEF, ¢,CSE, (vii) frequency peak-to-peak amplitude ratios, and (viii) power ratios for a total
of 23 metrics (Table S2).

Independent statistical analysis was conducted by A.H. in R version 4.0.3 (R Core Team, Vienna, Austria).
Though data were visually inspected, and extreme values were double checked based on percentiles (with a lower
threshold of 5th percentile and a higher threshold of 95th percentile), all values remained in the data to preserve
the—diversity of—differences in CSF velocities. Mixed effects linear regression models were built to analyze the
associations between each outcome measure and each of the four experimental breathing conditions (SlowB,
DAB, DDB, and DCB). Each model included a random subject effect to characterize within-person correlations
over repeated measures. Normality assumptions of each model were checked by visual inspection of Q-Q Plots.
For multiple comparisons, type I error rate was controlled by using the Benjamini-Yekutieli false detection rate
(FDR) procedure”, with an overall FDR of 0.05, using the R function “p.adjust” Unadjusted p values and FDR
corrected p values are provided in Table S2, and p values mentioned within the text are FDR corrected p values.

In addition, associations between demographic covariates and outcomes were inspected visually, and tested
for significance by Spearman’s rank-order correlation (continuous covariates) or t-test (dichotomous covariates)
if a possible association was seen. We reported associations found to be significant in “Results” section. However,
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the regression models of the main analyses were not adjusted for these covariates in order to maintain consist-
ency between models and so as not to overfit the models. Note this study was designed and powered to detect
changes in CSF metrics after a yogic breathing intervention, rather than the pre-intervention baseline analysis
that we present here. For full clinical trial sample size calculations, see Supplemental Materials.

Ethics approval and consent to participate. The study was approved by the Institutional Review Board
of the Oregon Health & Science University (OHSU). The clinical trial was registered at the ClinicalTrials.gov (ID
# NCT03858309, February 28 2019, https://clinicaltrials.gov/ct2/show/NCT03858309). We received verbal and
written informed consent from all study subjects prior to all study procedures. All the methods were carried out
in accordance with relevant guidelines and regulations.

Results

Baseline group characteristics. Twenty-one subjects completed the baseline study activities. We pro-
cessed 214,410 RT-PCMRI phase images, and removed datasets from final data analyses for three subjects; two
subjects due to motion artifacts (e.g., compromised image quality), and one subject due to inability to follow the
MRI breathing protocol. We then utilized 183,780 RT-PCMRI phase images from 18 participants for the final
data analyses. See Fig. 1 for study flow chart, and Table 1 for baseline group characteristics.

We presented (i) sample datasets from a set of participants to demonstrate the changes in time domain and
frequency domain CSF metrics during SponB versus yogic breathing (Figs. 2, 5, 6), (ii) statistical analysis results
in Table S2 providing [adjusted mean difference, unadjusted p value, FDR p values], and (iii) group summary
metrics (N =18; all five breathing conditions) used for statistical analysis in Table S3-4, providing [mean, SD,
%D]. Since we had 23 outcome measures to test the differences, we chose FDR which utilizes a Benjamini-
Yekutieli algorithm, equipped to handle dependence between multiple outcome measures. We presented our
main findings for SponB versus DAB in Fig. 7 (for all breathing conditions in Fig. S5), and will discuss group
summary statistics in the following sections.

Changes in time domain CSF metrics during SponB versus yogic breathing. For all subjects
(N'=18; Table S2 and Table S3), during five breathing conditions, cranially-directed velocities (averaged peak
maximum) were iCSF [2.10 to 2.65] cm/s, rCSF [0.68 to 1.29] cm/s, ¢,CSF [1.67 to 1.92] cm/s, and ¢,CSF [0.86
t0 0.95] cm/s resulting in greater ¢, CSF velocities and comparable velocities for rCSF and ¢,CSE. (See Table S3 for
mean and SD values during each breathing condition). When comparing the cranial iCSF velocities for SponB
versus yogic breathing, we found an increase of 16-28% in cranial iCSF velocities during all yogic breathing
conditions with statistical significance for SlowB (22%, p =0.0287), DAB (28%, p=0.0008; Fig. 7A,), DDB (23%,
p=0.0074), and an increase of 60-118% in cranial rCSF velocities during all yogic breathing conditions with
statistical significance for DAB (118%, p=0.0001, Fig. 7A,) and DDB (84%, p=0.0074).

Caudally-directed velocities (averaged peak maximum) were iCSF [-2.67 to—3.03] cm/s, rCSF [-0.67
to—1.07] cm/s, ¢,CSF [-1.69 to—1.95] cm/s, and ¢,CSF [-0.87 to—0.95] cm/s resulting in greater c¢,CSF veloci-
ties and comparable velocities for rCSF and ¢,CSE. When comparing the caudal directed CSF velocities, we found
an increase of 2-11% in caudal iCSF which did not reach statistical significance, and a decrease of 43-78% in
caudal rCSF velocity with statistical significance for DAB (78%, p=0.0014) and DDB (68%, p=0.0074). There
were no statistically significant findings for cranial (Fig. 7A;_,) and caudal ¢,CSF and ¢,CSF velocities, as well as
iCSF displacement during SponB versus yogic breathing.

Changes in frequency domain CSF metrics during SponB versus yogic breathing. When com-
pared to SponB (Table S2 and Table S4), we found (1) a statistically significant decrease 18-42%; (p <0.05)
in estimated rCSF peak frequency (respiration rate) during all yogic breathing conditions with most signifi-
cance for SlowB (42%, p<0.0001) (see Fig. 7B, for DAB), (2) an increase of 101-234% in rCSF peak frequency
amplitude with statistical significance for SlowB (141%, p=0.0287), DAB (234%, p=0.0001, Fig. 7C,), and DDB
(160%, p=0.0172), (3) a decrease of 13-21% in ¢,CSF peak frequency amplitude with statistical significance for
SlowB (20%, p=0.0287), DAB (15%, p=0.0274, Fig. 7C;), and DDB (21%, p=0.0078). There were no statisti-
cally significant changes in peak frequency for ¢,CSF and ¢,CSF (Fig. 7B,_;), except an increase for DCB; 6%,
p=0.0496, and peak frequency amplitude for ¢,CSF (Fig. 7C,).

Additionally, we found an increase of 158-359% in peak amplitude ratio or rCSF to ¢;CSF [r/c;,e,] with
statistical significance for DAB (359%, p=0.0008, Fig. 7E,), and an increase of 166-350% in [r/cypc,] with sta-
tistical significance for SlowB (223%, p=0.0316), DAB (350%, p=0.0011, Fig. 7E,), and DCB (265%, p=0.0432).

