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Functional magnetic resonance imaging (fMRI) based on the Blood Oxygen

Level Dependent (BOLD) contrast has been extensively used to map brain

activity and connectivity in health and disease. Standard fMRI preprocessing

includes different steps to remove confounds unrelated to neuronal activity.

First, this narrative review explores how signal fluctuations due to cardiac and

respiratory activity, usually considered as “physiological noise” and regressed

out from fMRI time series. However, these signal components bear useful

information about some mechanisms of brain functioning (e.g., glymphatic

clearance) or cerebrovascular compliance in response to arterial pressure waves.

Aging and chronic diseases can cause stiffening of the aorta and other main

arteries, with a reduced dampening effect resulting in greater transmission

of pressure impulses to the brain. Importantly, the continuous hammering of

cardiac pulsations can produce local alterations of the mechanical properties

of the small cerebral vessels, with a progressive deterioration that ultimately

affects neuronal functionality. Second, the review emphasizes how fMRI can

study the brain patterns most affected by cardiac pulsations in health and disease

with high spatiotemporal resolution, offering the opportunity to identify much

more specific risk markers than systemic factors based on measurements of the

vascular compliance of large arteries or other global risk factors. In this regard,

modern fast fMRI acquisition techniques allow a better characterization of these

pulsatile signal components due to reduced aliasing effects, turning what has

been traditionally considered as noise in a signal of interest that can be used to

develop novel non-invasive biomarkers in different clinical contexts.
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1 Introduction

The median age increase in worldwide population has
led to an ever-increasing impact of aging-related diseases.
Traditionally, functional magnetic resonance imaging (fMRI) in
elderly individuals with or without medical conditions have focused
on changes in brain activation patterns during sensory stimuli or
execution of cognitive tasks, as well as on changes in intrinsic
functional connectivity (resting state) and structural patterns
(Esposito et al., 2013, 2018; Ferreira and Busatto, 2013; Groschel
et al., 2013; Brier et al., 2014).

Functional magnetic resonance imaging is mainly based on
the Blood Oxygen Level Dependent (BOLD) signal (Bandettini
et al., 1992; Ogawa et al., 1992). The BOLD response stems
from a complex interplay of changes in cerebral blood flow
(CBF), cerebral blood volume (CBV), and cerebral metabolic
rate of oxygen consumption (CMRO2) induced by neuronal
activation. These physiological changes alter the local content of
deoxygenated hemoglobin. Since this molecule is paramagnetic,
it creates magnetic field gradients in both intravascular and
extravascular space, affecting the MRI signal in T2∗ weighted
images. Corresponding functional time series are usually acquired
using echo-planar imaging (EPI) sequences with a sampling
rate of around 0.5 Hz (repetition time, TR = 2 s). This low
temporal resolution causes aliasing phenomena produced by heart
beats which appear in the time series as fluctuations at lower
frequencies that, together with respiratory-related slower signal
variations, may overlap with the oscillations produced by the
neuronal activity (Bianciardi et al., 2009; Birn, 2012). These
cardiorespiratory fluctuations are generally perceived as noise
that masks BOLD responses driven by neuronal activity. For
this reason, various analysis methods have been developed to
reduce or eliminate the contribution of cardiac and respiratory
pulsatility from the BOLD time series. However, the possibility
of acquiring the fMRI signal with a much lower TR offered by
the multiband technique (Feinberg et al., 2010; Feinberg and
Setsompop, 2013; Moller et al., 2013) or by ultrafast fMRI based
on the magnetic resonance encephalography (MREG) approach
(Hennig et al., 2021), allows not only to avoid the aliasing
phenomena but also to study cardiac pulsatility in the brain.
These alternative approaches allow interpreting related signals not
as noise but as informative of cerebrovascular alterations and
heart-brain interactions.

Moreover, recent evidence indicated that cerebral arterial
pulsations could drive perivascular cerebrospinal fluid flow (CSF)
and affect the glymphatic functioning of the brain (Iliff et al.,
2013; Nedergaard, 2013; Kiviniemi et al., 2016; Mestre et al.,
2018). These fluctuations are also of interest for research into
cerebral compliance in response to arterial pressure waves (Tong
and Frederick, 2014; Bianciardi et al., 2016; Atwi et al., 2019)
and their relationship with paraphysiological aging and related
neurodegenerative disorders (Chiarelli et al., 2017; Viessmann et al.,
2019; Kim et al., 2021).

The compliance can generally be defined as the change in
volume of a given tissue compartment in response to a given
change in pressure and is inversely linked to the rigidity of
the structures that enclose the compartment. The blood volume
in the cerebral arteries changes cyclically due to the cardiac

pulsations, which can therefore be considered as endogenous
pressure pulses useful to study some of the mechanisms of
heart-brain interaction. Compliance is an important index of
the biomechanical properties of the tissues of the human body,
in the healthy and pathological subjects. Aging and related
diseases (i.e., hypertension, dyslipidemia, and diabetes) can cause
stiffening of the aorta and other main arteries which results in
greater transmission of pressure impulses in the more peripheral
vessels and in particular in the cerebral ones. These repeated
impulses can in turn produce local alterations of the mechanical
properties of the cerebral vessels with an increased risk of stenosis,
formation or detachment of plaques, as well as a substantial
deterioration that is reflected in the long term also on the
neuronal functionality (Baumbach et al., 1991; Boutouyrie et al.,
1999; Gupta et al., 2012; Makedonov et al., 2013). Indeed, there
is increased evidence that vascular issues play a major role
not only in brain pathologies directly involving blood vessels
(e.g., stroke) but in neurodegenerative disease as well, with
a potential link between arterial phenotypes in mid-life and
increased risk of dementia (Poels et al., 2007; Mitchell et al.,
2011; Pase et al., 2012; Singer et al., 2013; van Sloten et al., 2015;
Lin et al., 2018).

The most employed non-invasive marker of systemic
compliance is the carotid-femoral pulse wave velocity (cfPWV),
determined from the time taken by the arterial pulse to travel
from the carotid to the femoral artery. Large arteries in the brain
are also accessible with non-invasive methods suitable to estimate
vessel compliance, such as Transcranial Doppler Ultrasound
(TCD). In this case, a carotid pulsatility index is usually defined
as the difference between the peak systolic flow and minimum
diastolic flow velocity, normalized to the mean velocity recorded
throughout the cardiac cycle.

