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Abstract

Impaired cerebral blood flow (CBF) and cerebral autoregulation are central features
in a range of neurological conditions including Alzheimer’s disease, traumatic brain
injury, epilepsy, schizophrenia, ischaemic stroke, cerebral small vessel disease, vascular
dementia, multiple sclerosis, and other neurodegenerative diseases. By exploring the
complex mechanisms of neurovascular dysfunction, such as endothelial cell damage,
blood-brain barrier disruption, and altered neurovascular coupling, we highlight
how these disruptions contribute to disease pathogenesis, progression, and clinical
outcomes. The review underscores the significant challenges in managing these
conditions, as current therapeutic options remain limited and often inadequate. We
advocate for a shift towards targeted research focused on restoring cerebrovascular
homeostasis, proposing that therapeutic modulation of CBF could mitigate disease
progression and improve patient outcomes. This work aims to provide clinicians,
researchers, and students with an integrated understanding of the intersection
between vascular dysfunction and neurological disorders, fostering interdisciplinary
collaboration and innovation in treatment strategies. By synthesising contemporary
research, we hope to inspire new avenues for translational research aimed at
developing novel therapies for cerebrovascular-related neurological diseases.

Keywords Autoregulation, Cerebrovascular circulation, Neurodegeneration,
Neurological disease, Neuropsychiatry, Neurosurgery

1 Introduction

Cerebral blood flow (CBF) is tightly regulated through neurovascular coupling and
cerebral autoregulation, ensuring a precise balance between regional perfusion and the
brain’s high metabolic demands. The neurovascular unit (NVU), comprising endothe-
lial cells, pericytes, vascular smooth muscle, astrocytic endfeet, neurons, and microg-
lia, functions as a coordinated interface that couples neural activity to local perfusion
demands (Fig. 1) [1]. Through integrated endothelial-astrocytic-pericytic signalling, the
NVU maintains blood—brain barrier (BBB) integrity, modulates cerebrovascular tone,
and stabilises CBF in response to metabolic and synaptic activity [2]. These mechanisms
preserve the delicate homeostasis essential for optimal cognitive, motor, and autonomic
function. The integrity of the NVU, BBB, and the glial-lymphatic (glymphatic) clearance
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Fig. 1 Cellular architecture of the neurovascular unit and blood-brain barrier. The neurovascular unit (NVU) com-
prises neurons, endothelial cells joined by tight and adherens junctions, pericytes embedded within a shared
basement membrane, astrocytic endfeet, and microglia. Together, these elements regulate cerebral blood flow
(CBF), metabolic exchange, and immune signalling to maintain the integrity of the blood-brain barrier (BBB). Api-
cal/luminally-located tight junctions (claudins, occludins, Zonula Occludens (ZO) proteins) and basal/peripherally
adherens junctions (VE-cadherin) are formed exclusively between endothelial cells and constitute the physical
BBB, while astrocytes, pericytes, neurons, and microglia modulate these junctions through signalling rather than
forming barrier complexes themselves. Under homeostatic conditions, endothelial junctional complexes restrict
paracellular diffusion, while astrocytic endfeet and pericytes modulate barrier permeability and neurovascular
coupling (the coupling of neural activity to vascular tone). Astrocytes are depicted here in their physiological
(non-reactive) state, as reactivity emerges only under pathological settings such as inflammation or ischaemia. The
schematic provides a general depiction of the NVU framework rather than a disease-specific representation (Cre-
ated in BioRender. Patel (2025) https://BioRender.com/6x050my)

system is integral to this regulation, and any disruption can initiate or exacerbate patho-
logical processes within the central nervous system (CNS).

Autoregulation operates through four interacting control axes (myogenic, metabolic,
neurogenic, and NVU-mediated coupling), each with distinct stimuli, effectors, and
timescales (Fig. 2) [3, 4]. The myogenic response stabilises flow across changes in cere-
bral perfusion pressure (CPP) through pressure-dependent smooth muscle constriction
or dilation. Metabolic regulation adjusts vascular tone according to local biochemical
signals, including carbon dioxide (CO,), pH, nitric oxide (NO), adenosine, lactate, and
endothelin-1 (ET,), enabling tight coupling between oxidative demand and perfusion
[5]. Neurogenic influences arising from autonomic and intracerebral neuronal pathways
further refine regional tone [6]. NVU-mediated coupling integrates endothelial, astro-
cytic, and pericytic signalling with BBB and glymphatic function to align perfusion with
neural activity at the microvascular scale. Together, these mechanisms maintain global
CBF within a physiological plateau and dynamically redistribute regional perfusion
according to metabolic need. Dysfunction in this system, due to either hypo- or hyper-
perfusion, can lead to critical outcomes like ischaemia, infarction, cerebral oedema, and
increased intracranial pressure. Chronic hypertension and loss of circadian blood pres-

sure variability further impair autoregulatory capacity through vascular remodelling and
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Fig.2 Mechanistic control axes of cerebral autoregulation. Cerebral blood flow (CBF) is maintained within a physi-
ological plateau (depicted on the autoregulatory curve as the flat segment between the lower and upper limits,
red dashed lines) through four interacting control axes: myogenic, metabolic, neurogenic, and endothelial-smooth
muscle regulation. Myogenic smooth muscle reflexes to transmural pressure stabilise flow across a range of cere-
bral perfusion pressures (CPPs). Metabolic mediators, including carbon dioxide (CO,)/pH-driven vasodilation via
nitric oxide (NO), adenosine, and lactate, opposed by endothelin-1 (ET,), fine-tune vascular tone. Neurogenic in-
puts from neurons and astrocytes modulate regional arteriolar tone setpoints, while endothelial-smooth muscle
interactions integrate these signals to sustain autoregulatory balance. Abbreviations: CBF. cerebral blood flow; CPP,
cerebral perfusion pressure; CO,, carbon dioxide; ET;, endothelin-1; NO, nitric oxide. (Created in BioRender. Patel
(2025) https://BioRender.com/yuzkvnl)

increased stiffness, shifting the autoregulatory curve and elevating the risk for cerebro-
vascular diseases and neurodegenerative decline [3].

Increasingly, impaired CBF is recognised as a common pathological denominator
across a wide spectrum of neurodegenerative, neurosurgical, neuropsychiatric, and neu-
rological disorders. In Alzheimer’s disease, regional hypoperfusion measured by arte-
rial-spin labelling magnetic resonance imaging (ASL-MRI) predicts cognitive decline
and correlates with progression from mild cognitive impairment (MCI) to dementia [7,
8]. In traumatic brain injury, thresholds of critical low perfusion (<20 mL/100 g/min)
are tightly linked to secondary ischaemic injury and poorer long-term functional out-
comes [9, 10]. Similarly, in acute ischaemic stroke, reduced cerebrovascular reserve and
impaired dynamic autoregulation independently predict infarct expansion and dimin-
ished recovery [11, 12]. Across concussion, small vessel disease, and neuropsychiatric
disorders, even subtle reductions in CBF are associated with cognitive slowing, atten-
tional deficits, and impaired executive functions. These associations underscore the
centrality of CBF as both a mechanistic and prognostic biomarker across a variety of
neurological disciplines.

Given its broad clinical implications, there is a critical need to integrate insights from
across the clinical neurosciences into a cohesive framework. This review synthesises
contemporary research on CBF dysfunction across multiple disease states, identifying
shared and distinct mechanisms while exploring potential therapeutic targets. By bridg-
ing perspectives from neurology, psychiatry, and neurosurgery, we aim to provide clini-
cians, researchers, and students with a comprehensive understanding of how vascular
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dysfunction intersects with disease processes, fostering interdisciplinary dialogue and
innovation in neurological diagnosis and treatment.

1.1 Clinical monitoring of cerebral blood flow

Clinical monitoring of CBF translates the mechanistic axes of autoregulation into mea-
surable physiological signals using both cross-sectional and bedside modalities [13]. For
a more detailed technical overview of contemporary CBF monitoring approaches and
their clinical applications, refer to Nischal and Patelet al. [14].

Recent advances have markedly expanded the precision and clinical utility of cerebro-
vascular imaging, enabling more granular assessment of autoregulation and neurovas-
cular health. Radionuclide and magnetic resonance imaging (MRI)-based techniques
quantify perfusion and metabolism through diverse principles. Functional MRI (fMRI)
employs blood-oxygenation-level-dependent (BOLD) contrast as an activity-linked sur-
rogate [15, 16]. Positron emission tomography (PET) and single photon emission com-
puted tomography (SPECT) enable tracer-based mapping, with integrated PET/MRI
improving registration and longitudinal assessment [17]. Xenon-enhanced computed
tomography (Xe-CT) remains a validated quantitative benchmark [18, 19].

ASL-MRI and its advanced variant, pseudocontinous ASL (pCASL-MRI), provide
endogenous, radiation-free alternatives for repeatable perfusion measurements [20].
Dynamic susceptibility contrast MRI (DSC-MRI) [21] and dynamic contrast-enhanced
MRI (DCE-MRI) [22] offer complementary approaches for assessing both perfusion and
microvascular permeability, while contrast-based computed tomography (CT) perfusion
is widely available for stroke workflows but yield variable absolute CBF estimates with-
out standardised post-processing [23].