Relative contribution of rCSF, ¢;CSF, ¢,CSF during SponB versus yogic breathing. During yogic
breathing compared to SponB (Table S2 and Table S4), we found an increase of 187-472% in rCSF power with
statistical significance for DAB (472%, p =0.0016, Fig. 7D,), and no statistically significant findings for ¢;CSF and
¢,CSF power (Fig. 7D,_;). We computed relative contribution of rCSF versus ¢,CSF and c,CSF using the power
ratios [r/cipoyer] and [r/Cypoyer]- Power ratio [r/cipoye] for each breathing condition was [SponB; 0.13+0.15],
[SlowB; 0.29+0.51], [DAB; 0.59+0.78], [DDB; 0.43+0.56] and [DCB; 0.40+0.60] demonstrating cardiac 1st
as major source of pulsatile CSF motion during SponB. There was an increase of 248-534% in [r/c;pqy.,] during
yogic breathing compared to SponB, with statistical significance for DAB (534%, p=0.0079, Fig. 7F,) when there
was a comparable contribution of respiration and cardiac 1st harmonic to pulsatile CSE. For instance, four of
the 18 participants (Fig. 6) presented greater respiratory power compared to cardiac 1st harmonic power dur-
ing DAB versus SponB resulting in respiration as the major driver for pulsatile CSF during DAB for these four
participants.
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Figure 6. Datasets from four participants during SponB versus DAB to demonstrate the relative contribution of
respiration versus cardiac 1st harmonic to pulsatile CSE, which was computed using a power analysis. (A) SponB
(and C DAB) frequency domain iCSF signals. (B) (and D) Time domain velocity time series for iCSF (black),
rCSF (magenta), ¢,CSF (lightgreen), and c,CSF (dark green). During SponB, across the 18 participants, cardiac
pulsation was the major driver for pulsatile CSE, including four participants presented in (A-B). During DAB,
while across the 18 participants, there was a comparable contribution of cardiac 1st harmonic and respiration,
for these four participants, respiration was the major driver for pulsatile CSF due to significantly increased
breathing depth resulting in increased [1/c;poye] (A vs. C). Also see increase in cranially directed iCSF and rCSF
peak velocities (B vs. D). Results are produced with MATLAB (https://www.mathworks.com/products/matlab.
html) and presented using Adobe Illustrator (https://www.adobe.com/products/illustrator.html).

Power ratio [r/Cyowe] for each breathing condition was [SponB; 0.63 +0.81], [SlowB; 1.72 +3.52], [DAB;
2.85+4.38], [DDB; 2.16 £2.96] and [DCB; 1.75+2.39] demonstrating comparable contribution of respiration
and cardiac 2nd harmonic during SponB. There was an increase of 234-589% in [r/c;py.,] during yogic breathing
compared to SponB, with statistical significance for DAB (589%, p =0.0254, Fig. 7F,).
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Figure 7. Comparison of time and frequency domain metrics used for SponB versus DAB. (A) Time domain:
CSF velocity averaged peak (maximum cranially-directed) values for iCSF and rCSF significantly increased
(p=0.0008, and p=0.0001), but not for ¢,CSF and ¢,CSF. (B-F) Frequency domain: (B) peak frequency for
rCSF significantly decrease (p=0.0011), with no significant changes for ¢, CSF and c,CSE. (C) Peak frequency
amplitudes significantly increased for rCSF (p=0.0001), and significantly decreased (p=0.0274) for c,CSF with
no significant changes for ¢,CSF. (D) Power for rCSF significantly increased (p =0.0016) with no significant
changes for ¢,CSF and ¢,CSE. (E) Peak amplitude ratios [1/c;p,] and [1/c,,.,] significantly increased (p=0.0008,
and p=0.0011). (F) Power ratios [1/cipoyer] and [1/C;poyer] significantly increased (0.0079, and p=0.0254), with a
greater contribution of respiration compared to cardiac 1st harmonic for four participants (as shown in Fig. 6).
Results are produced with MATLAB (https://www.mathworks.com/products/matlab.html) and presented using
Adobe Illustrator (https://www.adobe.com/products/illustrator.html).

Scientific Reports|  (2022)12:10894 | https://doi.org/10.1038/s41598-022-15034-8 nature portfolio


https://www.mathworks.com/products/matlab.html
https://www.adobe.com/products/illustrator.html

www.nature.com/scientificreports/

Covariates of age, sex, BMI.  We tested associations between demographic covariates and outcomes dur-
ing SponB versus yogic breathing. Under the DCB condition, there was a positive correlation between age and
change scores (defined as change from the SponB condition) for cranial rCSF velocity (rho=0.69, p <0.001), rCSF
frequency peak amplitude (rho=0.75, p<0.001), rCSF power (tho=0.79, p<0.001), and [r/clpeak; rho=0.69,
Pp=0.001], [1/Cypeqs Tho=0.67, p=0.002], [1/C;popers Tho=0.80, p<0.001]. [1/Cypppers Tho=0.80, p<0.001]. There
was also an association between sex and c,CSF frequency peak amplitude for the change score between SponB
to DAB (p=0.009), and SponB to DCB (p=0.048), with a mean increase in peak amplitude for females and a
mean decrease for males.

In short, when compared to SponB, the main results were as follows; there was (1) a statistically significant
decrease in respiration rate 18-42% during yogic breathing with most significance for SlowB (42%, p <0.0001),
(2) increase of 16-28% in cranially directed iCSF velocities with most statistical significance for DAB (28%,
p=0.0008), with no significance for DCB, (3) in parallel, an increase of 101-234% in rCSF peak frequency
amplitude with most significance for DAB (234%, p=0.0001), with no significance for DCB, (4) increase of
187-472% in rCSF power with statistical significance only for DAB (472%, p =0.0016), (5) increase of 248-534%
in [r/cipoyer] and 234-589% in r/cyp,., With statistical significance only for DAB (534%, p=0.0079, and 589%,
p=0.0254, resp.), (6) positive association between age and change scores from SponB to DCB.

Discussion

We measured CSF velocities at the level of FM with a non-invasive RT-PCMRI approach, and found an immediate
impact of four different types of yogic breathing techniques on pulsatile CSF velocities compared to spontaneous
breathing. Results indicate the following findings (i) respiration rate significantly decreased during slow and deep
yogic breathing techniques; (ii) cranial iCSF velocities and in parallel rCSF peak frequency amplitudes increased
during yogic breathing with greatest effects in DAB, and with no significant effects for DCB, (iii) cardiac pulsa-
tion was the primary driving force for pulsatile CSF during all breathing conditions except DAB when there
was a comparable contribution of respiration and cardiac 1st harmonic, and (iv) while there was a comparable
contribution of respiration and cardiac 2nd harmonic during SponB, power ratio of respiration to cardiac 2nd
harmonic increased during yogic breathing with greatest effects in DAB.

Mechanics of respiratory CSF dynamics.  Usinga respiratory bellow, we collected respiration data simul-
taneously with the RT-PCMRYI, thus confirming cranially-directed CSF during inhalation and caudally-directed
CSF during exhalation. This result is in agreement with previous studies****”® measuring CSF pressure record-
ings in response to respiratory changes, coughing and Valsalva maneuver, and non-invasive MRI studies!*3%4
investigating respiratory CSF velocities or flow volumes. Briefly, the transmission of venous pressure changes to
the collapsible dura through thoracic and epidural veins lining the spine and around the vertebral column causes
CSF movement in an ebb-and-flow manner. Lloyd et al.'® recently showed respiratory CSF flow is driven by
lumbar and thoracic spinal pressures, and that reduced intrathoracic pressure during inspiration draws venous
blood from the lumbar spine and cranium towards the thorax.

Of the four yogic breathing conditions we used in our study (SlowB, DAB, DDB, and DCB), the three of them
(SlowB, DAB, and DDB) significantly increased iCSF velocities, with most pronounced effects observed during
DAB with no significant change during DCB. The difference between abdominal and chest (thoracic) breathing
we observed is aligned with previous reports indicating abdominal breathing is associated with larger respira-
tory pressure changes compared to thoracic breathing'>””. Aktas et al.'” recently demonstrated forced abdominal
breathing—compared to forced thoracic breathing—has more pronounced effects on CSF movement within
spinal subarachnoid space, resulting in upward net flow during both breathing patterns, whereas low flow rates
were identified in the cerebral aqueduct in both breathing patterns. They concluded that abdominal breathing
was associated with larger CSF flow due to a more pronounced contraction of the diaphragm compared to tho-
racic breathing. Furthermore, they suggested that changes in CSF dynamics were due to changes in intrathoracic
and intraabdominal pressure being transmitted to the epidural space through the paravertebral venous plexus.