However, high spatio/temporal resolution fMRI studies of the
brain patterns most affected by cardiac pulsations in health and
disease may offer the opportunity to identify much more specific
risk markers than systemic factors based on measurements of the
vascular compliance of large arteries or other global risk factors
related to hypertension, dyslipidemia, diabetes, etc. This paper
reviews the main studies on this emerging fMRI application in
major neurological and psychiatric disorders.

2 Neurological studies

2.1 Aging and dementia

In the past 15 years, research on aging and dementia
showed a relationship between systemic vascular factors and
brain function. The nature of this association was extensively
examined by measuring the vascular stiffness of large arteries
(Poels et al., 2007; Mitchell et al., 2011; Pase et al., 2012; Singer
et al., 2013; Lin et al., 2014; van Sloten et al., 2015). Pulsatile
hemodynamic changes, measured through cfPWV, precedes the
onset of hypertension, suggesting that arterial stiffness serves as a
powerful predictor of cognitive decline, rather than hypertension
alone (Kaess et al., 2012; Hajjar et al., 2016). However, the
causality direction between aortic stiffening and hypertension
is complex, potentially involving a bidirectional relationship
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(Keehn et al., 2023). Interestingly, higher cfPWV was linked to
increased white matter hyperintensity (WMH) volume, which
serves as a marker for cerebral injury (Keehn et al., 2023). Elevated
values of the carotid pulsatility index, pulse pressure, and cfPWV
have each been linked to an increased risk of silent subcortical
infarcts, which are defined as infarcts observed on brain CT
or MRI without any corresponding stroke episode (Raghavan
et al., 2021). The Carotid pulsatility index was associated with
lower whole-brain volumes of the gray matter (GM) and white
matter (WM), which are in turn indicative of overall brain
atrophy. Carotid pulsatility index was also correlated with the
decline in a broad range of cognitive domains, including memory
scores, processing speed, and executive function. Alteration of the
cfPWV and carotid pulse pressure were selectively associated with
memory impairment (Mitchell et al., 2011). In addition, cfPWV
was associated with a greater risk of conversion to dementia in
patients with mild cognitive impairment (MCI) (Rouch et al.,
2018). In contrast, intima-media thickness, carotid plaques, or
carotid artery diameter did not predict conversion to dementia.
These results thereby suggest that arterial stiffness is a more
specific biomarker to identify MCI patients at higher risk of
dementia. Similar findings were observed by assessing pulsatility
with more localized approaches targeting large cerebral arteries,
e.g., using phase contrast MRI or TCD, rather than systemic
indices such as cfPWV (Shi et al., 2018). In one study, the cerebral
arterial stiffness assessed by the TCD ultrasound pulsatility index
was correlated with the WMH lesion volume (Kidwell et al.,
2001). In another study using phase contrast MRI, cerebral small
vessel disease (SVD) was associated with increased intracranial
pulsatility rather than with low global cerebral blood flow (Shi
et al., 2020). However, both TCD and phase contrast MRI
have limited spatial resolution and can usually target only large
cerebral vessels. In this regard, fMRI techniques are expected to
provide a more spatially refined assessment of brain pulsatility,
potentially offering more specific markers to study cerebrovascular
compliance or for predicting cerebrovascular/neurodegenerative
disease (Dagli et al., 1999; Tong and Frederick, 2014; Bianciardi
et al., 2016; Viessmann et al., 2017). For example, BOLD pulsatility
in healthy adolescents was reduced after aerobic exercise in
gray/white matter and in particular in the left insula, a region
that regulates autonomic signals (Theyers et al., 2019). In the
same vein a dynamic modulation of pulsation amplitudes during
a breath hold challenge was observed, with a significant increase
of pulsatility in key areas of the respiratory control network
(Raitamaa et al., 2019). Makedonov et al. (2013) were the first
to investigate BOLD pulsatility changes related to normal and
pathological aging. Using a fast fMRI acquisition (TR = 250 ms),
they achieved unaliased sampling of cardiac pulsatility in the
BOLD time-series acquired in healthy young/elderly subjects and a
group of patients with SVD. When investigating normal-appearing
white matter (NAWM) regions, cardiac pulsatility significantly
increased with age. A further significant increase was observed
in SVD patients compared to healthy elderly, consistently with
the notion that age-related increase in systemic arterial stiffness
causes increased transmission of cardiac pressure pulses to distant
organs and that pathological conditions such as SVD can contribute
significantly to exacerbate this effect. However, within the SVD
group, cardiac pulsatility was observed to be higher in normal-
appearing white matter (NAWM) regions than in regions with

white matter hyperintensity (WMH). WMH is characterized by
a local hypointense signal in FLAIR MR images, indicative of
leukoaraiosis, and is associated with cognitive impairment as well
as with triples the risk of stroke and doubles the risk of dementia
(Makedonov et al., 2013). This apparently contrasting result can
be explained by observing that histological analysis showed a
decreased concentration of afferent vessels within WMH regions
compared to NAWM (Brown et al., 2007), which in turn could
contribute to decreased pulsatility. Furthermore, the thickening
of vein walls in SVD due to the deposition of collagen (Moody
et al., 1995) could decrease the level of cardiac pulsatility in the
affected regions. An MRI/histology study in AD revealed that
collagenosis in large veins significantly predicted the WMH lesion
volume (Gao et al., 2012). A more recent study performed with
high-temporal resolution rs-fMRI (TR = 328 ms) also showed an
age-related spatial increase of cardiac BOLD pulsatility in WM
(Viessmann et al., 2019). Taken together, these findings suggest that
assessment of cardiac pulsatility in the WM could characterize age
modifications and SVD abnormalities that are not addressed by
structural MRI. Notably, conventional fMRI data also showed that
physiological fluctuations in the brain (which include an aliased
contribution of cardiac pulsatility for TR > 1 s) are increased and
associated with cognitive decline in AD (Makedonov et al., 2016;
Scarapicchia et al., 2018).