Beyond static mapping, multimodal paradigms integrating fMRI with electroencepha-
lography (EEG) allow simultaneous assessment of neurovascular coupling and electro-
physiological activity [24]. Portable methods, in contrast, emphasise continuous trend
monitoring. Transcranial Doppler ultrasound (TCDU) estimates large-artery velocity to
assess autoregulatory reactivity but is operator-dependent and assumes constant vessel
diameter [25, 26]. Near-infrared spectroscopy (NIRS) tracks cortical oxygenation and,
with contrast or frequency-domain paradigms, can approximate haemodynamic change
despite extracranial contamination [27]. Ultrasound-tagged NIRS directly measures
erythrocyte velocity [28], while laser Doppler flowmetry (LDF) and diffuse correlation
spectroscopy (DCS) extend optical monitoring to microvascular flow [29-31], offering
non-invasive, repeatable bedside trends with limited penetration depth [32].

In clinical practice, modality selection should align with investigative goal, be it
quantitative mapping for diagnostic and longitudinal assessment, portable indices
for continuous reactivity, and therapy titration, or multimodal integration for robust,
patient-specific evaluation across acute, operative, and chronic neurovascular settings
[33].

2 Neurodegenerative diseases

Dysregulated CBF represents a unifying hallmark of major neurodegenerative disor-
ders, including Alzheimer's disease, Parkinson’s disease, Huntington’s disease, multiple
sclerosis, and amyotrophic lateral sclerosis. Despite their distinct clinical presentations,
these disorders exhibit common features such as impaired CBF, BBB dysfunction, and
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disrupted neurovascular coupling. In Alzheimer’s disease, reduced CBF and BBB break-
down contribute to -amyloid accumulation, while Parkinson’s disease and Huntington’s
disease are characterised by regional hypoperfusion associated with neurodegeneration
and motor deficits. Multiple sclerosis involves hypoperfusion-driven inflammation and
increased BBB permeability, whereas amyotrophic lateral sclerosis demonstrates pro-
gressive CBF reductions affecting both motor and cognitive function. Recognising the
role of vascular dysfunction across these diseases underscores the potential for therapeu-
tic strategies aimed at restoring CBF regulation and improving neurovascular health to
mitigate disease progression (Table 1). Key neuroimaging studies reporting CBF deficits
and impaired cerebrovascular reactivity in neurodegenerative disorders are summarised
(Table 2), while region-specific patterns of CBF dysfunction and barrier breakdown are
illustrated schematically (Fig. 3).

2.1 Alzheimer’s disease

Alzheimer’s disease (AD), the most common type of neurodegenerative dementia,
is characterised by an accumulation of B-amyloid (AB) and tau neurofibrillary tangles
within cerebral parenchyma, and subsequent memory loss and cognitive decline [34].
The two-hit vascular hypothesis of AD mechanistically describes its complex and multi-
factorial pathogenesis, with hit one corresponding to early cerebrovascular damage due
to genetic, lifestyle, and vascular risk factors. Subsequent dysfunction of the cerebro-
vasculature, BBB, and CBF leads to the accumulation of Ap (i.e. hit two) secondary to
impaired glymphatic clearance. The net result of this is synaptic dysfunction, neuronal
injury, neurodegeneration, and ultimately loss of function and structural connectivity
[35]. Impaired cerebral autoregulation, a key proponent for the development of AD, has
additionally been identified in transgenic mice overexpressing mutant amyloid precur-
sor protein (APP). Increased APP expression, the protein precursor of Af, contributes
to reduced CBF via dysfunctional endothelium-dependent vasodilation and exagger-
ated vasoconstrictor responses [36]. Evidence from human studies is largely congruent
with these findings, such as Roher et al. (2012) who measured CBF within the inter-
nal carotid, basilar, and middle cerebral arteries by means of phase-contrast MRI and
found that total CBF is 20% lower in AD patients relative to age-matched non-demented
controls [37]. The dynamic interplay between dysfunctional waste clearance and cere-
bral hypoperfusion therefore provides a mechanistic foundation for understanding the
development of AD (Table 1). These regional hypoperfusion patterns are characteristic
of temporal and hippocampal vulnerability seen in AD (Fig. 3).

Dysfunction at the level of the NVU (Fig. 1) is of key importance in the pathogenesis
of AD [38, 39]. Vascular smooth muscle cells and contractile pericytes regulate blood
vessel diameter and vasomotility, while other components of the NVU maintain the
integrity of the BBB [1]. Various groups have demonstrated increased hippocampal, cor-
tical, and subcortical BBB permeability in patients with MCI and early-stage AD, as well
as an increased CSF concentration of soluble platelet-derived growth factor receptor-3
(PDGFR-f3), a biomarker for pericyte degeneration and loss [40—42]. Kisler et al. (2017)
showed that pericyte-deficient mice (PDGFR-B”") have decreased cerebral oxygenation
and neurovascular coupling relative to controls, as well as increased levels of subsequent
neuronal death [43]. Overall, NVU pathology results in reduced CBF and increased Ap
accumulation in brain parenchyma [44]. Studies in apolipoprotein E4 positive patients,
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Table 1 Disease-specific cerebral blood flow phenotypes with representative mechanistic evidence
and clinical relevance

Disease

CBF phenotype

Key evidence

Clinical relevance

AD

VD/SVD

MS

HD

PD

Global hypoperfusion
with mesial-temporal/pos-
terior-cortical emphasis
Impaired vasoreactivity
Early BBB/pericyte injury

CAA-related vasomotion
loss

WM-predominant
hypoperfusion

Impaired autoregulation
Nocturnal non-dipping

CAA overlap

Diffuse WM-predominant
hypoperfusion

Blunted CO; reactivity
in plagques and normal-
appearing WM
ET,/NVU dysfunction

Bilateral striatal (caudate/
putamen) and frontotem-
poral hypoperfusion

Can precede clinical onset
and parallels cognitive-
motor decline

Cortical and precuneus
hypoperfusion

Blunted CO, reactivity
and impaired dynamic
autoregulation (worst in
akinetic-rigid)

Limbic hypoperfusion in
PD-depression

APP/AB cause endothelial dysfunc-
tion and exaggerated vasoconstric-
tion; ~20% | total CBF versus controls
(phase-contrast MRI) [22-24]

PDGFR-B 1/pericyte loss; CAA impairs
neurovascular coupling and glymphatic
outflow [28-30, 32, 42, 43, 46, 48-51]
Slow-wave sleep and nocturnal dipping
regulate AR clearance [50, 52, 56, 57,
59-61]

Shared CAA and autoregulatory failure
with AD

WM hypoperfusion on ASL [62, 64-66]
Non-dipping < tWMH [67, 68]

Reduced cardiac output <> tsubcortical
WMH and cognitive impairment in older
adults [69]

Astrocytic ET, 1 in plaques [78, 79]

ASL/TCDU show |CBF and JCO, vasore-
activity [71-75,87,88,271,272]

Bosentan normalises CBF in small
relapsing-remitting MS observational
cohorts, larger randomised-controlled
trials mixed [78, 80]

ASL shows reduced CBF in striatum and
multimodal cortex; deficits correlate
with Stroop [90, 91, 95]

PET hypometabolism co-localizes; pre-
manifest carriers show early CBF loss
[91, 92,98, 99]

ASL shows |CBF (including non-
demented PD) [102, 104, 248, 249, 250,
251]

TCDU/CO, and dynamic autoregulation
show dysregulation [102, 104, 248, 249,
250, 251]

a-synuclein overexpression causes
hypoperfusion and motor/olfactory
deficits [108]

Pericyte loss - NVU uncoupling

Use ASL/phase-contrast
CBF and CO, reactiv-

ity to stage vascular
involvement

Optimise vascular risk fac-
tors and slow-wave sleep

Consider vasomodulatory,
BBB- and glymphatic-sup-
portive adjuncts alongside
anti-AB therapy

Use ASL for WM perfusion
and ABPM for dipping
profile to stage risk

Adopt CBF-sparing BP
management and avoid
excessive MAP reduction
Optimise cardiac output
to slow WM injury and
vascular cognitive decline
Use ASL-CBF/ CO, reactiv-
ity to stage activity and
anticipate BBB breach
Tighten vascular risk and
avoid hypocapnia
Consider perfusion-guid-
ed rehabilitation

Evaluate vasoactive/BBB-
stabilising adjuncts

ASL-CBF supports staging/
prognosis, trial enrich-
ment for neurovascular—
metabolic therapies, and
perfusion-aware cogni-
tive/rehab planning

Use ASL-CBF and CO,
reactivity/dynamic auto-
regulation to stage non-
motor risk and prognosis
Tighten vascular risk and
avoid hypocapnia

Consider perfusion-guid-
ed rehabilitation

Evaluate vasomodulatory/
NVU-supportive trials
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Table 1 (continued)

Disease CBF phenotype Key evidence Clinical relevance

ALS Frontotemporal and mo-  ASL/PET show early frontoparietaland ~ Perfusion to stage ALS-
tor-system hypoperfusion  thalamofrontal deficits (pre-cognitive) ~ frontotemporal dementia