There were no statistically significant changes between SponB and DCB in our study, which may suggest our
study population primarily consisted of natural chest breathers although other explanations are possible. While
we observed significant increase in cranial directed iCSF velocities during SlowB, DAB, DDB, there were no
changes in caudal iCSF velocities suggesting exhalation during spontaneous and yogic breathing in our study
population was passive!®.

Primary sources of pulsatile CSF dynamics. The sources of pulsatile CSF velocity waveforms are car-
diac pulsation, respiration and low frequency components such as vasomotion. Several studies recently exam-
ined primary regulator(s) of CSF movement and/or flow. For instance, (i) Dreha-Kulaczewski et al.'> presented
CSF signal intensities (in arbitrary units) during forced inspiration, and suggested forced inspiration is the major
driver of CSF while (ii) Takizawa et al.*”” demonstrated velocities of cardiac-driven CSF at cerebral aqueduct were
greater than respiratory-driven CSE, while displacement of respiratory-driven CSF was greater than cardiac-
driven CSE, (iii) Mestre et al.” more recently demonstrated cardiac pulsation is the primary regulator of CSF flow
through perivascular spaces (PVSs) and is reduced in hypertension, and (iv) Fultz et al. demonstrated CSF flow
is driven by vasomotion during sleep.

In our study, we presented respiratory and cardiac components of CSF while separating the cardiac st and
2nd harmonic components. During spontaneous breathing, we found that the cardiac 1st harmonic contributed
greater power to pulsatile CSF velocities, with comparable contributions by respiration and the cardiac 2nd
component. During yogic breathing, (i) the cardiac 1st harmonic contributed greater power to pulsatile CSF
velocities, except during DAB, when there was a comparable contribution of respiration and cardiac 1st harmonic
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effect, and (ii) respiration contributed greater power compared to cardiac 2nd harmonic. During in all breathing
conditions, we found a larger frequency amplitude of cardiac 1st versus 2nd harmonic, in agreement with earlier
studies®>”®” investigating ICP measures and a recent study®® investigating CSF dynamics of the American alliga-
tor. Studies®® observing cardiac-induced harmonics in ICP interpreted changes in brain pulsatility in the context
of system compliance (of brain tissue, arterial, venous, and spinal thecal sac communication with brain through
CSF spaces). Young et al.* more recently (i) studied variations of pulsatile CSF in alligator in the spinal canal
and the cranial cavity, (ii) found cardiac-induced harmonics in CSF (not above 3rd order), (iii) hypothesized the
absence of higher harmonics could be related to the reptilian meninges and compliance. Taken together, higher
harmonics of CSF provide important information for determining the mechanisms regulating CSF dynamics,
and need to be investigated in further studies.

In addition, during yogic breathing compared to SponB, we observed an increase in respiration peak fre-
quency amplitudes. Despite the significant increase in cranially directed iCSF velocities and in parallel in rCSF
peak frequency amplitudes during SlowB, DAB, and DDB, cardiac pulsation was still the primary contributor
(except during DAB), suggesting that the significant increase in CSF peak velocities or in rCSF peak frequency
amplitudes did not necessarily mean that respiration was the major regulator for CSF dynamics. Thus, in future
studies, we recommend doing a frequency domain power analysis to determine primary regulator(s) of pulsa-
tile CSF dynamics. For instance, group summary results indicate that yogic breathwork increased both cranial
directed CSF velocities and respiratory CSF peak amplitudes. However, only four individual subjects (Fig. 6) had
greater respiratory power compared to cardiac power during DAB, suggesting (i) power contribution is critical,
and (ii) respiration can be a major driver for pulsatile CSF dynamics depending on individual differences in
breath “depth and location”. In short, even if CSF velocities may significantly increase with increased respiratory
movement, if the increase in amplitude does not meet a certain threshold (e.g., not breathing deeply enough),
it is the frequency of the driving mechanism, not the amplitude, that may have a more pronounced effect on
driving CSE As Williams* pointed out cardiac pulsation transmits energy to the CSE, while wave propagation
depends on pressure-induced differences in motion. Because venous blood and CSF are in equilibrium across
venous membranes, venous changes create larger changes in CSF compared to arterial changes®. This could be
the reason why Takizawa et al.*” observed greater cardiac — than respiratory-driven CSF velocities, and greater
respiratory — than cardiac-driven CSF displacement.

Our study participants were naive to mind-body approaches, including breath awareness and breath training.
During baseline data collection, most, if not all, of our study participants indicated that they were not familiar
with any of the different deep breathing practices in our MRI protocol. Thus, the respiratory dynamics investi-
gated in this baseline dataset provides only the immediate influence of yogic breathing in non-practitioners. In
our ongoing interventional RCT study, we hypothesized that respiratory dynamics would be different in advanced
practitioners, resulting in larger respiratory dynamics, and thus larger effects on CSE In the RCT study, we will
compare pre- and post-intervention respiratory dynamics utilizing the parameters as described herein to deter-
mine whether cardiac pulsation is still the primary driver of CSF post-intervention.

Differences in CSF dynamics between individuals, and across breathing conditions within individuals, sug-
gest unique bio-individual characteristics of pulsatile CSF dynamics. Previous studies suggested changes in CSF
between individuals could be due to age and sex®”%, vascularization® and/or coupling between arterial inflow
and venous outflow®. Based on our tests for associations between covariates (age, sex, and BMI), and changes
in CSF metrics during SponB versus yogic breathing, we did not observe any significant change except a positive
correlation between age and changes in SponB to DCB, in addition to a positive association with age and DCB
condition alone. Due to small sample size in our study, we suspect these may be spurious findings. Future studies
with larger sample size are needed to explore the associations for these covariates.

In short, we demonstrated that pulsatile CSF dynamics are highly sensitive and synchronous to respira-
tory characteristics such as rate, depth and location of respiratory movement, in agreement with previous
studies'>!>!%37, We also provided the first comprehensive report studying a higher order (2nd) cardiac harmonic
component in human CSF non-invasively during voluntarily controlled breathing conditions. Taken together,
our results provide evidence for immediate modulation of pulsatile CSF dynamics with yogic breathing, and the
importance of studying CSF dynamics in voluntarily controlled conditions to better understand mechanisms
driving CSE

Implications. Recently, Fultz and colleagues’ conducted neuroimaging in human subjects during sleep by
combining blood oxygen level-dependent functional magnetic resonance imaging (BOLD fMRI), electroen-
cephalography (EEG), and CSF flow measurements, and demonstrated (i) CSF flow oscillations during non-
rapid eye movement (NREM) sleep were larger and slower (0.05 Hz vasomotion) compared to wakefulness
(0.25 Hz respiratory); and (ii) suggested changes in pulsatile CSF dynamics during sleep may alter brain’s waste
clearance due to increased mixing and diffusion>*. In our study, iCSF velocity waveforms were synchronous to
breathing patterns, i.e., slower and larger during slow and deep yogic breathing practices compared to spontane-
ous breathing. Specifically, we found an increase of 16-28% in cranial iCSF velocities during yogic breathing.
Because the entry of CSF along perivascular channels is critical for CSF-ISF exchange in rodents'®, and because
pulsatile CSF dynamics during sleep potentially may alter’ brain waste clearance due to increased mixing and
diffusion, changes in pulsatile CSF dynamics due to yogic breathing could then be investigated for the removal
of waste products in future studies.