Moreover, recent ultrafast (TR = 100 ms) fMRI reported
waves of reversed impulse propagation in patients, specifically in
mesiotemporal and periventricular structures (Rajna et al., 2021)
suggesting increased stiffness in more distal brain vasculature,
possibly due to amyloid-β and tau accumulation within the
perivascular space (Palmqvist et al., 2017). Consequently, the
resulting narrowing of perivascular and intravascular spaces,
associated with elevated amyloid-β and tau filaments, may
impede the glymphatic mechanism driven by cardiovascular
arterial pulsations, ultimately leading to progressive brain function
impairment.

2.2 Parkinson’s disease

Parkinson’s disease (PD) is a progressive age-related
neurodegenerative disorder characterized by motor symptoms,
including tremor, rigidity, bradykinesia, postural instability/gait
difficulty (PIGD), as well as cognitive impairment (Poewe et al.,
2017). Cerebral small vessel disease, manifesting as white matter
hyperintensity (WMH), is associated with motor deficits (Baezner
et al., 2008; Buchman et al., 2013) and cognitive impairment, and
it can contribute to the severity of PD symptoms (Bohnen and
Albin, 2011). The BOLD signal in WM provides physiological
information that is unrelated to neuronal activity and can therefore
reflect features related to small blood vessels. Shirzadi et al. (2018),
testing the correlation of BOLD pulsatility in WM with vascular
issues (e.g., SVD) in PD patients, revealed a significant relationship
of signal fluctuation with WMH volumes, systemic vascular risk
burden, microvascular damage, and striatal binding ratio of the
dopamine transporter. Brain pulsatility was also associated with
lower motor performance, increased postural instability, and gait
difficulties. By combining fMRI and diffusion imaging metrics,
Shirzadi et al. (2018) suggested that microvascular pulsatility
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contributes to motor dysfunction through damage to small
vessels in subcortical regions and the disruption of small vessel
function within WM. The latter phenomenon is critical in PD, as
it leads to the disconnection of the corticostriatal-thalamocortical
pathways and interhemispheric connections, both of which are
recognized contributors to motor dysfunction (Bohnen and Albin,
2011). This vulnerability to pulsatility is particularly pronounced
in deep brain structures like WM and the basal ganglia, as
they are supplied by short, penetrating arterioles with limited
ability to dampen high-pressure cardiac pulses. However, the
study by Shirzadi et al. (2018) is limited by a TR of 2,400 ms
during data acquisition, which was too long to clearly distinguish
cardiac pulsatility from other sources of signal fluctuation,
such as respiration, without simultaneous cardiorespiratory
tracing. Nevertheless, these findings underscore that BOLD
physiological noise can serve as an additional neuroimaging
measure of PD symptoms, especially those related to small vessel
alterations.

2.3 Epilepsy

Resting-state fMRI data acquired during the inter-ictal
period have shown altered functional connectivity in individuals
with epilepsy (Mankinen et al., 2012; Wurina et al., 2012;
Constable et al., 2013). Recent investigations have delved into
BOLD signal "noise" characteristics in epilepsy, using fast
fMRI with MREG acquisition. Kananen et al. (2018, 2020)
revealed heightened respiratory signal fluctuations in drug-
resistant epilepsy patients. These changes were observed in
brainstem areas controlling the autonomic system, spanning
frequencies in the respiration/parasympathetic range (0.12–
0.4 Hz) and very low-frequency range (< 0.01 Hz). Importantly,
these alterations remained significant even after adjusting for
head motion. Furthermore, they were confirmed in preliminary
findings from newly diagnosed drug-naïve epilepsy patients,
ruling out a pharmacologically induced effect (Kananen et al.,
2018). External measurements of cardiorespiratory activity and
electroencephalography data couldn’t explain these observations.
These physiological pulsation alterations were observed even in
patients without mesial temporal sclerosis, often linked with drug-
resistant epilepsy (Jutila et al., 2002; Lapalme-Remis and Cascino,
2016). The absence of aquaporin AQP4 channels in mesial temporal
sclerosis regions, leading to impaired clearance mechanisms, may
underlie these changes. This lack of clearance can alter extracellular
electrolyte concentrations, increasing neuronal susceptibility to
seizures (Eid et al., 2005; Marchi et al., 2007; Lundgaard et al., 2017).
Exploring intrinsic fMRI physiological signal fluctuations emerges
as a novel diagnostic tool for drug-resistant epilepsy, potentially
detecting early glymphatic mechanism changes preceding visible
mesial temporal sclerosis signs. In a recent study involving
medicated and drug-naïve patients with focal epilepsy, Kananen
et al. (2022) demonstrated increased synchronicity of respiratory
brain pulsations, especially in periventricular, frontal, and mid-
temporal regions, compared to controls. This respiratory brain
synchronicity correlated positively with seizure frequency and
accurately distinguished controls from medicated patients. These
findings open new avenues for understanding and diagnosing
epilepsy-related changes in brain pulsatility.

3 Psychiatric studies

The relationship between fMRI physiological noise and
psychiatric disorders remains relatively underexplored. Changes
in physiological noise and axonal disruption were observed
in the WM of schizophrenic patients compared to normal
controls (Cheng et al., 2015). Despite some overlaps, the regions
showing voxel-wise temporal signal-to-noise ratio are different
from those for fractional anisotropy derived from diffusion
tensor imaging, suggesting a dissociation of microstructural
and functional abnormalities in WM. Moreover, by employing
the coefficient of variation of the BOLD signal as a proxy
for physiological brain pulsatility, it has been highlighted that
the patients with psychotic-like symptoms had higher mean
brain pulsatility in CSF and WM compared to those without
such symptoms (Saarinen A. I. L. et al., 2020). Voxel-wise
analysis further revealed increased pulsatility in periventricular
WM, basal ganglia, cerebellum, and cortical regions, including
middle and frontal insula, primary sensorimotor and lateral
paracingulate cortices, middle and frontal insula. Notably, also
in this case the findings were not influenced by head motion.
In addition to investigating brain pulsatility, a meta-analysis
of previous fMRI and voxel-based morphometry studies in
schizophrenia patients was conducted in search of affected areas
using more traditional analytical approaches. Here again, only
a modest overlap (approximately 6%) emerged between regions
highlighted by brain pulsatility and those identified through
standard functional or structural MRI analyses by Saarinen
A. I. L. et al. (2020). These authors also explored potential
associations between familial risk for psychosis and polygenic
risk scores for schizophrenia with the coefficient of variation
of the BOLD signal in the brain (Saarinen A. et al., 2020).
However, when considering age, sex, and motion in their analysis,
they found no significant correlation between familial risk or
polygenic risk scores and brain pulsatility in cerebrospinal
fluid, WM or GM. The authors propose that individuals
genetically predisposed to psychosis may exhibit heightened
physiological brain fluctuation, but compensatory mechanisms
or underlying processes help regulate this fluctuation until the
onset of neuropsychiatric diseases. Consequently, changes in brain
pulsatility may only become evident after the manifestation of
these disorders.