[109-114, 252, 25] and track progression

Progressive cortical/sub- Enrich trials for MMP/BBB-
cortical involvement stabilising strategies
BBB injury in advanced SOD1/TDP-43 — MMP dysregula- Guide perfusion-aware
stages tion — endothelial mitochondrial rehab and respiratory/

dysfunction, capillary narrowing, tight-  cognition monitoring
junction loss [115-118]

Summary of major neurodegenerative diseases highlighting characteristic CBF phenotypes, supporting mechanistic
evidence, and actionable clinical implications. These findings illustrate how vascular dysfunction, impaired autoregulation,
and neurovascular unitinjury contribute to disease progression and therapeutic opportunity across the neurodegenerative
spectrum

ABPM ambulatory blood pressure monitoring, ABB-amyloid, AD Alzheimer’s disease, ALS amyotrophic lateral sclerosis, ASL
arterial-spin labelling, BBB blood-brain barrier, CAA cerebral amyloid angiopathy, CBF cerebral blood flow, CO, carbon
dioxide, ET, endothelin-1, HD Huntington’s disease, MAP mean arterial pressure, MMP matrix metalloproteinase, MS
multiple sclerosis, NVU neurovascular unit, PD Parkinson’s disease, PDGFR-f platelet-derived growth factor receptor-g,
PET positron emission tomography, SOD1 superoxide dismutase 1, SVD small vessel disease, TCDU transcranial Doppler
ultrasound, TDP-43 TAR DNA-binding protein 43, VD vascular dementia, WM white matter, WMH white matter magnetic
resonance hyperintensity

a major AD susceptibility gene, report hippocampal and medial temporal lobe BBB
dysfunction and pericyte loss, demonstrating an alternative pathogenic pathway with
the same outcome [41, 45]. Neurovascular coupling itself is facilitated by cholinergic
signalling networks, where reduced CBF has been demonstrated in murine models of
cholinergic neuronal loss and denervation, particularly in the cerebral cortex and hippo-
campus [46—48]. Evidence from human autopsy studies support these findings, with AD
brains showing not only reduced cholinergic neuron density in the temporal lobe and
hippocampus, but also increased tortuosity of arterioles and string vessels [49]. These
anatomical vascular abnormalities also contribute to reduced vasomotility and BBB dys-
function [50-52].

Cerebral amyloid angiopathy (CAA), or the deposition of AR peptide in the tunica
media and adventitia of the leptomeningeal and cortical cerebral arteries, is addition-
ally prevalent amongst AD patients, and results in reduced vascular compliance and
increased arterial wall stiffness [53—55]. Van Veluw et al. (2020) demonstrated a func-
tional consequence of this in mice with CAA, who showed impaired vasodilatory
responses to visual stimulation relative to healthy controls [56]. CAA is also associated
with perivascular space enlargement, which hinders glymphatic clearance of intersti-
tial fluid (ISF) and soluble AP from white matter (WM), predisposing to AP accumu-
lation and deposition in blood vessel walls (Fig. 4) [57—61]. More broadly, the role of
the glymphatic system in AD has been demonstrated in genetically modified models,
where aquaporin-4 knockout mice exhibit decreased A clearance [62]. In humans, slow
wave, non-rapid eye movement (non-REM) sleep, has been shown to be a key regula-
tor of glymphatic AP clearance, with arterial pulsations of CBF via cortical pial arteries
driving unidirectional clearance and increasing interstitial concentrations of Ap by 60%
[63, 64]. Of note, non-REM sleep states with low-frequency EEG delta waves and low
noradrenaline tone are associated with increased glymphatic flow relative to wakefulness
states and high noradrenaline status, and these synchronise with CBF oscillations via
intracranial pressure B waves (also termed “slow waves”) (Fig. 5) [65—68]. Beyond nor-
adrenaline, several neurotransmitter systems critically modulate neurovascular coupling

and are increasingly implicated in AD. Glutamate-driven NMDA receptor activation
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Table 2 Studies reporting cerebral blood flow deficits and impaired cerebrovascular reactivity in
neurodegenerative disorders using neuroimaging

Disease  Affected CNS Study design  Sample size Neuroimaging method(s)  References
regions

CBF reductions

AD Internal ca- Cross-sectional  AD (n=9); HC 2D-phase contrast MRI [37]
rotid, basilar, and (n=9)
middle cerebral
arteries
Hippocampus, Cross-sectional  AD (n=20); HC  ASL-MRI [296]
posterior cingu- (n=23)
late cortex, and
precuneus
Hippocampus, Cross-sectional  MCl (n=54); 3D-pCASL MRI [297]
posterior cingu- AD (n=23); HC
late cortex, and (n=180)
precuneus
Hippocampus Longitudinal MCl (n=74); ASL-MRI [298]
and prefrontal AD (n=25); HC
cortex (n=41)

Hippocampus,  Cross-sectional Huangetal. AD  3D-pCASL MRI [299, 300]
frontal, temporal, (n=40); HC
and occipital (n=40)
grey matter Mak et al. AD
(n=13); HC
(n=15)

VD Frontal and tem-  Cross-sectional VD (n=23); AD  ASL-MRI [301]
poral cortices (n=26)

Frontal and pari- Cross-sectional VD (n=8); AD ASL-MRI [89]
etal cortices (n=14); HC
(n=18)

HD Sensorimotor, Cross-sectional  HD (n=17); HC  ASL-MRI [123]
paracentral, in- (n=41)
ferior temporal,
and lateral oc-
cipital cortices
Caudate and Cross-sectional HD (n=39); HC  pCASL-MRI [118]
putamen (n=16)

PD Posterior Cross-sectional  Melzer etal. ASL-MRI [130,132,
parieto-occipital PD (n=61); HC 302, 303]
cortex, poste- (n=29)
rior cingulate, Syrimi et al. PD
precuneus and (n=22); HC
cuneus, supra- (n=16)
marginal middle Fernandez-
frontal and su- Seara et al. PD
perior temporal (n=25); HC
gyn (n=34)

Cheng etal.
PD (n=20);
Parkinson-Plus
(n=16); HC
(n=17)
Prefrontal cortex  Longitudinal PD (n=49); HC  ASL-MRI [304]
(n=37)
Basal ganglia Cross-sectional  PD (n=90); HC ~ ASL-MRI [305]
and cuneus (n=90)

Page 8 of 38
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Disease  Affected CNS Study design  Sample size Neuroimaging method(s)  References
regions
ALS Frontal and pari- Cross-sectional  ALS (n=16) ASL-MRI [138]
etal cortices
All cortical lobes, Longitudinal ALS (n=14), HC  CT perfusion [137]
and subcortical (n=11)
grey and WM
Frontal and Cross-sectional  ALS (n=55); HC  ASL-MRI [141]
temporal lobes (n=20)
Frontal, tempo-  Cross-sectional  ALS (n=21); ALS PET [306]
ral, parietal, oc- with dementia
cipital cortices, (n=10); HC
and sensorimo- (n=17)
tor area
Prefrontal Cross-sectional  ALS (n=15); ALS SPECT [307]
with dementia
(n=5)
MS WM including Cross-sectional  MS (n=39); HC  DCE-MRI [115]
lesions and grey (n=19)
matter
WM including Cross-sectional  Ingrisch et al. DSC-MRI [99, 101,
lesions MS (n=19) 308]
Adhya et al.
Relapse remit-
ting MS (n=11);
Primary-
progressive
MS (n=11); HC
(n=11)
Law etal.
Relapse-remit-
ting MS (n=17);
HC (n=17)
Grey matter Cross-sectional  Peruzzo et al. DSC-MRI [309,310]
lesions Relapse-remit-
ting MS (n=44)
Francis et al.
Secondary-
progressive MS
(n=45)
Thalamus and Cross-sectional  MS (n=27); HC  ASL-MRI [116]
right frontal (n=24)
regions
AD Occipital cortex ~ Cross-sectional  AD (n=25); HC ~ fMRI+visual stimulation [311]
n=12)
Middle cerebral ~ Cross-sectional  AD (n=26); HC  TCDU +hypercapnia [312]
artery (n=19)
Whole brain Cross-sectional  AD (n=9); fMRI+hypercapnia [313]
MCI (n=7); HC
(n=11)
Precuneus Cross-sectional  AD (n=53); fMRI+hypercapnia [314]
MCI (n=38); HC
(n=39)
Temporal and Cross-sectional  AD (n=6); MCl  fMRI+hypercapnia [315]
parietal cortices (n=11); HC
(n=13)
Frontal, temporal Cross-sectional  SCI (n=10); TCDU [316]