In addition, changes in pulsatile CSF dynamics through yogic breathing could be beneficial for investigating
intrathecal (IT) drug delivery and factors influencing IT drug transportation. For instance, using medical image-
based computational fluid dynamics Hsu et al.®* studied drug transport as a function of frequency and magnitude
of CSF pulsations during different heart rates and CSF stroke volumes. Both heart rate and CSF stroke volume
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influenced drug distribution in CSF presenting key factors for interpatient variability in drug distribution. We
hypothesize that different breathing rates and CSF velocities via yogic breathing would impact peak concentra-
tion of drugs in CSF after injection through mixing and diffusion.

Further, our study may shed light on other components of yoga®, and other mind-body approaches®® with
breathing awareness and/or training, such as mindfulness meditation®>, mindfulness based stress reduction®*’,
Tai-Chi*® or Qi-Gong® in the context of CSF dynamics.

Limitations and future studies. Our study is limited by the small sample size. The parent RCT was
designed and powered to detect changes in CSF metrics after two breathing interventions, rather than the pre-
intervention baseline analysis, and under the reasonable assumptions (please see power analysis for the full RCT
in Supplementary Materials) ten subjects per arm would be sufficient to observe the proposed difference in the
study arms. Future studies with a larger sample size would allow results to be more generalized across all five
breathing patterns and varied demographics. The inherent challenges in MRI acquisition can lead to artifacts in
MR images. Measurements with data artifacts were removed from the final analysis. Increased temporal reso-
lution in our RT-PCMRI approach results in reduced spatial resolution, which we believe is handled through
rigorous data processing methodology including semi-automated algorithm for extracting CSF signals, visually
confirming CSF region of interest, and use of a single voxel approach. This approach eliminated partial volume
effects, but limited CSF velocities within one voxel instead of entire cross section of CSF resulting in greater
CSF velocities, and increased computational cost. Therefore, future work to develop high spatial and temporal
resolution for continuous CSF measurements with analysis within the entire CSF region is needed. Despite
these limitations, we have shown that our technique can detect and quantify CSF velocities around the spinal
cord. To capture true temporal peak velocities and reduce noise due to transient events, we computed averaged
peak velocities, which increased computational cost. We have collected pulse data with a finger pulse sensor,
and respiration data with a respiration bellow. Future experimental methodology will include electrocardiog-
raphy (ECG) measures for investigating the heart rate variability, and potential pressure sensors for measur-
ing intrathoracic and abdominal pressures during yogic breathing techniques. Since our RCT focused on CSF
dynamics, we have not investigated arterial and/or venous flow in this study.

Future investigations involving larger controlled studies of yogic breathing and/or other mind-body
approaches will need to evaluate the effects of training of the breathing techniques on CSF measures. Investi-
gations should: (i) use a larger sample size, (ii) study differences in age, sex, gender, race, activity levels, sleep
quality, (iii) evaluate the influence of these covariates on pulsatile CSF magnitude and directionality along the
spine and in the cranial cavity, (iv) study the coupling between CSEF, arterial and venous flow, (v) utilize ECG,
intrathoracic and abdominal pressure measurements in sync with MRI, and (vi) evaluate the effect of breathing
induced changes in CSF on the brain’s waste clearance mechanism.

Conclusions

To our knowledge, our study is the first report demonstrating the impact of a mind-body approach such as yogic
breathing to modulate CSF dynamics, and comparing with spontaneous breathing. We investigated pulsatile CSF
velocities during spontaneous versus yogic breathing practices (slow, deep abdominal, deep diaphragmatic and
deep chest breathing) at the level of foramen magnum using a non-invasive MRI-based quantification in a set
of healthy participants without current or previous regular practice of mind-body approaches. With rigorous
testing, we demonstrated that the three yogic breathing patterns (slow, deep abdominal and deep diaphragmatic)
immediately increased both cranially directed instantaneous CSF velocities and power of respiratory-driven
CSF motion. We observed the most statistically significant effects during deep abdominal breathing. Cardiac
pulsation was the primary driver of CSF motion during all breathing conditions except during deep abdominal
breathing when there was a comparable contribution of respiration and cardiac 1st harmonic, which suggests
respiration can be the primary driver for pulsatile CSF motion depending on individual differences in breathing
technique. Further work is needed to investigate the influence of sustained yogic breathing training on pulsatile
CSF dynamics for CNS health.

Data availability
The datasets generated for this study will be provided on a reasonable request to the corresponding author.

Received: 15 February 2022; Accepted: 16 June 2022
Published online: 28 June 2022

References

1. 1liff, J. J. et al. A paravascular pathway facilitates CSF flow through the brain parenchyma and the clearance of interstitial solutes,
including amyloid beta. Sci. Transl. Med. 4, 147rall1. https://doi.org/10.1126/scitranslmed.3003748 (2012).

2. 1Iiff, J. J. et al. Cerebral arterial pulsation drives paravascular CSF-interstitial fluid exchange in the murine brain. J. Neurosci. 33,
18190-18199. https://doi.org/10.1523/JNEUROSCI.1592-13.2013 (2013).

3. 1Iiff, ]. J. et al. Brain-wide pathway for waste clearance captured by contrast-enhanced MRL. J. Clin. Investig. 123, 1299-1309. https://
doi.org/10.1172/JC167677 (2013).

4. Xie, L. et al. Sleep drives metabolite clearance from the adult brain. Science 342, 373-377. https://doi.org/10.1126/science.12412
24 (2013).

5. Da Mesquita, S., Fu, Z. & Kipnis, J. The meningeal lymphatic system: A new player in neurophysiology. Neuron 100, 375-388.
https://doi.org/10.1016/j.neuron.2018.09.022 (2018).

6. Harrison, I. E et al. Non-invasive imaging of CSF-mediated brain clearance pathways via assessment of perivascular fluid move-
ment with diffusion tensor MRI. Elife 7, €34028. https://doi.org/10.7554/eLife.34028 (2018).

Scientific Reports |

(2022) 12:10894 | https://doi.org/10.1038/s41598-022-15034-8 nature portfolio


https://doi.org/10.1126/scitranslmed.3003748
https://doi.org/10.1523/JNEUROSCI.1592-13.2013
https://doi.org/10.1172/JCI67677
https://doi.org/10.1172/JCI67677
https://doi.org/10.1126/science.1241224
https://doi.org/10.1126/science.1241224
https://doi.org/10.1016/j.neuron.2018.09.022
https://doi.org/10.7554/eLife.34028

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

. Mestre, H. et al. Flow of cerebrospinal fluid is driven by arterial pulsations and is reduced in hypertension. Nat. Commun. 9, 4878.

https://doi.org/10.1038/s41467-018-07318-3 (2018).

. Rasmussen, M. K., Mestre, H. & Nedergaard, M. The glymphatic pathway in neurological disorders. Lancet Neurol. 17, 1016-1024.

https://doi.org/10.1016/S1474-4422(18)30318-1 (2018).

. Fultz, N. E. et al. Coupled electrophysiological, hemodynamic, and cerebrospinal fluid oscillations in human sleep. Science 366,

628-631. https://doi.org/10.1126/science.aax5440 (2019).