4 Pharmacological studies

Few studies tried to determine the effect of drugs on the
transmission of cardiac arterial pulsatility to the brain. Using
multiband fMRI (TR = 0.43 s) and non-invasive simultaneous
continuous recording of brachial blood pressure, Webb and
Rothwell (2016) investigated brain cardiac pulsatility in healthy
adults after 1 week of daily intake of amlodipine (10 mg) or
propranolol-LA (160 mg) in a cross-over design, with a 2-
week washout. A stronger association between peripheral cardiac
cycle waveform and BOLD pulsatility in GM was observed for
propranolol, suggesting a reduced dampening of cardiac pressure
waves reaching the brain with respect to amlodipine. Intriguingly,
although the generalization of healthy subjects’ results to patient
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populations is not straightforward, these findings could potentially
explain the differences between the 2 drugs in stroke risk mitigation
(i.e., calcium channel blockers are more effective than beta blocker)
despite their similar effects on systemic blood pressure (Webb
et al., 2010; Webb and Rothwell, 2014, 2016). Further clinical
trials are currently in progress to assess the effect of sildenafil
vs. cilostazol on cerebral pulsatility and cerebrovascular reactivity
and their potential benefits to slow the progression of SVD
(Webb et al., 2021).

5 Discussion

The physiological noise in fMRI time courses originating
from cardiorespiratory activity can be transformed into a
noteworthy signal of interest, leading to the development of
novel non-invasive biomarkers applicable in various clinical
contexts, including neurodegenerative, epileptic, psychiatric, and
PD. Specifically, alterations in pulsatility within pathological
brain tissue due to upstream or local vessel stiffening can
be investigated with high spatiotemporal resolution using
clinical scanners. The consistent impact of cardiac pulsations
on the small vessels in the brain has been proposed as
a significant mechanism contributing to vascular changes
and an important factor in waste product elimination. The
utilization of ultrafast fMRI techniques, increasingly available,
holds promise for exploring these applications in larger
patient populations. Such studies can contribute to evaluating
treatment response and advancing the development of new
therapeutic strategies.

Author contributions

SD: Conceptualization, Writing—original draft. FG: Writing—
review and editing. MD: Writing—review and editing. MC:
Writing—review and editing. SS: Writing—review and editing.
AF: Conceptualization, Funding acquisition, Methodology,
Supervision, Writing—original draft.

Funding

The author(s) declare financial support was received for
the research, authorship, and/or publication of this article.
SD acknowledges financial support from Search of Excellence
(University "G. d’Annunzio" of Chieti- Pescara). SS acknowledges
financial support from the Italian Ministry of Health, the
AIRAlzh Onlus (ANCC-COOP), the Alzheimer’s Association–
Part the Cloud: Translational Research Funding for Alzheimer’s
Disease (18PTC-19-602325), and the Alzheimer’s Association–
GAAIN Exploration to Evaluate Novel Alzheimer’s Queries
(GEENA-Q-19-596282). AF acknowledges financial support from
Strengthening of Research Structures and creation of R&D
“Innovation Ecosystems,” National Recovery and Resilience Plan
(NRRP), Mission 4, Component 2 Investment 1.5, funded from the
European Union–NextGenerationEU–VITALITY, ECS00000041
(grant no. D73C22000840006).

Conflict of interest

MD was employed by Comec Innovative SrL.
The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no impact
on the peer review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Atwi, S., Shao, H., Crane, D. E., da Costa, L., Aviv, R. I., Mikulis, D. J., et al. (2019).
BOLD-based cerebrovascular reactivity vascular transfer function isolates amplitude
and timing responses to better characterize cerebral small vessel disease. NMR Biomed.
32:e4064. doi: 10.1002/nbm.4064

Baezner, H., Blahak, C., Poggesi, A., Pantoni, L., Inzitari, D., Chabriat, H., et al.
(2008). Association of gait and balance disorders with age-related white matter
changes: The LADIS study. Neurology 70, 935–942.

Bandettini, P. A., Wong, E. C., Hinks, R. S., Tikofsky, R. S., and Hyde, J. S. (1992).
Time course EPI of human brain function during task activation. Magn. Reson. Med.
25, 390–397.

Baumbach, G. L., Siems, J. E., and Heistad, D. D. (1991). Effects of local reduction in
pressure on distensibility and composition of cerebral arterioles.Circ. Res. 68, 338–351.
doi: 10.1161/01.RES.68.2.338

Bianciardi, M., Fukunaga, M., van Gelderen, P., Horovitz, S. G., de Zwart, J. A.,
Shmueli, K., et al. (2009). Sources of functional magnetic resonance imaging signal
fluctuations in the human brain at rest: A 7 T study. Magn. Reson. Imaging 27,
1019–1029. doi: 10.1016/j.mri.2009.02.004

Bianciardi, M., Toschi, N., Polimeni, J. R., Evans, K. C., Bhat, H., Keil, B., et al.
(2016). The pulsatility volume index: An indicator of cerebrovascular compliance
based on fast magnetic resonance imaging of cardiac and respiratory pulsatility. Philos.
Trans. A Math. Phys. Eng. Sci. 374:20150184. doi: 10.1098/rsta.2015.0184

Birn, R. M. (2012). The role of physiological noise in resting-state functional
connectivity. Neuroimage 62, 864–870.