and parietal
cortices

Page 9 of 38
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Disease  Affected CNS Study design  Sample size Neuroimaging method(s)  References
regions
VD Middle cerebral  Cross-sectional VD (n=58); AD  TCDU 3171
artery (n=60); HC
(n=62)
SVD Subcortical grey  Cross-sectional  SVD (n=182) 3T MRI+hypercapnia [318]
matter, normal-
appearing WM,
and WMH
Basal ganglia, Cross-sectional  SVD (n=21); HC  ASL-MRI+intravenous dipyri- [319]
frontal lobe and (n=10) damole injection
temporal lobe
HD Corpus callosum  Cross-sectional  HD (n=12); HC  fMRI+hypercapnia [320]
and subcortical (n=11)
WM including
anterior cin-
gulate, middle
frontal, insular,
middle temporal
and poste-
rior cingulate
regions
Occipital cortex  Cross-sectional HD (n=23); HC  3D-Triple-acquisition- [321]
(n=16) after-Inversion-Preparation
MRI+visual stimulation
PD Cuneus, Cross-sectional  PD (n=25); HC  fMRI+hypercapnia [322]
precuneus, and (n=17)
parietal regions
Middle cerebral  Cross-sectional PD (n=22); HC  TCDU +orthostatic pressure  [323]
artery territory (n=11) test
Basal ganglia, Cross-sectional  PD (n=26); HC  fMRI+hypercapnia [324]
thalamus (n=16)
sensorimotor,
supplementary
motor, and visual
cortices
MS Grey matter Cross-sectional  MS (n=19); HC  pCASL-MRI+ hypercapnia [325]
lesions (n=19)
Default mode, Cross-sectional  MS (n=28); HC  pCASL-MRI+ hypercapnia [326]
frontoparietal, (n=28)
somatomotor,
visual, limbic,

dorsal and ven-
tral attention
networks

This table summarises cross-sectional and longitudinal neuroimaging studies assessing cerebral blood flow reductions
and cerebrovascular reactivity impairment across major neurodegenerative diseases. Modalities include arterial-spin
labelling MRI (ASL-MRI), pseudocontinuous ASL-MRI (pCASL-MRI), dynamic susceptibility contrast MRI (DSC-MRI), dynamic
contrast-enhanced MRI (DCE-MRI), positron emission tomography (PET), single-photon emission computed tomography
(SPECT), computed tomography (CT) perfusion, and transcranial Doppler ultrasound (TCDU)

AD Alzheimer’s disease, ALS amyotrophic lateral sclerosis, ASL-MRI arterial-spin labelling magnetic resonance imaging,
CBF cerebral blood flow, CT computed tomography, DSC-MRI dynamic susceptibility contrast MRI, DCE-MRI dynamic
contrast-enhanced MRI, fMRI functional MRI, HD Huntington’s disease, HC healthy control, MCI mild cognitive impairment,
MRI magnetic resonance imaging, MS multiple sclerosis, pCASL-MRI pseudocontinuous arterial-spin labelling MRI, PD
Parkinson'’s disease, PET positron emission tomography, SCI subjective cognitive impairment, SPECT single photon
emission CT, SVD small vessel disease, VD vascular dementia, TCDU transcranial Doppler ultrasound

initiates astrocytic calcium ion (Ca?*) waves that trigger activity-dependent vasodilation,
linking excitatory synaptic signalling to rapid perfusion shifts [38], y-aminobutyric acid
(GABA) interneurons, including NO-producing subtypes, further regulate local perfu-
sion through subtype-specific vasoactive signalling [69]. Dopaminergic and serotonergic
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Regional cerebral blood flow impairment and blood-brain
barrier dysfunction in neurodegenerative disease
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Fig. 3 Regional cerebral blood flow impairment and blood-brain barrier dysfunction in neurodegenerative dis-
ease. Representative cortical and subcortical territories most affected by cerebral blood flow (CBF) reduction and/
or blood-brain barrier (BBB) breakdown are shown for Alzheimer’s disease (AD), vascular dementia (VD), Hunting-
ton's disease (HD), amyotrophic lateral sclerosis (ALS), multiple sclerosis (MS), and Parkinson’s disease (PD). Overlap-
ping regions highlight shared vulnerability of frontotemporal, parietal, and hippocampal networks. Regional CBF
alterations are closely associated with disease-specific pathological processes (such as amyloid and tau deposition
in AD, demyelination in MS, neuronal loss in ALS, and microvascular injury in VD), which are discussed in the cor-
responding sections of the text. Abbreviations: AD, Alzheimer's disease; ALS, amyotrophic lateral sclerosis; BBB,
blood-brain barrier; CBF, cerebral blood flow; HD, Huntington’s disease; MS, multiple sclerosis; PD, Parkinson'’s dis-
ease; VD, vascular dementia (Created in BioRender. Patel (2025) https://BioRender.com/uOnjv7z)
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Fig. 4 Interstitial solute transport and fluid exchange within the glymphatic system. Cerebrospinal fluid (CSF)
enters periarterial spaces surrounding penetrating arteries, where it exchanges with interstitial fluid (ISF) via aqua-
porin-4 (AQP4) channels on astrocytic endfeet. The resulting convective bulk flow of ISF drives solute clearance
through perivenous pathways toward the cervical lymphatics, supporting metabolic waste removal and extracel-
lular homeostasis. It is important to note that a parallel intramural periarterial drainage (IPAD) pathway exists (not
depicted on the schematic), which clears solute along basement membranes of arterial walls and also contributes
to waste removal, with its role and impairment in Alzheimer's disease, cerebral amyloid angiopathy, and sporadic
cerebral small vessel disease becoming increasingly recognised. Abbreviations: AQP4, aquaporin-4; CSF, cerebro-
spinal fluid; ISF, interstitial fluid (Created in BioRender. Patel (2025) https://BioRender.com/0kn18kv)
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ISIeep-wake modulation of glymphatic flow
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Fig. 5 Sleep-wake modulation of glymphatic flow. During non-rapid eye-movement (non-REM) sleep, reduced
noradrenergic tone and increased y-aminobutyric acid (GABA) tone accompany high-amplitude, low-frequency
(0.5-4 Hz) slow-wave electroencephalography (EEG) activity. These conditions enhance cerebrospinal fluid (CSF)
fluid influx into perivascular spaces and promote convective glymphatic flow, driven in part by arterial pulsations
of cerebral blood flow (CBF), which facilitates interstitial solute clearance. In wakefulness, elevated noradrena-
line, acetylcholine (ACh), and glutamate (Glu), together with beta/gamma EEG activity (> 15 Hz) increase vascu-
lar tone and reduce perivascular compliance. This suppresses glymphatic transport by limiting CSF-ISF exchange
and attenuating interstitial solute clearance. Sleep-wake transitions therefore modulate neurovascular coupling,
integrating neuronal activity, vascular pulsatility, and ISF dynamics to maintain metabolic homeostasis. Abbrevia-
tions: ACh, acetylcholine; CSF, cerebrospinal fluid; EEG, electroencephalography; GABA, y-aminobutyric acid; Glu,
glutamate; ISF, interstitial fluid; NA, noradrenaline; REM, rapid-eye movement (Created in BioRender. Patel (2025)
https://BioRender.com/2g1y2tp)

projections to cortical microvessels modulate microvascular responsiveness and are dis-
rupted in prodromal AD, contributing to cognitive slowing and impaired regional per-
fusion [70, 71]. Cholinergic dysfunction, particularly degeneration of basal forebrain
cholinergic neurons in AD, reduces acetylcholine-mediated vasodilation and compro-
mises cortical perfusion regulation [35]. Additionally, vasoactive neuropeptides, includ-
ing VIP/PACAP (potent vasodilators) and neuropeptide-Y (strong vasoconstrictor),
fine-tune microvascular responses under both physiological and pathological conditions
[72, 73]. Importantly, in AD, these disturbances occur alongside elevated CSF noradren-
aline, reflecting compensatory locus coeruleus hyperactivation that may degrade neuro-
vascular coupling and exacerbate Ap deposition [74].

Loss, attenuation, or reversal of nocturnal systemic blood pressure dipping may also
provide an additional explanation for the observed accumulation of AB in AD. Tan et
al. (2021) conducted a longitudinal study of 1000 Swedish men and proposed that
reverse dipping represents an independent risk factor for developing AD in older men
[75]. Tarumi et al. (2015) noted impaired dynamic CBF regulation and subsequent Af
accumulation in the posterior cingulate cortex of age-corrected non-dippers with MCI
[76]. Non-dipping has been shown to impact quality of sleep, with patients exhibiting
reduced levels of slow wave (non-REM) sleep, higher microarousal rates, and increased
wakefulness [77]. The role of sleep disruption as a cause or consequence of AD remains
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controversial, though some hypotheses suggest that the aforementioned sleep pheno-
types may suppress glymphatic system function, additionally predisposing to AP accu-
mulation and subsequent neurodegeneration [78—-80]. Intramural periarterial drainage
(IPAD) represents a second, parallel clearance pathway that operates independently of
the glymphatic system and becomes critically impaired in ageing and cerebrovascular
disease [81]. Unlike glymphatic flow, which relies on CSF-ISF exchange through astro-
cytic AQP4 channels, IPAD drives solute movement within the basement membrane
of cerebral arteries, using arterial wall pulsatility as its primary motive force [82, 83].
Experimental and human studies demonstrate that IPAD failure selectively promotes
the accumulation of insoluble proteins, particularly AP, within arterial walls, forming
the pathological substrate of CAA and contributing to downstream neurovascular dys-
function [84]. Although the relative contribution and pathophysiology of IPAD impair-
ment in the pathogenesis of AD remains debated, reduced arterial compliance and
age-related extracellular matrix stiffening further hinder perivascular drainage [85, 86].
In AD and CAA, convergent dysfunction of both glymphatic flow and IPAD likely ampli-
fies AP retention WM injury, cognitive decline. Targeting vasomotility. glymphatic clear-
ance, and IPAD pathways during early stages of AD, in combination with therapies that
increase the solubility and breakdown of A, may therefore provide an efficacious thera-
peutic approach in the future (Table 2).