Mestre, H. et al. Cerebrospinal fluid influx drives acute ischemic tissue swelling. Science 367, eaax7171. https://doi.org/10.1126/
science.aax7171 (2020).

Shetty, A. K. & Zanirati, G. The interstitial system of the brain in health and disease. Aging Dis. 11, 200-211. https://doi.org/10.
14336/AD.2020.0103 (2020).

Dreha-Kulaczewski, S. et al. Inspiration is the major regulator of human CSF flow. J. Neurosci. 35, 2485-2491. https://doi.org/10.
1523/JNEUROSCI.3246-14.2015 (2015).

Chen, L., Beckett, A., Verma, A. & Feinberg, D. A. Dynamics of respiratory and cardiac CSF motion revealed with real-time
simultaneous multi-slice EPI velocity phase contrast imaging. Neuroimage 122, 281-287. https://doi.org/10.1016/j.neuroimage.
2015.07.073 (2015).

Yildiz, S. et al. Quantifying the influence of respiration and cardiac pulsations on cerebrospinal fluid dynamics using real-time
phase-contrast MRI. J. Magn. Reson. Imaging 46, 431-439. https://doi.org/10.1002/jmri.25591 (2017).

Aktas, G. et al. Spinal CSF flow in response to forced thoracic and abdominal respiration. Fluids Barriers CNS 16, 10. https://doi.
org/10.1186/s12987-019-0130-0 (2019).

Lloyd, R. A. et al. Respiratory cerebrospinal fluid flow is driven by the thoracic and lumbar spinal pressures. J. Physiol. 598,
5789-5805. https://doi.org/10.1113/JP279458 (2020).

1liff, J. J. & Nedergaard, M. Is there a cerebral lymphatic system?. Stroke 44, $93-95. https://doi.org/10.1161/STROKEAHA.112.
678698 (2013).

Jessen, N. A., Munk, A. S., Lundgaard, I. & Nedergaard, M. The glymphatic system: A beginner’s guide. Neurochem. Res. 40,
2583-2599. https://doi.org/10.1007/s11064-015-1581-6 (2015).

Abbott, N. J,, Pizzo, M. E., Preston, J. E., Janigro, D. & Thorne, R. G. The role of brain barriers in fluid movement in the CNS: Is
there a “glymphatic” system?. Acta Neuropathol. 135, 387-407. https://doi.org/10.1007/s00401-018-1812-4 (2018).

Simon, M. J. & Iliff, J. J. Regulation of cerebrospinal fluid (CSF) flow in neurodegenerative, neurovascular and neuroinflammatory
disease. Biochim. Biophys. Acta 1862, 442-451. https://doi.org/10.1016/j.bbadis.2015.10.014 (2016).

Organization, W. H. Dementia. https://www.who.int/news-room/fact-sheets/detail/dementia (2020).

Cirrito, J. R. et al. Synaptic activity regulates interstitial fluid amyloid-beta levels in vivo. Neuron 48, 913-922. https://doi.org/10.
1016/j.neuron.2005.10.028 (2005).

Kang, J. E. et al. Amyloid-beta dynamics are regulated by orexin and the sleep-wake cycle. Science 326, 1005-1007. https://doi.
org/10.1126/science.1180962 (2009).

Williams, B. Simultaneous cerebral and spinal fluid pressure recordings. I. Technique, physiology, and normal results. Acta Neu-
rochir. (Wien) 58, 167-185 (1981).

Feinberg, D. A. & Mark, A. S. Human brain motion and cerebrospinal fluid circulation demonstrated with MR velocity imaging.
Radiology 163, 793-799. https://doi.org/10.1148/radiology.163.3.3575734 (1987).

Schroth, G. & Klose, U. Cerebrospinal fluid flow. I. Physiology of cardiac-related pulsation. Neuroradiology 35, 1-9. https://doi.
org/10.1007/BF00588270 (1992).

Nitz, W. R. et al. Flow dynamics of cerebrospinal fluid: Assessment with phase-contrast velocity MR imaging performed with
retrospective cardiac gating. Radiology 183, 395-405. https://doi.org/10.1148/radiology.183.2.1561340 (1992).

Baledent, O., Henry-Feugeas, M. C. & Idy-Peretti, I. Cerebrospinal fluid dynamics and relation with blood flow: A magnetic
resonance study with semiautomated cerebrospinal fluid segmentation. Investig. Radiol. 36, 368-377 (2001).

Baledent, O. et al. Brain hydrodynamics study by phase-contrast magnetic resonance imaging and transcranial color doppler. J.
Magn. Reson. Imaging 24, 995-1004. https://doi.org/10.1002/jmri.20722 (2006).

Kalata, W. et al. MR measurement of cerebrospinal fluid velocity wave speed in the spinal canal. IEEE Trans. Biomed. Eng. 56,
1765-1768. https://doi.org/10.1109/TBME.2008.2011647 (2009).

Kedarasetti, R. T., Drew, P. ]. & Costanzo, F. Arterial pulsations drive oscillatory flow of CSF but not directional pumping. Sci. Rep.
10, 10102. https://doi.org/10.1038/s41598-020-66887-w (2020).

Zahid, A. M., Martin, B., Collins, S., Oshinski, J. N. & Ethier, C. R. Quantification of arterial, venous, and cerebrospinal fluid flow
dynamics by magnetic resonance imaging under simulated micro-gravity conditions: A prospective cohort study. Fluids Barriers
CNS 18, 8. https://doi.org/10.1186/s12987-021-00238-3 (2021).

Schroth, G. & Klose, U. Cerebrospinal fluid flow. II. Physiology of respiration-related pulsations. Neuroradiology 35, 10-15. https://
doi.org/10.1007/BF00588271 (1992).

Klose, U, Strik, C., Kiefer, C. & Grodd, W. Detection of a relation between respiration and CSF pulsation with an echoplanar
technique. J. Magn. Reson. Imaging 11, 438-444. https://doi.org/10.1002/(sici)1522-2586(200004)11:4%3c438::aid-jmri12%3e3.0.
c0;2-0 (2000).

Friese, S., Hamhaber, U., Erb, M., Kueker, W. & Klose, U. The influence of pulse and respiration on spinal cerebrospinal fluid
pulsation. Investig. Radiol. 39, 120-130. https://doi.org/10.1097/01.rli.0000112089.66448.bd (2004).

Yamada, S. et al. Influence of respiration on cerebrospinal fluid movement using magnetic resonance spin labeling. Fluids Barriers
CNS 10, 36. https://doi.org/10.1186/2045-8118-10-36 (2013).

Takizawa, K., Matsumae, M., Sunohara, S., Yatsushiro, S. & Kuroda, K. Characterization of cardiac- and respiratory-driven cer-
ebrospinal fluid motion based on asynchronous phase-contrast magnetic resonance imaging in volunteers. Fluids Barriers CNS
14, 25. https://doi.org/10.1186/s12987-017-0074-1 (2017).

Vinje, V. et al. Respiratory influence on cerebrospinal fluid flow—A computational study based on long-term intracranial pressure
measurements. Sci. Rep. 9, 9732. https://doi.org/10.1038/s41598-019-46055-5 (2019).

Williams, B. Cerebrospinal fluid pressure changes in response to coughing. Brain 99, 331-346. https://doi.org/10.1093/brain/99.2.
331 (1976).