Bohnen, N. I., and Albin, R. L. (2011). White matter lesions in Parkinson disease.
Nat. Rev. Neurol. 7, 229–236.

Boutouyrie, P., Bussy, C., Lacolley, P., Girerd, X., Laloux, B., and Laurent, S. (1999).
Association between local pulse pressure, mean blood pressure, and large-artery
remodeling. Circulation 100, 1387–1393.

Brier, M. R., Thomas, J. B., Fagan, A. M., Hassenstab, J., Holtzman, D. M., Benzinger,
T. L., et al. (2014). Functional connectivity and graph theory in preclinical Alzheimer’s
disease. Neurobiol. Aging 35, 757–768.

Brown, W. R., Moody, D. M., Thore, C. R., Challa, V. R., and Anstrom, J. A. (2007).
Vascular dementia in leukoaraiosis may be a consequence of capillary loss not only in

Frontiers in Human Neuroscience 05 frontiersin.org

https://doi.org/10.3389/fnhum.2023.1327276
https://doi.org/10.1002/nbm.4064
https://doi.org/10. 1161/01.RES.68.2.338
https://doi.org/10.1016/j.mri.2009.02.004
https://doi.org/10.1098/rsta.2015.0184
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/


fnhum-17-1327276 December 27, 2023 Time: 17:32 # 6

Delli Pizzi et al. 10.3389/fnhum.2023.1327276

the lesions, but in normal-appearing white matter and cortex as well. J. Neurol. Sci.
257, 62–66. doi: 10.1016/j.jns.2007.01.015

Buchman, A. S., Yu, L., Boyle, P. A., Levine, S. R., Nag, S., Schneider, J. A., et al.
(2013). Microvascular brain pathology and late-life motor impairment. Neurology 80,
712–718. doi: 10.1212/WNL.0b013e3182825116

Cheng, H., Newman, S. D., Kent, J. S., Bolbecker, A., Klaunig, M. J., O’Donnell, B. F.,
et al. (2015). White matter abnormalities of microstructure and physiological noise in
schizophrenia. Brain Imaging Behav. 9, 868–877. doi: 10.1007/s11682-014-9349-1

Chiarelli, A. M., Fletcher, M. A., Tan, C. H., Low, K. A., Maclin, E. L., Zimmerman,
B., et al. (2017). Individual differences in regional cortical volumes across the life span
are associated with regional optical measures of arterial elasticity. Neuroimage 162,
199–213. doi: 10.1016/j.neuroimage.2017.08.064

Constable, R. T., Scheinost, D., Finn, E. S., Shen, X., Hampson, M., Winstanley,
F. S., et al. (2013). Potential use and challenges of functional connectivity mapping
in intractable epilepsy. Front. Neurol. 4:39. doi: 10.3389/fneur.2013.00039

Dagli, M. S., Ingeholm, J. E., and Haxby, J. V. (1999). Localization of cardiac-induced
signal change in fMRI. Neuroimage 9, 407–415.

Eid, T., Lee, T. S., Thomas, M. J., Amiry-Moghaddam, M., Bjornsen, L. P., Spencer,
D. D., et al. (2005). Loss of perivascular aquaporin 4 may underlie deficient water
and K+ homeostasis in the human epileptogenic hippocampus. Proc. Natl. Acad. Sci.
U. S. A. 102, 1193–1198. doi: 10.1073/pnas.0409308102

Esposito, R., Cieri, F., Chiacchiaretta, P., Cera, N., Lauriola, M., Di Giannantonio,
M., et al. (2018). Modifications in resting state functional anticorrelation between
default mode network and dorsal attention network: Comparison among young adults,
healthy elders and mild cognitive impairment patients. Brain Imaging Behav. 12,
127–141. doi: 10.1007/s11682-017-9686-y

Esposito, R., Cilli, F., Pieramico, V., Ferretti, A., Macchia, A., Tommasi, M., et al.
(2013). Acute effects of modafinil on brain resting state networks in young healthy
subjects. PLoS One 8:e69224. doi: 10.1371/journal.pone.0069224

Feinberg, D. A., Moeller, S., Smith, S. M., Auerbach, E., Ramanna, S., Gunther, M.,
et al. (2010). Multiplexed echo planar imaging for sub-second whole brain FMRI and
fast diffusion imaging. PLoS One 5:e15710. doi: 10.1371/journal.pone.0015710

Feinberg, D. A., and Setsompop, K. (2013). Ultra-fast MRI of the human brain with
simultaneous multi-slice imaging. J. Magn. Reson. 229, 90–100.

Ferreira, L. K., and Busatto, G. F. (2013). Resting-state functional connectivity in
normal brain aging. Neurosci. Biobehav. Rev. 37, 384–400.

Gao, F., Keith, J., Nadeau, Y., and Kiss, A. (2012). “Relationship between collagenosis
of the deep medullary veins and periventricular white matter hyperintensities on
MRI in Alzheimer’s disease: Does one size fit all?,” in Proceedings of the Alzheimer’s
Association International Conference, Amsterdam.

Groschel, S., Sohns, J. M., Schmidt-Samoa, C., Baudewig, J., Becker, L., Dechent,
P., et al. (2013). Effects of age on negative BOLD signal changes in the primary
somatosensory cortex. Neuroimage 71, 10–18. doi: 10.1016/j.neuroimage.2012.12.039

Gupta, A., Nair, S., Schweitzer, A. D., Kishore, S., Johnson, C. E., Comunale, J. P.,
et al. (2012). Neuroimaging of cerebrovascular disease in the aging brain. Aging Dis. 3,
414–425.