2.2 Cerebral small vessel disease and vascular dementia

Cerebral small vessel disease (SVD) refers to a set of vascular pathologies affecting the
arterioles, venules, and capillaries of the brain [87]. Associated with an increased pro-
pensity for cerebral ischaemia, cerebral SVD is a major contributing factor to the devel-
opment of vascular dementia (VD) [88]. Cerebral SVD and VD are characterised by
similar pathophysiological mechanisms to AD, where CAA and impaired cerebral auto-
regulation result in impaired neurological function via loss of WM structural integrity
[89-91]. A recent systematic review and meta-analysis identified an association between
dysfunctional nocturnal blood pressure dipping and increased WM magnetic resonance
hyperintensity (WMH) volume, an imaging biomarker for cerebral SVD [92]. Chesebro
et al. (2020) further demonstrated that this association predisposes to impaired cogni-
tion and memory, as seen in AD and VD [93]. Reductions in cardiac output may also be
implicated in cerebral SVD due to its association with increased subcortical WMH vol-
ume secondary to chronic cerebral hypoperfusion, particularly in elderly patients [94].
The overlapping frontoparietal and subcortical perfusion deficits observed in VD and
AD are illustrated (Fig. 3).

Emerging evidence suggests that IPAD dysfunction plays an important role in sporadic
SVD. Age-related arterial stiffening and basement membrane thickening impede peri-
vascular clearance, promoting retention of AP (among other proteins) and accelerating
WM damage—mechanisms shared with ADD and CAA [84, 86]. Impaired CBF there-
fore represents a convergent pathogenic driver mechanism across cerebral SVD, VD,
and AD, contributing to cognitive decline and structural network disconnection. Thera-
peutic modulation of CBF may therefore confer a potentially fruitful avenue for improv-
ing prognosis and slowing disease progression in these closely related neurological
diseases (Table 1). However, directly modulating CBF in cerebral SVD and VD remains
challenging. Current guidelines emphasise rigorous blood pressure control, yet the
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optimal target that reduces recurrent stroke risk without worsening hypoperfusion in
already vulnerable WM is uncertain, particularly as cardiac output-CBF coupling dete-
riorates with ageing and comorbidity [95, 96]. Small vasodilator trials in lacunar stroke
using agents such as cilostazol and isosorbide mononitrate have shown feasibility and
signals of benefit on WMHSs but remain underpowered and definitive outcome data are
still awaited [97]. There is therefore a pressing need for microvascular-specific biomark-
ers, integrating advanced perfusion imaging, BBB permeability measures, and circulat-
ing markers of endothelial or pericyte injury, to stratify patients and identify those most
likely to benefit from CBF-targeted interventions.

2.3 Multiple sclerosis
Multiple sclerosis (MS) is a chronic progressive autoimmune disease characterised by
CNS inflammation, T-cell-mediated demyelination, and axonal degeneration [98].
Impaired CBF is thought to play a key role in the pathophysiology of most clinical sub-
types of MS, including relapsing—remitting MS, primary progressive MS, and clinically-
isolated MS syndromes [99—102]. Various mechanisms have been proposed to explain
why cerebral hypoperfusion is observed in MS. Saindane et al. (2007) suggested that axo-
nal degeneration and decreased metabolic demand is the key proponent, though experi-
mental evidence supporting this claim is scarce [103]. De Keyser et al. (1999) posited
that a lack of p2-adrenoceptor expression on astrocytes in MS results in dysregulation
of energy metabolism, reduced metabolic demand, and reduced CBF [104, 105]. How-
ever, the most promising evidence comes from D’haeseleer et al. (2013) who investigated
ET, as a potential mediator for arteriolar vasoconstriction and CBF dysfunction in MS,
and found increased levels of ET;, derived from reactive astrocytes of MS plaques, in
WM autopsy specimens [106]. Administration of the ET, antagonist Bosentan returned
CBF to normal levels in their small cohort of relapsing—remitting MS patients, though
this effect has not been observed in data from larger randomised-controlled trials (such
as ROCHIMS) [106—108]. Nonetheless, further study is warranted to ascertain whether
targeting the ET, system could be of therapeutic benefit in the management of MS.
Impaired CBF is also thought to contribute to the pathogenesis of MS through dam-
age to the BBB [109]. Evidence suggests that hypoxic ischaemia, a key consequence of
impaired CBE, can activate inflammatory cascades and promote generation of reactive
oxygen species (ROS), which damages the BBB and increases its permeability [110, 111].
This enables autoreactive T-cells to enter brain parenchyma, destroy myelin sheaths, and
promote inflammation via myelin breakdown product-mediated activation of neigh-
bouring microglia and astrocytes [112, 113]. The net result is a positive feedback loop,
which further exacerbates inflammation and damage to the BBB. Additional contribu-
tion from impaired glymphatic clearance has also been implicated in MS, particularly
during progressive stages [114]. Therefore, hypoperfusion may not only provide a mech-
anistic basis for the development of MS but may also accelerate disease progression. Evi-
dence from neuroimaging studies support this hypothesis, where a negative correlation
between CBF and MS lesion volumes has been noted, while other studies have detected
early CBF reductions in both MS plaques and healthy-looking WM of relapsing—remit-
ting MS patients [115, 116]. A study investigating serum-based neuroinflammatory
biomarkers and neurofilament light chain (a biomarker for axonal damage) found that
hypoperfusion in MS alters their proteomic profile, suggesting that hypoperfusion is key
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to managing neuroinflammation in MS [117]. The complex interplay between various
pathological features of MS appears to converge on impaired CBF dynamicity, suggest-
ing that modulation of CBF may provide an opportunity to delay disease progression
and improve patient outcomes in MS (Table 1). The periventricular and cortical areas
most affected by hypoperfusion and BBB dysfunction in MS are highlighted (Fig. 3).

2.4 Huntington'’s disease

Huntington’s disease (HD) is a progressive neurodegenerative disorder which causes
severe cognitive dysfunction, psychiatric sequalae, and involuntary motor movements.
Aberrant regional CBF has been documented in the basal ganglia (specifically caudate
and putamen) bilaterally, striatum, and motor cortex of HD patients, and associated with
subsequent parenchymal atrophy and worse motor symptomatology [118, 119]. These
CBF reductions are also associated with striatal and cortical atrophy, which may precede
overt clinical signs in pre-manifest HD gene carriers [120]. A study using arterial-spin
labelling MRI (ASL-MRI) in HD patients found significant CBF reductions in the fron-
totemporal, sensorimotor, occipital and cingulate cortical areas, as well as the insular
and precuneus [119]. The insular and precuneal regions are associated with memory and
emotional processing, both of which are affected in HD, supporting a further role for
decreased CBF in the cognitive and emotional deficits seen in HD [121, 122]. These ana-
tomical disturbances are also correlated with poorer performance on the Stroop test, a
tool for assessing cognitive function [123-125]. In addition, bilateral hypoperfusion in
the striatum, cingulate and temporal regions coincides with decreased glucose metabo-
lism as shown by positron emission tomography (PET), as well as a reduction in striatal
glycolysis and creatinine kinase seen in HD patients [119, 126—128]. As such, regional
hypoperfusion may be associated with metabolic impairments and be a causative
mechanism in neuronal dysfunction found in HD. These findings highlight the intri-
cate relationship between CBE, metabolic processes, and cognitive function, suggesting
that targeting these pathways could offer new therapeutic strategies for managing HD
(Table 1). These frontostriatal and cingulate perfusion deficits are localised schemati-
cally (Fig. 3).

2.5 Parkinson’s disease

Parkinson’s disease (PD) is caused by the degeneration of dopaminergic neurons in the
substantia nigra pars compacta and the formation of Lewy bodies containing aggregated
a-synuclein, resulting in the hallmark triad of rigidity, bradykinesia and resting pin-roll-
ing tremor [129]. In PD patients, ASL-MRI demonstrated decreased CBF in the cortical
and precuneus regions, with more pronounced dysfunction in older patients that may be
associated with worse mental impairment and cortical atrophy [130, 131]. In addition,
reductions in CBF were seen in non-demented patients with PD, suggesting that reduc-
tion in perfusion may be an early sub-clinical biomarker for cognitive impairment and
neurodegeneration [132]. In PD patients with depression, reduced CBF was observed in
the right occipital WM and the right cingulate gyrus, which suggests that hypoperfusion
in the limbic system may play a role in the pathogenesis of depression associated with PD
[133]. Transcranial colour-coded Doppler sonography has revealed impaired cerebro-
vascular reactivity in PD patients, particularly those with the akinetic-rigid phenotype,
which is associated with worse functional outcomes and higher degrees of leukoaraiosis
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on MRI [134]. Dynamic cerebral autoregulation, neurovascular coupling, and vasomotor
reactivity were all additionally found to be impaired in PD populations, suggesting that
impaired CBF regulation in PD may affect central responsiveness to alterations in blood
pressure and neural activity [135]. A study demonstrated that in transgenic mice over-
expressing human a-synuclein, there was a significant reduction in cortical CBF accom-
panied by motor coordination deficits and olfactory dysfunction, supporting a causative
role for a-synucleinopathy in CBF deficits [136]. Moreover, pericyte degeneration has
been linked to neurovascular uncoupling, which limits oxygen supply to the brain and
may contribute to the cognitive decline observed in PD patients [43]. Therapeutic modu-
lation of CBF may therefore prove efficacious in the management of cognitive impair-
ment and motor dysfunction in PD (Table 1). Region-specific cortical and subcortical
hypoperfusion associated with PD is illustrated (Fig. 3).