Martin, B. A. & Loth, E The influence of coughing on cerebrospinal fluid pressure in an in vitro syringomyelia model with spinal
subarachnoid space stenosis. Cerebrospinal Fluid Res. 6, 17. https://doi.org/10.1186/1743-8454-6-17 (2009).

Bezuidenhout, A. E. ef al. Relationship between cough-associated changes in CSF flow and disease severity in Chiari I malformation:
An exploratory study using real-time MRI. AJNR Am. . Neuroradiol. 39, 1267-1272. https://doi.org/10.3174/ajnr.A5670 (2018).
Lee, H. et al. The effect of body posture on brain glymphatic transport. J. Neurosci. 35, 11034-11044. https://doi.org/10.1523/
JNEUROSCI.1625-15.2015 (2015).

Alperin, N., Hushek, S. G., Lee, S. H., Sivaramakrishnan, A. & Lichtor, T. MRI study of cerebral blood flow and CSF flow dynam-
ics in an upright posture: The effect of posture on the intracranial compliance and pressure. Acta Neurochir. Suppl. 95, 177-181.
https://doi.org/10.1007/3-211-32318-x_38 (2005).

Jones, H. C., Keep, R. F. & Drewes, L. R. CNS fluid and solute movement: Physiology, modelling and imaging. Fluids Barriers CNS
17, 12. https://doi.org/10.1186/512987-020-0174-1 (2020).

Scientific Reports |

(2022) 12:10894 | https://doi.org/10.1038/s41598-022-15034-8 nature portfolio


https://doi.org/10.1038/s41467-018-07318-3
https://doi.org/10.1016/S1474-4422(18)30318-1
https://doi.org/10.1126/science.aax5440
https://doi.org/10.1126/science.aax7171
https://doi.org/10.1126/science.aax7171
https://doi.org/10.14336/AD.2020.0103
https://doi.org/10.14336/AD.2020.0103
https://doi.org/10.1523/JNEUROSCI.3246-14.2015
https://doi.org/10.1523/JNEUROSCI.3246-14.2015
https://doi.org/10.1016/j.neuroimage.2015.07.073
https://doi.org/10.1016/j.neuroimage.2015.07.073
https://doi.org/10.1002/jmri.25591
https://doi.org/10.1186/s12987-019-0130-0
https://doi.org/10.1186/s12987-019-0130-0
https://doi.org/10.1113/JP279458
https://doi.org/10.1161/STROKEAHA.112.678698
https://doi.org/10.1161/STROKEAHA.112.678698
https://doi.org/10.1007/s11064-015-1581-6
https://doi.org/10.1007/s00401-018-1812-4
https://doi.org/10.1016/j.bbadis.2015.10.014
https://www.who.int/news-room/fact-sheets/detail/dementia
https://doi.org/10.1016/j.neuron.2005.10.028
https://doi.org/10.1016/j.neuron.2005.10.028
https://doi.org/10.1126/science.1180962
https://doi.org/10.1126/science.1180962
https://doi.org/10.1148/radiology.163.3.3575734
https://doi.org/10.1007/BF00588270
https://doi.org/10.1007/BF00588270
https://doi.org/10.1148/radiology.183.2.1561340
https://doi.org/10.1002/jmri.20722
https://doi.org/10.1109/TBME.2008.2011647
https://doi.org/10.1038/s41598-020-66887-w
https://doi.org/10.1186/s12987-021-00238-3
https://doi.org/10.1007/BF00588271
https://doi.org/10.1007/BF00588271
https://doi.org/10.1002/(sici)1522-2586(200004)11:4%3c438::aid-jmri12%3e3.0.co;2-o
https://doi.org/10.1002/(sici)1522-2586(200004)11:4%3c438::aid-jmri12%3e3.0.co;2-o
https://doi.org/10.1097/01.rli.0000112089.66448.bd
https://doi.org/10.1186/2045-8118-10-36
https://doi.org/10.1186/s12987-017-0074-1
https://doi.org/10.1038/s41598-019-46055-5
https://doi.org/10.1093/brain/99.2.331
https://doi.org/10.1093/brain/99.2.331
https://doi.org/10.1186/1743-8454-6-17
https://doi.org/10.3174/ajnr.A5670
https://doi.org/10.1523/JNEUROSCI.1625-15.2015
https://doi.org/10.1523/JNEUROSCI.1625-15.2015
https://doi.org/10.1007/3-211-32318-x_38
https://doi.org/10.1186/s12987-020-0174-1

www.nature.com/scientificreports/

45.

46.

47.

48.
49.
50.
51.
52.
53.
54.
55.
56.
57.

58.
. Brown, R. P. & Gerbarg, P. L. Yoga breathing, meditation, and longevity. Ann. N. Y. Acad. Sci. 1172, 54-62. https://doi.org/10.

60.
61.
62.
63.
64.
65.
66.
67.
68.

69.
70.

71.

72.

73.
74.
75.
76.
77.
78.
79.
80.
81.

82.

83.

Kao, Y. H., Guo, W. Y, Liou, A. J., Hsiao, Y. H. & Chou, C. C. The respiratory modulation of intracranial cerebrospinal fluid pul-
sation observed on dynamic echo planar images. Magn. Reson. Imaging 26, 198-205. https://doi.org/10.1016/j.mri.2007.07.001
(2008).

Dreha-Kulaczewski, S. et al. Identification of the upward movement of human CSF in vivo and its relation to the brain venous
system. J. Neurosci. 37, 2395-2402. https://doi.org/10.1523/]NEUROSCI.2754-16.2017 (2017).

Eide, P. K., Valnes, L. M, Lindstrom, E. K., Mardal, K. A. & Ringstad, G. Direction and magnitude of cerebrospinal fluid flow vary
substantially across central nervous system diseases. Fluids Barriers CNS 18, 16. https://doi.org/10.1186/5s12987-021-00251-6
(2021).

Kiviniemi, V. ef al. Ultra-fast magnetic resonance encephalography of physiological brain activity—Glymphatic pulsation mecha-
nisms?. J. Cereb. Blood Flow Metab. 36, 1033-1045. https://doi.org/10.1177/0271678X15622047 (2016).

Goodman, J. R. & Iliff, J. J. Vasomotor influences on glymphatic-lymphatic coupling and solute trafficking in the central nervous
system. J. Cereb. Blood Flow Metab. 40, 1724-1734. https://doi.org/10.1177/0271678X19874134 (2020).

Asgari, M., de Zelicourt, D. & Kurtcuoglu, V. Glymphatic solute transport does not require bulk flow. Sci. Rep. 6, 38635. https://
doi.org/10.1038/srep38635 (2016).

Olstad, E. W. et al. Ciliary beating compartmentalizes cerebrospinal fluid flow in the brain and regulates ventricular development.
Curr. Biol. 29, 229-241.e226. https://doi.org/10.1016/j.cub.2018.11.059 (2019).

Lundgaard, 1. et al. Glymphatic clearance controls state-dependent changes in brain lactate concentration. J. Cereb. Blood Flow
Metab. 37, 2112-2124. https://doi.org/10.1177/0271678X16661202 (2017).

Nicholson, C. & Hrabetova, S. Brain extracellular space: The final frontier of neuroscience. Biophys. J. 113, 2133-2142. https://doi.
0rg/10.1016/j.bp;j.2017.06.052 (2017).

Valnes, L. M. et al. Apparent diffusion coefficient estimates based on 24 h tracer movement support glymphatic transport in human
cerebral cortex. Sci. Rep. 10, 9176. https://doi.org/10.1038/s41598-020-66042-5 (2020).

