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Magnetic resonance imaging-based ID of the
vasculature across the heart-brain axis

Sebastian Weingartner

Department of Imaging Physics, Delft University of Technology, Lorentzweg 1, 2628C] Delft, The Netherlands

Failure of the microvasculature is increasingly moving into the spotlight
as a new frontier in cardiovascular medicine, underpinning many of
today’s most burdening diseases.” However, a paucity of tools for its
non-invasive characterization critically limits our understanding of
microvascular diseases. The European Research Council (ERC) has
awarded a Start-up Grant to pursue closing this gap. In the VascularlD
project, researchers from the TU Delft are tasked with the develop-
ment, validation, and demonstration of novel magnetic resonance im-
aging (MRI)-based tools to quantitatively uncover microvascular
properties in vivo.

The microvasculature describes the network of small vessels through-
out the body, comprising arterioles, venules, and capillaries. While sig-
nificant progress has been made in the diagnosis and treatment of
ischaemic heart disease and ischaemic stroke caused by the occlusion
of large arteries, many diseases of the microvasculature remain an
open clinical question. About 20%—60% of ischaemic heart disease,
stroke, and dementia cases are caused by small vessel disease."?
Cardiovascular disease entities that are thought to be related to micro-
vascular dysfunction, include heart failure with preserved ejection frac-
tion, myocardial infarct/ischaemia with non-obstructive coronary
arteries, or Takatsubo (Figure 7). Pathologies of the microvasculature
in the brain are described as cerebral small vessel disease and constitute
one of the major contributors to vascular cognitive dementia and cogni-
tive decline in the elderly. These cardio- and cerebrovascular diseases of-
ten present together and are linked to common comorbidities such as
hypertension, diabetes, obesity, or aging. Microvascular rarefaction is
a common feature of these comorbidities and is known to precede
the onset of symptoms. Thus, the microvasculature is increasingly mov-
ing into the focus of cardiovascular research and takes centre stage in the
search for the link, explaining the connection between disease entities of
the heart and the brain (the heart—brain axis).*

Our understanding of the (patho)physiology has always been intim-
ately linked to the availability of tools for its observation, dating back
all the way to Antoni van Leeuwenhoek’s account of the red blood cells
in the latter half of the 17th century. For example, occlusion of large ar-
teries can be directly visualized with various medical imaging modalities.
Ischaemic events in the heart or the brain that result from these

occlusions are well characterized and understood, their diagnosis is re-
liable and treatment options are plentiful. With diameters down to
<10 um, large parts of the microvasculature escape direct detection
with current medical imaging technology, due to limitations in the attain-
able imaging resolution. Thus, to date, a comprehensive assessment of
the microvasculature can only be achieved with histology. In vivo, this re-
quires an invasive sample biopsy, which can rarely be obtained. The lack
of non-invasive tools greatly hinders our understanding of the patho-
physiology and consequently limits the treatment options for micro-
vascular disease after the onset of symptoms.* Early interventions,
including preventive lifestyle changes, present a central strategy for clin-
ical management, but a lack of early disease markers hampers patient se-
lection for the best treatment and evaluation of interventions.
Comprehensive non-invasive characterization of the microvasculature
is needed to advance therapeutic developments and facilitate selective,
preventive interventions.

Magnetic resonance imaging is a mainstay in clinical radiology and is
gaining an increasing foothold in cardiovascular medicine in recent
years.5 While its imaging resolution remains limited compared with
CT, the strength of MRI lies in the unparalleled, wide spectrum of
contrast information. Physical phenomena from the nano- to the
macroscopic scale contribute to the signal strength in MRI and give
rise to a plethora of imaging contrasts enabling in-depth tissue char-
acterization. As a result, MRI can depict a macroscopic ensemble
average of microscopic phenomena. Clinically established examples
include the measurement of microscopic displacement in diffusion
MRI or the indirect detection of macromolecules in chemical ex-
change saturation transfer.

Another rich source of contrast has been found in the susceptibility
difference between deoxygenated blood and surrounding tissue. First
described as the blood oxygenation level-dependent (BOLD) effect
by Ogawa et al.® BOLD became widely used in a range of MRI applica-
tions. Most notably functional MRI (fMRI) uses the BOLD effect to de-
tect neural activity. Susceptibility-weighted imaging is also increasingly
gaining attention for the visualization of mesoscopic vessels in MR’
Seminal research has been carried out modelling the susceptibility fields
around the microvasculature to quantitatively describe their
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Figure 1 Impairment of the microvasculature is a hallmark of many of today’s most burdening diseases across the heart-brain axis, including forms of
ischaemic heart disease, stroke, and dementia. The lack of early, non-invasive markers limits our pathophysiological understanding and crucially affects
treatment success, as preventive intervention is the only successful clinical management strategy available.

contributions to the MRl signal and the BOLD effect.®” Such models
enabled a validated estimation of the blood oxygen extraction fraction
and the venous blood volume. In combination with exogenous contrast
agents, this has been shown to allow for the estimation of a blood-
volume weighted vessel size average.'® These techniques are examples
of the promising window that susceptibility effects provide in uncover-
ing microvascular properties in vivo.

The VascularlD project builds a research line to explore the potential
of susceptibility effects for quantitative assessment of microvascular
properties across the heart-brain axis (Figure 2). In this research

programme, researchers from the TU Delft aim to develop new ap-
proaches to leverage the susceptibility fields created in microvascular
vessel networks and derive quantitative imaging biomarkers for the
use of cardio- and cerebrovascular diseases. Existing and novel MRI
techniques will be combined in an attempt to provide an imaging suite
for a comprehensive assessment of the microvasculature. Thorough in-
vestigation and metrological characterization of those imaging biomar-
kers will be pursued. State-of-the-art microprinting will be used to
generate well-controlled environments of characteristic susceptibility
fields to validate the physical signal models. Animal models allow for
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Figure 2 Magnetic resonance imaging (MRI) has an imaging resolution multiple orders of magnitude larger than the size of the microvasculature.
Nonetheless, physical interactions of the hydrogen nuclei constituting the source of the magnetic resonance imaging signal can unlock comprehensive
characterization of the microvascular vessel network across the heart—brain axis in vivo. This figure has been designed using assets from Freepik.com.

in vivo validation against whole organ histology and can shed unique light
on the biological sensitivity of the imaging biomarkers. Inching towards
clinical qualification, comprehensive testing in healthy subjects, and
demonstration of clinical feasibility in relevant patient populations
across the heart-brain axis will fortify the imaging toolbox for
large-scale evaluation in the clinic.

Continuous advances in MR imaging physics and technology have put
us in a position to exploit the subtle characteristics of microvascular
susceptibility fields in vivo. This may provide a seminal approach toward
the characterization of microvascular diseases. Supported by an ERC
Start-Up grant this project attempts to provide new tools for the study
of microvascular pathophysiological processes. At a time when micro-
vascular diseases emerge as a new frontier in cardiovascular medicine, it
may equip cardiovascular researchers and practitioners with the much-
needed tools to take on one of the major healthcare challenges of
our time.
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