2.6 Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease characterised by
upper and lower motor neuron signs in the absence of sensory impairment. ALS patients
have early perfusion deficits within the frontoparietal cortex, subcortical grey matter,
and WM, prior to the clinical manifestation of cognitive impairment [137, 138]. Pro-
gressive reductions in blood flow and glucose metabolism have also been observed in
spinal regions of ALS mice models, suggesting that a combination of local and global
CNS hypoperfusion may contribute to motor deficits [139]. Later stage ALS patients
with cognitive impairment demonstrate more pronounced CBF reductions in frontal
and temporal regions, while PET studies have revealed dysfunction in the dorsolateral
prefrontal cortex (PFC) and thalamo-frontal association pathways in these patients [140,
141]. These findings suggest that CBF impairments in ALS are not exclusively limited to
motor areas and likely contribute to both motor and cognitive symptoms, and that CBF
impairment may precede clinical symptomatology, indicating a need for early interven-
tion strategies [137, 142].

ALS is strongly associated with mutations in superoxide dismutase 1 (SOD1), where
subsequent accumulation and aggregation of TAR DNA-binding protein 43 (TDP-43)
induces oxidative stress and increases serum levels of matrix metalloproteinases (includ-
ing MMP-2 and -9). This pathway has been observed in human ALS patients and SOD1
animal models, where matrix metalloproteinase dysregulation is linked to endothelial
mitochondrial dysfunction, reduced capillary diameter and progressive loss of perivas-
cular components, including occludin and collagen IV. Further evidence from MMP-9
knockout mice overexpressing both TDP-43 and SOD1 supports this as these animals
exhibit heightened motor neuron protection [143—-145]. Of note, the integrity of the BBB
is also affected, with mitochondrial dysfunction, astrocyte pathology, and neuroinflam-
mation contributing to its impairment, which in turn increased barrier permeability and
exacerbates the degeneration of motor neurons [146, 147]. These findings suggest that
targeting MMPs may offer a therapeutic strategy to modulate the neurodegenerative
processes associated with ALS by preserving BBB integrity and improving motor neu-
ron survival, though further research is necessary to elucidate the specific mechanisms
through which MMP modulation can influence neuroinflammatory responses and neu-
ronal health (Table 1). The predominant frontotemporal and motor cortical perfusion
deficits characteristic of ALS are summarised (Fig. 3).
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3 Neurosurgical diseases

Cerebrovascular dysfunction plays a critical role in a range of neurosurgical diseases,
including traumatic brain injury, subarachnoid haemorrhage, concussion, and cerebral
glioma. Impaired CBF, disrupted cerebral autoregulation, and vascular pathology con-
tribute to secondary injury cascades and long-term neurological complications. Key
mechanisms such as cerebral vasospasm, BBB dysfunction, and neuroinflammation
underly much of this dysfunction, while emerging therapeutic strategies aimed at restor-
ing CBF and improving patient outcomes continue to evolve.

3.1 Traumatic brain injury and intracranial bleeds

Traumatic brain injury (TBI) remains a significant cause of morbidity and mortality
globally [148]. Reduced CBF is a commonly reported complication of TBI, with several
contributory mechanisms underpinning its pathophysiology [149-151]. In the acute
phase, damage to cerebral blood vessels and acute inflammation predisposes to cerebral
oedema, raising ICP and resulting in decreased CBF via direct mechanical compression
of cerebral blood vessels [152, 153]. At this stage, TBI is characterised by early global
hypoperfusion, impaired dynamic cerebral autoregulation, and pressure-passive flow,
often accompanied by blunted CO2 reactivity [154, 155]. Additionally, the increased
pressure can disrupt BBB function, causing increased fluid extravasation into brain
parenchyma, exacerbation of cerebral oedema, and further CBF dysfunction [156—158].
Cerebral swelling can also lead to impaired cerebral autoregulation, which is associ-
ated with poorer patient outcomes and increased mortality following TBI [9, 159, 160].
Cerebral vasospasm is another key mechanism responsible for impaired cerebral auto-
regulation post-TBI and has been extensively studied in the context of subarachnoid
haemorrhage (SAH) (please refer to SAH sub-section) [161-164].

SAH refers to blood accumulation within the subarachnoid space and is typically due
to non-traumatic aetiology, but the pathophysiological principles which result in cere-
bral vasospasm are shared across traumatic and non-traumatic causes [165]. Aneurys-
mal SAH is defined by profound CBF instability, including early transient hypoperfusion
followed by delayed large-artery vasospasm and microvascular constriction that precipi-
tate delayed cerebral ischaemia [166, 167]. Acute inflammation and/or direct vascular
trauma causes endothelial cell damage and release of the potent vasoconstrictor mol-
ecule ET;, which promotes cerebral vasospasm and cerebral hypoperfusion secondary
to a rightward shift of the autoregulatory curve, as proposed by Strandgaard et al. (1973)
[168, 169]. ET, itself binds endothelin-A (ET,) receptors located on the tunica media
of blood vessels, inducing smooth muscle contraction and vasoconstriction, while also
binding endothelin-B1 (ETjy,) receptors on endothelial cells to reduce endothelial NO
synthase (eNOS) synthesis [170]. In the context of TBI, evidence suggests that the inter-
action of ET; with ET, receptors is likely responsible for observed reductions in CBF
since ET, receptor levels are significantly elevated during periods of impaired cerebral
autoregulation (4-h post-TBI) [162-164, 171]. Of note, ETy, receptor levels peak at 24-
and 48-h post-TBI, which coincides with CBF normalisation, suggesting that ET; may
be necessary to restore cerebral autoregulation and adequate cerebral perfusion [171].
Elevated ET)| levels have also been reported in the CSF and plasma of SAH patients, with
ET, inhibition and ET, receptor antagonism (e.g. Clazosentan) showing clinical effi-
cacy in reversing CBF reduction post-SAH [160, 172, 173]. Delayed cerebral ischaemia
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(DCI) is a serious and feared complication of SAH that occurs several days after the ini-
tial bleeding event and permanent brain damage and death [174]. It has a complex and
multifactorial pathogenesis, though the bulk of evidence suggests that ET;-mediated
cerebral vasospasm is most critical in the observed ischaemia and neuronal cell death
[175-177]. Other relevant contributing factors include thromboxane A2 release, genera-
tion of free radicals, and activation of inflammatory cells [178-180]. Therapeutic target-
ing of cerebral autoregulation and CBF may serve as a key opportunity to improve the
prognosis and outcomes for this set of pathologies commonly encountered by service
providers in the clinical neurosciences.

Cerebrovascular dysfunction following TBI has also been studied in the context of
neurodegeneration, with evidence suggesting it may be causally linked to AP and tau
deposition, as well as early initiation of pathology similar to AD [181]. Acute cerebral
hypoperfusion post-TBI has been proposed to impair local glymphatic clearance, with
autopsy studies in young TBI patients supporting this hypothesis and demonstrating
increased AP and tau accumulation in close proximity to the site of trauma [182-184].
This neurotoxin accumulation is thought to lead to an injury cascade consisting of oxi-
dative stress, endothelial cell dysfunction, and chronic inflammation [181]. Of note,
TBI and AD brains show homogeneity in terms of cerebral volume, with hippocampal
atrophy being common in both and thought to give rise to the stereotypical AD presen-
tation of cognitive impairment and memory loss [185, 186]. BBB dysfunction has also
been demonstrated in clinical studies of mild TBI, including rugby players exhibiting
BBB dysfunction at the depths of cortical sulci, suggesting that increased barrier per-
meability could also contribute to the accumulation of neurotoxic substances, as seen
in the perivascular accumulation of phosphorylated tau at the depth of cerebral sulci in
chronic traumatic encephalopathy [187]. This innovative association between TBI and
neurodegeneration further exemplifies the need for research activity in this arena, and
once again demonstrates that novel approaches to CBF modulation may play a role in
future treatment.