Hajjar, I., Goldstein, F. C., Martin, G. S., and Quyyumi, A. A. (2016). Roles of arterial
stiffness and blood pressure in hypertension-associated cognitive decline in healthy
adults. Hypertension 67, 171–175. doi: 10.1161/HYPERTENSIONAHA.115.06277

Hennig, J., Kiviniemi, V., Riemenschneider, B., Barghoorn, A., Akin, B., Wang,
F., et al. (2021). 15 Years MR-encephalography. MAGMA 34, 85–108. doi: 10.1007/
s10334-020-00891-z

Iliff, J. J., Wang, M., Zeppenfeld, D. M., Venkataraman, A., Plog, B. A., Liao, Y., et al.
(2013). Cerebral arterial pulsation drives paravascular CSF-interstitial fluid exchange
in the murine brain. J. Neurosci. 33, 18190–18199. doi: 10.1523/JNEUROSCI.1592-13.
2013

Jutila, L., Immonen, A., Mervaala, E., Partanen, J., Partanen, K., Puranen, M.,
et al. (2002). Long term outcome of temporal lobe epilepsy surgery: Analyses of 140
consecutive patients. J. Neurol. Neurosurg. Psychiatry 73, 486–494.

Kaess, B. M., Rong, J., Larson, M. G., Hamburg, N. M., Vita, J. A., Levy, D., et al.
(2012). Aortic stiffness, blood pressure progression, and incident hypertension. JAMA
308, 875–881.

Kananen, J., Helakari, H., Korhonen, V., Huotari, N., Jarvela, M., Raitamaa, L., et al.
(2020). Respiratory-related brain pulsations are increased in epilepsy-a two-centre
functional MRI study. Brain Commun. 2:fcaa076. doi: 10.1093/braincomms/fcaa076

Kananen, J., Jarvela, M., Korhonen, V., Tuovinen, T., Huotari, N., Raitamaa, L., et al.
(2022). Increased interictal synchronicity of respiratory related brain pulsations in
epilepsy. J. Cereb. Blood FlowMetab. 42, 1840–1853. doi: 10.1177/0271678X221099703

Kananen, J., Tuovinen, T., Ansakorpi, H., Rytky, S., Helakari, H., Huotari, N., et al.
(2018). Altered physiological brain variation in drug-resistant epilepsy. Brain Behav.
8:e01090. doi: 10.1002/brb3.1090

Keehn, L., Mangino, M., Spector, T., Chowienczyk, P., and Cecelja, M. (2023).
Relation of pulse wave velocity to contemporaneous and historical blood pressure
in female twins. Hypertension 80, 361–369. doi: 10.1161/HYPERTENSIONAHA.122.
19311

Kidwell, C. S., el-Saden, S., Livshits, Z., Martin, N. A., Glenn, T. C., and Saver, J. L.
(2001). Transcranial Doppler pulsatility indices as a measure of diffuse small-vessel
disease. J. Neuroimaging 11, 229–235. doi: 10.1111/j.1552-6569.2001.tb00039.x

Kim, T., Kim, S. Y., Agarwal, V., Cohen, A., Roush, R., Chang, Y. F., et al. (2021).
Cardiac-induced cerebral pulsatility, brain structure, and cognition in middle and
older-aged adults. Neuroimage 233, 117956. doi: 10.1016/j.neuroimage.2021.117956

Kiviniemi, V., Wang, X., Korhonen, V., Keinanen, T., Tuovinen, T., Autio, J., et al.
(2016). Ultra-fast magnetic resonance encephalography of physiological brain activity
- Glymphatic pulsation mechanisms? J. Cereb. Blood Flow Metab. 36, 1033–1045.
doi: 10.1177/0271678X15622047

Lapalme-Remis, S., and Cascino, G. D. (2016). Imaging for adults with seizures and
epilepsy. Continuum 22, 1451–1479.

Lin, H. L., Lin, H. C., and Chen, Y. H. (2014). Psychiatric diseases predated the
occurrence of Parkinson disease: A retrospective cohort study. Ann. Epidemiol. 24,
206–213.

Lin, C. H., Cheng, H. M., Chuang, S. Y., and Chen, C. H. (2018). Vascular Aging and
Cognitive Dysfunction: Silent Midlife Crisis in the Brain. Pulse (Basel). 5, 127–132.
doi: 10.1159/000481734

Lundgaard, I., Lu, M. L., Yang, E., Peng, W., Mestre, H., Hitomi, E., et al. (2017).
Glymphatic clearance controls state-dependent changes in brain lactate concentration.
J. Cereb. Blood Flow Metab. 37, 2112–2124. doi: 10.1177/0271678X16661202

Makedonov, I., Black, S. E., and Macintosh, B. J. (2013). BOLD fMRI in the white
matter as a marker of aging and small vessel disease. PLoS One 8:e67652. doi: 10.1371/
journal.pone.0067652

Makedonov, I., Chen, J. J., Masellis, M., MacIntosh, B. J., and Alzheimer’s Disease
Neuroimaging, I. (2016). Physiological fluctuations in white matter are increased
in Alzheimer’s disease and correlate with neuroimaging and cognitive biomarkers.
Neurobiol. Aging 37, 12–18. doi: 10.1016/j.neurobiolaging.2015.09.010

Mankinen, K., Jalovaara, P., Paakki, J. J., Harila, M., Rytky, S., Tervonen, O., et al.
(2012). Connectivity disruptions in resting-state functional brain networks in children
with temporal lobe epilepsy. Epilepsy Res. 100, 168–178.

Marchi, N., Angelov, L., Masaryk, T., Fazio, V., Granata, T., Hernandez, N., et al.
(2007). Seizure-promoting effect of blood-brain barrier disruption. Epilepsia 48, 732–
742. doi: 10.1111/j.1528-1167.2007.00988.x

Mestre, H., Tithof, J., Du, T., Song, W., Peng, W., Sweeney, A. M., et al. (2018). Flow
of cerebrospinal fluid is driven by arterial pulsations and is reduced in hypertension.
Nat. Commun. 9:4878. doi: 10.1038/s41467-018-07318-3

Mitchell, G. F., van Buchem, M. A., Sigurdsson, S., Gotal, J. D., Jonsdottir, M. K.,
Kjartansson, O., et al. (2011). Arterial stiffness, pressure and flow pulsatility and brain
structure and function: The age, gene/environment susceptibility–Reykjavik study.
Brain 134, 3398–3407. doi: 10.1093/brain/awr253

Moller, C., Vrenken, H., Jiskoot, L., Versteeg, A., Barkhof, F., Scheltens, P., et al.
(2013). Different patterns of gray matter atrophy in early- and late-onset Alzheimer’s
disease. Neurobiol. Aging 34, 2014–2022.