Wahbeh, H., Elsas, S. M. & Oken, B. S. Mind-body interventions: Applications in neurology. Neurology 70, 2321-2328. https://
doi.org/10.1212/01.wnl.0000314667.16386.5¢ (2008).

National Center for Complementary and Integrative Health. Yoga: What You Need To Know. https://www.nccih.nih.gov/health/
yoga-what-you-need-to-know (2019).

Zambito, S. The Unadorned Thread of Yoga: The Yoga-sutra of Patanjali in English: A Compilation of English Translations of Sri
Patanjali’s Exposition on the Yoga Darsana (Yoga-Sutras Institute Press, 1992).

Stephens, M. Teaching Yoga: Essential Foundations and Techniques (North Atlantic Books, 2010).

1111/j.1749-6632.2009.04394.x (2009).

Russo, M. A., Santarelli, D. M. & O’Rourke, D. The physiological effects of slow breathing in the healthy human. Breathe (Sheff)
13, 298-309. https://doi.org/10.1183/20734735.009817 (2017).

Brown, R. P. & Gerbarg, P. L. Sudarshan Kriya Yogic breathing in the treatment of stress, anxiety, and depression. Part II—Clinical
applications and guidelines. J. Altern. Complement. Med. 11, 711-717. https://doi.org/10.1089/acm.2005.11.711 (2005).

Khalsa, S. S. et al. Interoception and mental health: A roadmap. Biol. Psychiatry Cogn. Neurosci. Neuroimaging 3, 501-513. https://
doi.org/10.1016/j.bpsc.2017.12.004 (2018).

Jayawardena, R. et al. Exploring the therapeutic benefits of Pranayama (Yogic Breathing): A systematic review. Int. J. Yoga 13,
99-110. https://doi.org/10.4103/ijoy.IJOY_37_19 (2020).

Niazi, I K. et al. EEG signatures change during unilateral Yogi nasal breathing. Sci. Rep. 12, 520. https://doi.org/10.1038/s41598-
021-04461-8 (2022).

Wagshul, M. E., Eide, P. K. & Madsen, J. R. The pulsating brain: A review of experimental and clinical studies of intracranial
pulsatility. Fluids Barriers CNS 8, 5. https://doi.org/10.1186/2045-8118-8-5 (2011).

Young, B. A. et al. Variations in the cerebrospinal fluid dynamics of the American alligator (Alligator mississippiensis). Fluids Bar-
riers CNS 18, 11. https://doi.org/10.1186/s12987-021-00248-1 (2021).

Schmid Daners, M. et al. Age-specific characteristics and coupling of cerebral arterial inflow and cerebrospinal fluid dynamics.
PLoS ONE 7, 37502. https://doi.org/10.1371/journal.pone.0037502 (2012).

Stoquart-ElSankari, S. et al. Aging effects on cerebral blood and cerebrospinal fluid flows. J. Cereb. Blood Flow Metab. 27, 1563-1572.
https://doi.org/10.1038/sj.jcbfm.9600462 (2007).

Vivekananda, S. Raja Yoga 39th edn. (Vedanta Society New York, 1899).

Kripalu. How to Do Three-Part Breath (Dirgha Pranayama). https://kripalu.org/resources/how-do-three-part-breath-dirgha-prana
yama

Lindstrom, E. K., Ringstad, G., Mardal, K. A. & Eide, P. K. Cerebrospinal fluid volumetric net flow rate and direction in idiopathic
normal pressure hydrocephalus. Neuroimage Clin. 20, 731-741. https://doi.org/10.1016/j.nicl.2018.09.006 (2018).

Garpebring, A., Ostlund, N. & Karlsson, M. A novel estimation method for physiological parameters in dynamic contrast-enhanced
MRI: Application of a distributed parameter model using Fourier-domain calculations. IEEE Trans. Med. Imaging 28, 1375-1383.
https://doi.org/10.1109/TMI.2009.2016212 (2009).

Ito, J. et al. Whisker barrel cortex delta oscillations and gamma power in the awake mouse are linked to respiration. Nat. Commun.
5, 3572. https://doi.org/10.1038/ncomms4572 (2014).

Abdoun, O., Zorn, J., Poletti, S., Fucci, E. & Lutz, A. Training novice practitioners to reliably report their meditation experience
using shared phenomenological dimensions. Conscious Cogn. 68, 57-72. https://doi.org/10.1016/j.concog.2019.01.004 (2019).
Benjamini, Y. & Yekutieli, D. The control of the false discovery rate in multiple testing under dependency. Ann. Stat. 29, 1165-1188,
1124 (2001).

Williams, B. Simultaneous cerebral and spinal fluid pressure recordings. 2. Cerebrospinal dissociation with lesions at the foramen
magnum. Acta Neurochir. (Wien) 59, 123-142 (1981).

Kaneko, H. & Horie, J. Breathing movements of the chest and abdominal wall in healthy subjects. Respir. Care 57, 1442-1451.
https://doi.org/10.4187/respcare.01655 (2012).

Czosnyka, M., Wollk-Laniewski, P., Batorski, L. & Zaworski, W. Analysis of intracranial pressure waveform during infusion test.
Acta Neurochir. (Wien) 93, 140-145. https://doi.org/10.1007/BF01402897 (1988).

Chopp, M. & Portnoy, H. D. Systems analysis of intracranial pressure. Comparison with volume-pressure test and CSF-pulse
amplitude analysis. J. Neurosurg. 53, 516-527. https://doi.org/10.3171/jns.1980.53.4.0516 (1980).

Bedford, T. H. B. The effect of increased intracranial venous pressure on the pressure of the cerebrospinal fluid. Brain 58, 427-447.
https://doi.org/10.1093/brain/58.4.427 (1935).

Stoquart-Elsankari, S. et al. A phase-contrast MRI study of physiologic cerebral venous flow. J. Cereb. Blood Flow Metab. 29,
1208-1215. https://doi.org/10.1038/sj.jcbfm.jcbfm200929. https://doi.org/10.1038/jcbfm.2009.29 (2009).

ElSankari, S. et al. Concomitant analysis of arterial, venous, and CSF flows using phase-contrast MRI: A quantitative comparison
between MS patients and healthy controls. J. Cereb. Blood Flow Metab. 33, 1314-1321. https://doi.org/10.1038/jcbfm.2013.95
(2013).

Hsu, Y., Hettiarachchi, H. D., Zhu, D. C. & Linninger, A. A. The frequency and magnitude of cerebrospinal fluid pulsations influ-
ence intrathecal drug distribution: Key factors for interpatient variability. Anesth. Analg. 115, 386-394. https://doi.org/10.1213/
ANE.0b013e3182536211 (2012).