3.2 Concussion

Concussion, a form of mild TBI, is highly prevalent in populations globally though clini-
cal intervention remains largely suboptimal given a lack of treatment strategies existing
beyond large-scale prevention campaigns [188]. This lack of therapeutic success is, in
part, due to poor mechanistic insight into the neurological sequelae that result in the
long-term symptomology following singular and repeated concussion, although changes
in CBF are emerging as a convergent pathogenic pathway and promising therapeutic
target. Concussion produces regional hypoperfusion, particularly within the frontal,
insular, and temporal cortices, that correlates with symptom burden and delayed recov-
ery [189, 190]. In a study investigating CBF in concussed athletes, a sustained reduc-
tion in CBF was observed in the dorsal mid-insular cortex and superior temporal cortex
without recovery to baseline in a subset of study participants, which correlated with
poorer sporting outcomes, and symptoms of anxiety and depression [190]. The sever-
ity and duration of initial insult may therefore serve as a useful metric for prognostica-
tion, with more significant and sustained reductions in CBF post-concussion correlating
with poorer clinical outcomes and prolonged recovery times [189, 190]. Of note, ele-
vated MMP levels (particularly MMP-2 and -3) are associated with decreased CBF in
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the early symptomatic phase of concussion, likely via increased BBB permeability and
vascular dysfunction as seen with more severe TBIs and some forms of neurodegenera-
tive disease [191]. Hypoperfusion experienced following concussion has also been linked
to cognitive deficits, including impaired memory and visuomotor coordination, in both
the acute and chronic phase [192, 193]. For example, male football players with a history
of heading the ball exhibit impaired CBF regulation and cognitive performance relative
to healthy non-concussed controls [192]. These findings suggest that CBF impairment is
a key physiological marker of concussion and may also explain the increased incidence
of neurodegenerative disease in athletes with a history of chronic concussion.

3.3 Cerebral glioma

CBF is a key factor in understanding the pathophysiology of cerebral gliomas, as it
reflects both tumour angiogenesis and metabolic demands. High-grade gliomas, par-
ticularly glioblastomas (grade IV), exhibit significantly higher CBF than lower-grade
gliomas (grade III), a pattern closely associated with neovascularisation [194]. Rela-
tive cerebral blood flow (rCBF) indices derived from MRI serve as reliable markers of
tumour angiogenesis, correlating positively with histopathological grading, with more
aggressive gliomas demonstrating extensive vascular proliferation and increased per-
fusion [195]. Additionally, molecular markers such as isocitrate dehydrogenase (IDH)
mutation and methylguanine-DNA methyltransferase (MGMT) methylation influence
rCBF, with IDH-mutant and MGMT-methylated gliomas exhibiting lower perfusion
than their wild-type counterparts [196, 197]. BBB integrity is also disrupted in gliomas,
as infiltrating tumour cells impair astrocyte-vascular coupling, leading to increased vas-
cular permeability and oedema [198]. Vascular endothelial growth factor (VEGF) plays a
crucial role in tumour vascularisation by promoting endothelial proliferation and capil-
lary formation, with elevated VEGF levels strongly correlating with higher glioma grades
and increased microvascular density [199]. Notably, gliomas with high VEGF expression
exhibit increased rCBF and relative cerebral blood volume (rCBV), reinforcing the link
between angiogenesis and tumour aggressiveness.

4 Neuropsychiatric diseases

CBF dysregulation plays a key role in the pathophysiology of neuropsychiatric disorders,
including major depressive disorder, schizophrenia, migraine, generalised anxiety disor-
der. Regional hypoperfusion disrupts neurovascular coupling, contributing to cognitive
dysfunction, affective dysregulation, and progressive disease burden. Therapeutic strate-
gies aimed at restoring CBF and enhancing neuroprotection offer promising avenues for
improving clinical outcomes.

4.1 Major depressive disorder

Major depressive disorder (depression) is a debilitating mental health disorder pro-
jected to be the leading contributor to the global burden of disease by 2030 [200]. The
pathogenesis of depression is complex and multifactorial, with input from biological,
psychological, and social factors [201]. Reduced CBF is thought to contribute to the
development of depression through regional and global hypoperfusion, particularly in
the elderly [202—206]. Bench et al. (1995) and Navarro et al. (2002) demonstrated focal
reductions in CBF during depressed states, as well as resolution of cerebral perfusion in
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these regions during periods of remission [207, 208]. A similar effect has been observed
experimentally following administration of antidepressants [209]. Of note, depression
demonstrates reproducible hypoperfusion within the dorsolateral PFC, anterior cin-
gulate cortex, and limbic networks, correlating with depressive severity and cognitive
impairment [210, 211]. The PFC is of particular interest, with evidence demonstrating
consistent structural impairment amongst patients with depression [212]. Impaired CBF
can cause reduced metabolism within the PFC, resulting in dysfunction of serotonergic,
noradrenergic, and dopaminergic signalling pathways, which may explain the associ-
ated functional deficits of the PFC in depression such as impaired emotion regulation,
altered decision making, and dysfunctional reward processing [213]. Dysfunction in
the amygdala, involved in emotional stimulus processing, and hippocampus, involved
in long-term memory consolidation and working memory, have also been identified in
depression, possibly due to impaired CBF [214-216]. Overall, differential impairment
in regional cerebral perfusion may provide a mechanistic explanation for the wide spec-
trum of clinical phenotypes observed in depression.

The “Vascular Depression” hypothesis has gained traction in recent years for providing
a mechanistic link between vascular disease and depression. Initially proposed by Alexo-
poulos et al. (1997), the hypothesis states that the presence of vascular risk factors (e.g.
hypertension, diabetes, atherosclerosis, stroke) and associated damage to cerebral blood
vessels may “predispose, precipitate, or perpetuate” depression, especially in geriatric
populations [217]. Increased WMH volume has also been proposed as a diagnostic crite-
rion for vascular depression, with late-life depression being particularly associated with
more severe and larger WMHs [218-221]. Oda et al. (2003) characterised the breadth
of structures affected by WMHs in depressed patients, with lesions affecting both corti-
cal structures, such as the frontal lobe, temporal lobe, and anterior cingulate gyrus, to
subcortical structures, such as the thalamus and basal ganglia [222]. The primary propo-
nent for depression therefore seems to be cerebral SVD, where an associated reduction
in CBF predisposes to more severe depressive symptoms later in life [223].

4.2 Schizophrenia

Schizophrenia is a functional psychotic disorder characterised by the presence of delu-
sions, thought disorders, hallucinations (particularly auditory), and passivity phenom-
ena [224]. Traditionally thought to be due to increased dopaminergic signalling in the
mesolimbic pathway (responsible for positive symptoms) and decreased dopaminergic
signalling in the mesocortical pathway (responsible for negative symptoms), research
from the last two decades challenges this dogma and suggests that altered CBF may
also play a critical role in determining the severity of clinical symptomatology. Schizo-
phrenia is associated with temporo-parietal and prefrontal hypoperfusion, alongside
impaired frontal neurovascular coupling that correlates with negative symptoms and
cognitive deficits [225, 226]. Zhao et al. (2006) used single photon emission computed
tomography (SPECT) imaging to demonstrate decreased regional CBF in the bilateral
frontotemporal lobes of patients presenting with negative symptoms, while Pinkham ez
al. (2011) used ASL-MRI to specify the superior temporal gyrus, cingulate cortex, and
left middle frontal gyrus as key regions of interest where the degree of hypoperfusion
correlates with negative symptom severity [227, 228]. Decreased CBF in the precentral
and middle frontal gyri and increased CBF in the cingulate cortex and superior frontal
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gyrus is also associated with increased severity of positive symptoms [228]. Pharmaco-
logical interventions commonly used in the clinical management of psychotic disorders
also seem to optimise CBF in addition to targeting dopaminergic signalling pathways.
Peitl et al. (2021) showed that, in patients presenting with a first schizophrenic episode,
administration of aripiprazole (atypical antipsychotic) increased right frontotemporal
CBE, decreased symptom severity, and increased cognition indices [229]. Recent studies
suggest that CBF may therefore serve as a useful biomarker for quantifying the thera-
peutic response of schizophrenics to antipsychotics, as well as being a potentially fruitful
avenue to identify novel therapeutic interventions [230].

4.3 Generalised anxiety disorder

Generalised anxiety disorder (GAD) is the most common of the anxiety disorders and is
classically associated with a triad of subjective fear (which is constant and unremitting),
discomfort, and somatic symptomatology. Cerebral autoregulatory mechanisms are
thought to collapse in GAD, with TCDU data demonstrating more profound decreases
in CBF velocity in GAD patients upon postural change relative to healthy controls, sug-
gesting an inability to maintain homeostatic levels of cerebral perfusion during periods
of physical stress [231, 232]. Of note, this impairment in cerebral autoregulation was
negatively correlated with anxiety clinical assessment scores, where poorer autoregula-
tory function was associated with elevated levels of anxiety [232]. In particular, GAD
demonstrated altered limbic and fronto-parietal perfusion patterns, including reduced
CBF within the insula, anterior cingulate, and amygdala, all regions central to emotional
regulation [233, 234]. Global neurovascular coupling is also disrupted in GAD, with
evidence from Chen et al. (2021) showing that GAD patients exhibit a decreased cor-
relation between voxel-wise CBF and functional connectivity strength (FCS) (measure
of neural activity). This decoupling suggests a disrupted balance between brain activity
and perfusion, particularly in the right superior parietal gyrus, where an increased CBE-
ECS ratio is negatively correlated with self-esteem (as measured by clinical assessment
scores) in GAD patients [235]. Further studies have demonstrated altered neural activity
amongst elderly patients with anxiety, where a failure to activate the PFC (involved in
the downregulation of negative emotions) may provide an opportunity for clinical tar-
geting in this sub-population of GAD patients [236].