Moody, D. M., Brown, W. R., Challa, V. R., and Anderson, R. L. (1995).
Periventricular venous collagenosis: Association with leukoaraiosis. Radiology 194,
469–476.

Nedergaard, M. (2013). Neuroscience. Garbage truck of the brain. Science 340,
1529–1530. doi: 10.1126/science.1240514

Ogawa, S., Tank, D. W., Menon, R., Ellermann, J. M., Kim, S. G., Merkle, H.,
et al. (1992). Intrinsic signal changes accompanying sensory stimulation: Functional
brain mapping with magnetic resonance imaging. Proc. Natl. Acad. Sci. U. S. A. 89,
5951–5955.

Palmqvist, S., Scholl, M., Strandberg, O., Mattsson, N., Stomrud, E., Zetterberg,
H., et al. (2017). Earliest accumulation of beta-amyloid occurs within the default-
mode network and concurrently affects brain connectivity. Nat. Commun. 8:1214.
doi: 10.1038/s41467-017-01150-x

Pase, M. P., Herbert, A., Grima, N. A., Pipingas, A., and O’Rourke, M. F. (2012).
Arterial stiffness as a cause of cognitive decline and dementia: A systematic review
and meta-analysis. Intern. Med. J. 42, 808–815. doi: 10.1111/j.1445-5994.2011.0
2645.x

Poels, M. M., van Oijen, M., Mattace-Raso, F. U., Hofman, A., Koudstaal, P. J.,
Witteman, J. C., et al. (2007). Arterial stiffness, cognitive decline, and risk of dementia:
The Rotterdam study. Stroke 38, 888–892. doi: 10.1161/01.STR.0000257998.33768.87

Poewe, W., Seppi, K., Tanner, C., Halliday, G., Brundin, P., Volkmann, J., et al.
(2017). Parkinson disease. Nat. Rev. Dis. Primers 3:17013.

Raghavan, S., Graff-Radford, J., Scharf, E., Przybelski, S. A., Lesnick, T. G., Gregg,
B., et al. (2021). Study of Symptomatic vs. Silent Brain Infarctions on MRI in Elderly
Subjects. Front. Neurol. 12:615024. doi: 10.3389/fneur.2021.615024

Raitamaa, L., Korhonen, V., Huotari, N., Raatikainen, V., Hautaniemi, T., Kananen,
J., et al. (2019). Breath hold effect on cardiovascular brain pulsations - A multimodal
magnetic resonance encephalography study. J. Cereb. Blood Flow Metab. 39, 2471–
2485. doi: 10.1177/0271678X18798441

Rajna, Z., Mattila, H., Huotari, N., Tuovinen, T., Kruger, J., Holst, S. C., et al. (2021).
Cardiovascular brain impulses in Alzheimer’s disease. Brain 144, 2214–2226.

Frontiers in Human Neuroscience 06 frontiersin.org

https://doi.org/10.3389/fnhum.2023.1327276
https://doi.org/10.1016/j.jns.2007.01.015
https://doi.org/10.1212/WNL.0b013e3182825116
https://doi.org/10.1007/s11682-014-9349-1
https://doi.org/10.1016/j.neuroimage.2017.08.064
https://doi.org/10.3389/fneur.2013.00039
https://doi.org/10.1073/pnas.0409308102
https://doi.org/10.1007/s11682-017-9686-y
https://doi.org/10.1371/journal.pone.0069224
https://doi.org/10.1371/journal.pone.0015710
https://doi.org/10.1016/j.neuroimage.2012.12.039
https://doi.org/10.1161/HYPERTENSIONAHA.115.06277
https://doi.org/10.1007/s10334-020-00891-z
https://doi.org/10.1007/s10334-020-00891-z
https://doi.org/10.1523/JNEUROSCI.1592-13.2013
https://doi.org/10.1523/JNEUROSCI.1592-13.2013
https://doi.org/10.1093/braincomms/fcaa076
https://doi.org/10.1177/0271678X221099703
https://doi.org/10.1002/brb3.1090
https://doi.org/10.1161/HYPERTENSIONAHA.122.19311
https://doi.org/10.1161/HYPERTENSIONAHA.122.19311
https://doi.org/10.1111/j.1552-6569.2001.tb00039.x
https://doi.org/10.1016/j.neuroimage.2021.117956
https://doi.org/10.1177/0271678X15622047
https://doi.org/10.1159/000481734
https://doi.org/10.1177/0271678X16661202
https://doi.org/10.1371/journal.pone.0067652
https://doi.org/10.1371/journal.pone.0067652
https://doi.org/10.1016/j.neurobiolaging.2015.09.010
https://doi.org/10.1111/j.1528-1167.2007.00988.x
https://doi.org/10.1038/s41467-018-07318-3
https://doi.org/10.1093/brain/awr253
https://doi.org/10.1126/science.1240514
https://doi.org/10.1038/s41467-017-01150-x
https://doi.org/10.1111/j.1445-5994.2011.02645.x
https://doi.org/10.1111/j.1445-5994.2011.02645.x
https://doi.org/10.1161/01.STR.0000257998.33768.87
https://doi.org/10.3389/fneur.2021.615024
https://doi.org/10.1177/0271678X18798441
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/


fnhum-17-1327276 December 27, 2023 Time: 17:32 # 7

Delli Pizzi et al. 10.3389/fnhum.2023.1327276

Rouch, L., Cestac, P., Sallerin, B., Andrieu, S., Bailly, H., Beunardeau, M., et al.
(2018). Pulse wave velocity is associated with greater risk of dementia in mild cognitive
impairment patients. Hypertension 72, 1109–1116.