Scientific Reports |

(2022) 12:10894 | https://doi.org/10.1038/s41598-022-15034-8 nature portfolio


https://doi.org/10.1016/j.mri.2007.07.001
https://doi.org/10.1523/JNEUROSCI.2754-16.2017
https://doi.org/10.1186/s12987-021-00251-6
https://doi.org/10.1177/0271678X15622047
https://doi.org/10.1177/0271678X19874134
https://doi.org/10.1038/srep38635
https://doi.org/10.1038/srep38635
https://doi.org/10.1016/j.cub.2018.11.059
https://doi.org/10.1177/0271678X16661202
https://doi.org/10.1016/j.bpj.2017.06.052
https://doi.org/10.1016/j.bpj.2017.06.052
https://doi.org/10.1038/s41598-020-66042-5
https://doi.org/10.1212/01.wnl.0000314667.16386.5e
https://doi.org/10.1212/01.wnl.0000314667.16386.5e
https://www.nccih.nih.gov/health/yoga-what-you-need-to-know
https://www.nccih.nih.gov/health/yoga-what-you-need-to-know
https://doi.org/10.1111/j.1749-6632.2009.04394.x
https://doi.org/10.1111/j.1749-6632.2009.04394.x
https://doi.org/10.1183/20734735.009817
https://doi.org/10.1089/acm.2005.11.711
https://doi.org/10.1016/j.bpsc.2017.12.004
https://doi.org/10.1016/j.bpsc.2017.12.004
https://doi.org/10.4103/ijoy.IJOY_37_19
https://doi.org/10.1038/s41598-021-04461-8
https://doi.org/10.1038/s41598-021-04461-8
https://doi.org/10.1186/2045-8118-8-5
https://doi.org/10.1186/s12987-021-00248-1
https://doi.org/10.1371/journal.pone.0037502
https://doi.org/10.1038/sj.jcbfm.9600462
https://kripalu.org/resources/how-do-three-part-breath-dirgha-pranayama
https://kripalu.org/resources/how-do-three-part-breath-dirgha-pranayama
https://doi.org/10.1016/j.nicl.2018.09.006
https://doi.org/10.1109/TMI.2009.2016212
https://doi.org/10.1038/ncomms4572
https://doi.org/10.1016/j.concog.2019.01.004
https://doi.org/10.4187/respcare.01655
https://doi.org/10.1007/BF01402897
https://doi.org/10.3171/jns.1980.53.4.0516
https://doi.org/10.1093/brain/58.4.427
https://doi.org/10.1038/sj.jcbfm.jcbfm200929
https://doi.org/10.1038/jcbfm.2009.29
https://doi.org/10.1038/jcbfm.2013.95
https://doi.org/10.1213/ANE.0b013e3182536211
https://doi.org/10.1213/ANE.0b013e3182536211

www.nature.com/scientificreports/

84. Jeter, P. E., Slutsky, J., Singh, N. & Khalsa, S. B. Yoga as a therapeutic intervention: A bibliometric analysis of published research
studies from 1967 to 2013. J. Altern. Complement. Med. 21, 586-592. https://doi.org/10.1089/acm.2015.0057 (2015).

85. Ahani, A. et al. Quantitative change of EEG and respiration signals during mindfulness meditation. J. Neuroeng. Rehabil. 11, 87.
https://doi.org/10.1186/1743-0003-11-87 (2014).

86. Proulx, J., Croff, R., Hebert, M. & Oken, B. Results of a mindfulness intervention feasibility study among elder African American
women: A qualitative analysis. Complement. Ther. Med. 52, 102455. https://doi.org/10.1016/j.ctim.2020.102455 (2020).

87. Wong, C. et al. Mindfulness-based stress reduction (MBSR) or psychoeducation for the reduction of menopausal symptoms: A
randomized controlled clinical trial. Sci. Rep. 8, 6609. https://doi.org/10.1038/s41598-018-24945-4 (2018).

88. Yang, G.Y. et al. Evidence base of clinical studies on Tai Chi: A bibliometric analysis. PLoS ONE 10, €0120655. https://doi.org/10.
1371/journal.pone.0120655 (2015).

89. Wayne, P. M. et al. Tai Chi and Qigong for cancer-related symptoms and quality of life: A systematic review and meta-analysis. J.
Cancer Surviv. 12, 256-267. https://doi.org/10.1007/s11764-017-0665-5 (2018).

Acknowledgements

We thank study participants for their participation in the study; OCTRI for critical feedback on research plan
design; Julie Goldman for assistance in subject recruitment; OHSU AIRC imaging staff for assistance in MRI
data acquisition; Ning Jin for initial prototype pulse sequence for MRI acquisition; Michele Hebert, Dr. Mehrad
Nazari, Chuck Linke, Katrina Murphy, Dan Klee, and numerous staff and colleagues for the support of the RCT
conduct. We also would like to thank the reviewers for their detailed comments that helped improve the original
manuscript.

Author contributions

S.Y.: conceptualization, funding acquisition, project administration, supervision, provision, investigation, meth-
odology, data curation, software, formal data analysis/interpretation, visualization, writing the original draft,
review and editing; ].G.: methodology, review and editing; A.H.: statistical analysis, review and editing; J.O.:
methodology, data interpretation, review and editing; W.D.R.: methodology, data interpretation, review and
editing; M.M.L.: methodology, data interpretation, review and editing; B.O.: methodology, data revision/inter-
pretation, supervision, review and editing.

Fundin

S.Y (pringcipal investigator), and research conducted in this publication is supported by the National Insti-
tutes of Health—National Center for Complementary & Integrative Health (NIH-NCCIH, Award Number
K99AT010158); with additional funding provided by the NIH-National Institute on Aging (NIH-NIA; 5 P30
AG066518-02) to S.Y.; and by the NIH—National Center for Advancing Translational Sciences (NIH-NCATS;
UL1TRO000128) to A.H. The content is solely the responsibility of the authors, and does not necessarily represent
the official views of the NIH.

Competing interests
S.Y,, A.H,J.O., WD.R, M.M.L, B.O. declare that they have no known competing financial interests. J.G. is a full-
time employee of Siemens Medical Solutions USA, Inc.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-15034-8.

Correspondence and requests for materials should be addressed to S.Y.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:10894 | https://doi.org/10.1038/s41598-022-15034-8 nature portfolio


https://doi.org/10.1089/acm.2015.0057
https://doi.org/10.1186/1743-0003-11-87
https://doi.org/10.1016/j.ctim.2020.102455
https://doi.org/10.1038/s41598-018-24945-4
https://doi.org/10.1371/journal.pone.0120655
https://doi.org/10.1371/journal.pone.0120655
https://doi.org/10.1007/s11764-017-0665-5
https://doi.org/10.1038/s41598-022-15034-8
https://doi.org/10.1038/s41598-022-15034-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Immediate impact of yogic breathing on pulsatile cerebrospinal fluid dynamics
	Cerebrospinal fluid. 
	Yogic breathing. 
	Materials and methods
	Participants. 
	Experimental methodology. 
	MRI breathing protocol. 
	Rationale for the MRI breathing protocol design. 
	Breathing rate and depth. 
	Subject preparation in the MR instrument. 

	Data acquisition. 
	Data processing. 
	CSF ROI and velocity waveforms. 
	Time and frequency domain signals of interest. 

	CSF metrics. 
	Time domain CSF metrics. 
	Frequency domain CSF metrics. 
	Relative contribution of rCSF, c1CSF, c2CSF signals. 

	Statistical analysis. 
	Ethics approval and consent to participate. 

	Results
	Baseline group characteristics. 
	Changes in time domain CSF metrics during SponB versus yogic breathing. 
	Changes in frequency domain CSF metrics during SponB versus yogic breathing. 
	Relative contribution of rCSF, c1CSF, c2CSF during SponB versus yogic breathing. 
	Covariates of age, sex, BMI. 

	Discussion
	Mechanics of respiratory CSF dynamics. 
	Primary sources of pulsatile CSF dynamics. 
	Implications. 
	Limitations and future studies. 

	Conclusions
	References
	Acknowledgements