Saarinen, A. I. L., Huhtaniska, S., Pudas, J., Björnholm, L., Jukuri, T., Tohka, J.,
et al. (2020). Structural and functional alterations in the brain gray matter among first-
degree relatives of schizophrenia patients: A multimodal meta-analysis of fMRI and
VBM studies. Schizophr. Res. 216, 14–23. doi: 10.1016/j.schres.2019.12.023

Saarinen, A., Lieslehto, J., Kiviniemi, V., Hakli, J., Tuovinen, T., Hintsanen,
M., et al. (2020). Symptomatic psychosis risk and physiological fluctuation in
functional MRI data. Schizophr. Res. 216, 339–346. doi: 10.1016/j.schres.2019.
11.029

Scarapicchia, V., Mazerolle, E. L., Fisk, J. D., Ritchie, L. J., and Gawryluk, J. R. (2018).
Resting State BOLD variability in Alzheimer’s Disease: A marker of cognitive decline
or cerebrovascular status? Front. Aging Neurosci. 10:39. doi: 10.3389/fnagi.2018.00039

Shi, Y., Thrippleton, M. J., Blair, G. W., Dickie, D. A., Marshall, I., Hamilton, I., et al.
(2020). Small vessel disease is associated with altered cerebrovascular pulsatility but
not resting cerebral blood flow. J. Cereb. Blood Flow Metab. 40, 85–99.

Shi, Y., Thrippleton, M. J., Marshall, I., and Wardlaw, J. M. (2018). Intracranial
pulsatility in patients with cerebral small vessel disease: A systematic review. Clin. Sci.
132, 157–171. doi: 10.1042/CS20171280

Shirzadi, Z., Robertson, A. D., Metcalfe, A. W., Duff-Canning, S., Marras, C., Lang,
A. E., et al. (2018). Brain tissue pulsatility is related to clinical features of Parkinson’s
disease. Neuroimage Clin. 20, 222–227. doi: 10.1016/j.nicl.2018.07.017

Singer, J., Trollor, J. N., Crawford, J., O’Rourke, M. F., Baune, B. T., Brodaty, H.,
et al. (2013). The association between pulse wave velocity and cognitive function: The
Sydney Memory and Ageing Study. PLoS One 8:e61855. doi: 10.1371/journal.pone.
0061855

Theyers, A. E., Goldstein, B. I., Metcalfe, A. W., Robertson, A. D., and MacIntosh,
B. J. (2019). Cerebrovascular blood oxygenation level dependent pulsatility at baseline
and following acute exercise among healthy adolescents. J. Cereb. Blood Flow Metab.
39, 1737–1749. doi: 10.1177/0271678X18766771

Tong, Y., and Frederick, B. D. (2014). Studying the spatial distribution of
physiological effects on BOLD signals using ultrafast fMRI. Front. Hum. Neurosci.
8:196. doi: 10.3389/fnhum.2014.00196

van Sloten, T. T., Protogerou, A. D., Henry, R. M., Schram, M. T., Launer,
L. J., and Stehouwer, C. D. (2015). Association between arterial stiffness, cerebral
small vessel disease and cognitive impairment: A systematic review and meta-
analysis. Neurosci. Biobehav. Rev. 53, 121–130. doi: 10.1016/j.neubiorev.2015.
03.011

Viessmann, O., Möller, H. E., and Jezzard, P. (2017). Cardiac cycle-induced EPI
time series fluctuations in the brain: Their temporal shifts, inflow effects and T2*
fluctuations. Neuroimage 162, 93–105. doi: 10.1016/j.neuroimage.2017.08.061

Viessmann, O., Moller, H. E., and Jezzard, P. (2019). Dual regression physiological
modeling of resting-state EPI power spectra: Effects of healthy aging. Neuroimage 187,
68–76. doi: 10.1016/j.neuroimage.2018.01.011

Webb, A., Werring, D., Dawson, J., Rothman, A., Lawson, A., and Wartolowska,
K. (2021). Design of a randomised, double-blind, crossover, placebo-controlled trial
of effects of sildenafil on cerebrovascular function in small vessel disease: Oxford
haemodynamic adaptation to reduce pulsatility trial (OxHARP). Eur. Stroke J. 6,
283–290. doi: 10.1177/23969873211026698

Webb, A. J., Fischer, U., Mehta, Z., and Rothwell, P. M. (2010). Effects of
antihypertensive-drug class on interindividual variation in blood pressure and risk
of stroke: A systematic review and meta-analysis. Lancet 375, 906–915. doi: 10.1016/
S0140-6736(10)60235-8

Webb, A. J., and Rothwell, P. M. (2014). Physiological correlates of beat-to-beat,
ambulatory, and day-to-day home blood pressure variability after transient ischemic
attack or minor stroke. Stroke 45, 533–538.

Webb, A. J., and Rothwell, P. M. (2016). Magnetic resonance imaging measurement
of transmission of arterial pulsation to the brain on propranolol versus amlodipine.
Stroke 47, 1669–1672. doi: 10.1161/STROKEAHA.115.012411

Wurina, Zang, Y. F., and Zhao, S. G. (2012). Resting-state fMRI studies in epilepsy.
Neurosci. Bull. 28, 449–455.

Frontiers in Human Neuroscience 07 frontiersin.org

https://doi.org/10.3389/fnhum.2023.1327276
https://doi.org/10.1016/j.schres.2019.12.023
https://doi.org/10.1016/j.schres.2019.11.029
https://doi.org/10.1016/j.schres.2019.11.029
https://doi.org/10.3389/fnagi.2018.00039
https://doi.org/10.1042/CS20171280
https://doi.org/10.1016/j.nicl.2018.07.017
https://doi.org/10.1371/journal.pone.0061855
https://doi.org/10.1371/journal.pone.0061855
https://doi.org/10.1177/0271678X18766771
https://doi.org/10.3389/fnhum.2014.00196
https://doi.org/10.1016/j.neubiorev.2015.03.011
https://doi.org/10.1016/j.neubiorev.2015.03.011
https://doi.org/10.1016/j.neuroimage.2017.08.061
https://doi.org/10.1016/j.neuroimage.2018.01.011
https://doi.org/10.1177/23969873211026698
https://doi.org/10.1016/S0140-6736(10)60235-8
https://doi.org/10.1016/S0140-6736(10)60235-8
https://doi.org/10.1161/STROKEAHA.115.012411
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/

	BOLD cardiorespiratory pulsatility in the brain: from noise to signal of interest
	1 Introduction
	2 Neurological studies
	2.1 Aging and dementia
	2.2 Parkinson's disease
	2.3 Epilepsy

	3 Psychiatric studies
	4 Pharmacological studies
	5 Discussion
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