5 Neurological diseases

CBF impairment underlies several conditions typically managed by neurologists, includ-
ing epilepsy, migraine, ischaemic stroke, and post-cardiac arrest brain injury. Each dis-
order exhibits distinct patterns and mechanisms of CBF disruption, ranging from focal
neurovascular dysregulation in migraine to global hypoperfusion following cardiac
arrest. While some alterations in CBF are transient and potentially reversible, others
contribute to persistent structural and functional deficits.

5.1 Epilepsy

Epilepsy is defined by recurrent, unprovoked seizures arising from abnormal electrical
activity in the brain. Increasing evidence suggests that alterations in CBF are both a con-
sequence and a potential driver of seizure activity, with important implications for sei-
zure localisation and clinical prognosis. In temporal lobe epilepsy (TLE), reduced CBF
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has been reported in frontotemporal regions, with more pronounced decreases ipsilat-
eral to the seizure focus, reinforcing its utility in epileptogenic mapping [237]. In con-
trast, patients with idiopathic generalised epilepsy exhibit decreased interictal regional
CBF in structures such as the cingulate gyrus, thalamus, brainstem, and cerebellum
[238, 239]. Following seizures, a compensatory phase of post-ictal hyperperfusion can
persist up to six hours, reflecting increased metabolic demand and functional recov-
ery [240]. In TLE, hyperperfusion patterns evolve dynamically during seizure progres-
sion, initially affecting the ipsilateral temporal lobe before spreading to the contralateral
hemisphere, insula, basal ganglia, and frontal cortex [241]. Of note, peri-ictal hypoten-
sion is a critical factor in sudden unexpected death in epilepsy (SUDEP), which occurs
more frequently at night, aligning with disruptions in diurnal autonomic regulation. Epi-
lepsy itself is associated with significant autonomic dysfunction, which correlates with
impaired cerebral autoregulation, as measured by autonomic nervous system indices
[242]. These findings highlight the need for therapeutic strategies aimed at restoring
central autonomic function and cerebral autoregulation, particularly in patients at high
risk for SUDEP. Further research is needed, however, to explore the potential of CBF as a
biomarker for seizure severity, localisation, and treatment response more broadly.

BBB dysfunction is increasingly recognised as a key contributor to epileptogenesis and
treatment resistance [243]. Disruption of BBB integrity can facilitate the extravasation of
pro-inflammatory molecules, leukocytes, and serum proteins into cerebral parenchyma,
exacerbating neuroinflammation and neuronal hyperexcitability [244—246]. Persis-
tent BBB leakage has been reported in both focal and generalised epilepsies, suggest-
ing a broader role in disease progression beyond seizure localisation [247]. Claudin-5, a
critical tight junction protein, plays a central role in maintaining BBB integrity, and its
downregulation has been observed in treatment-resistant epilepsy, with lower expres-
sion levels correlating with increased seizure frequency and prolonged seizure duration
[248]. Experimental knockdown of claudin-5 exacerbates seizure severity, disrupts BBB
function, and promotes neuroinflammation, whereas pharmacological upregulation
reduces seizure activity, suggesting that BBB stabilisation may represent a novel thera-
peutic approach for refractory epilepsy [249]. Beyond claudin-5, other junctional pro-
teins are also dysregulated in epilepsy, such as downregulation of occludin, associated
with increased BBB permeability, and Zonula Occludens-1 (ZO-1), linked to increased
endothelial permeability, infiltration of albumin into the brain, and subsequent activa-
tion astrocytes and triggering of epileptiform activity [250, 251]. These findings under-
score the critical role of BBB integrity in epilepsy pathophysiology, where targeting BBB
stabilisation and restoring cerebrovascular homeostasis could open new therapeutic
avenues, offering renewed hope for improved seizure control and neuroprotection in
patients with refractory epilepsy.

5.2 Migraine

Migraine is a complex headache disorder thought to be associated with neuronal hyper-
excitability, trigeminal nerve-induced inflammation, meningeal vessel dilation, and
nerve fibre sensitisation, manifesting clinically as severe pain in the presence (with aura)
or absence (without aura) of headache-preceding symptoms [252]. Genetic variants are
known to be play a key role in the pathophysiology of migraine by altering cerebral hae-
modynamics, though the relationship remains unclear and largely inconsistent, with
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some variants associated with higher flow velocities and others with decreased cross-
sectional areas of the carotid arteries and decreased CBF [253].

Various studies have investigated the impairment of CBF in migraineurs with aura,
particularly in the ictal (during migraine attacks) and inter-ictal phases. Chen et
al. (2024) used ASL-MRI to study the inter-ictal period of patients with vestibular
migraines, and found increased CBF in the primary motor cortex, primary somatosen-
sory cortex, bifrontal gyrus, and insular cortex [254]. Another study by Fu et al. (2022)
found similar increases in CBF of migraine with aura patients localised to the bilateral
superior frontal gyrus, bilateral postcentral gyrus, and cerebellum, with simultaneous
decreased CBF levels in the bilateral middle frontal gyrus, thalamus, and medioventral
occipital cortex [255]. Microvascular vasospasm in the cerebral cortex during prolonged
aura migraine is also thought to contribute to CBF impairment, likely due to endothelial
dysfunction and decreased NO availability [256, 257]. An area of active investigation is
the clinical association between CBF impairment and increased stroke risk, with some
studies suggesting that impaired cerebral vasomotor reactivity could contribute to the
increased incidence of stroke amongst migraineurs [256]. Overall, these findings suggest
that CBF impairment may simultaneously be a consequence and a contributing factor to

migraine attacks.

5.3 Ischaemic stroke

Ischaemic cerebrovascular accidents or strokes are mechanistically described as a
regional reduction in CBF, where acute ischaemic events disrupt cerebral autoregulation
and neurovascular coupling. However, these functional deficits are known to recover
over time, suggesting that interventions that coincide with these recovery phases could
enhance therapeutic outcomes and accelerate return towards baseline [258]. The pen-
umbra (parenchymal zone that encloses core infarcted tissue), or moderately hypoper-
fused cerebral tissue within the thresholds of functional impairment and morphologic
integrity, may particularly benefit from such timely intervention given its potentially
salvageability if reperfused within a reasonable timeframe. This delineation is charac-
terised by a core-penumbra CBF gradient, where critically reduced perfusion defines
the infarct core and moderately reduced flow delineates salvageable penumbral tissue
[259, 260]. Widely accepted CBF thresholds help operationally define these regions:
perfusion below~10-12 mL/100 g/min is typically associated with irreversible infarc-
tion within the ischaemic core, whereas values of ~12—22 mL/100 g/min correspond to
the metabolically compromised but potentially salvageable penumbral tissue [260]. An
interesting study conducted by Bo et al. (2020) demonstrated that excitatory optogenetic
stimulation of sensorimotor neurons decreased cerebral haemodynamic responses (as
shown by laser speckle contrast imaging) in both healthy and ischaemic tissue. Of note,
however, stimulation of penumbral region neurons promoted recovery of neurovascular
coupling, with CBF responses being positively correlated with anatomical distance from
the ischaemic core, but only if this peri-infarct excitation was delivered within 24 h of
lesion onset [261]. Despite this observed effect in the acute phase, Steiner et al. (2021)
found that ipsilateral and contralateral reductions in CBF persisted several years post-
stroke, suggesting that although accelerated recovery of cerebral perfusion may be pos-
sible, this recovery may not be complete [262]. This chronic impairment can additionally
contribute to ongoing cognitive deficits and functional limitations in stroke survivors,
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underscoring the importance of long-term monitoring and rehabilitation strategies
aimed at improving cerebral perfusion.

In contemporary clinical practice, early restoration of cerebral perfusion remains the
central therapeutic objective. Intravenous thrombolysis with tissue plasminogen acti-
vator and endovascular mechanical thrombectomy represent the established standards
of care for eligible patients with acute ischaemic stroke, with both interventions dem-
onstrating improved neurological outcomes when rapid reperfusion and restoration
of CBF are achieved. Several promising therapies are being explored to enhance CBF
during acute ischaemic stroke. These include drug therapies such as heme-free soluble
guanylate cyclase activators, remote ischaemic preconditioning, and sphenopalatine
ganglion stimulation [263]. Pharmacological modulators of blood viscosity are also com-
monly used given that increased blood viscosity is associated with lower baseline CBF
in acute ischaemic stroke due to endothelial dysfunction, reduced NO-mediated vaso-
dilation, and increased risk of thrombosis [264]. Non-pharmacological approaches, such
as normobaric oxygen therapy and hypothermia, aim to preserve penumbral tissue by
modulating metabolic demands while awaiting reperfusion [265, 266]. However, large
randomised clinical trials evaluating these approaches have yielded neutral or negative
results, suggesting that challenges related to treatment timing, patient selection, and
physiological heterogeneity may limit their clinical efficacy despite encouraging mecha-
nistic rationale [267, 268]. Additionally, sensory stimulation therapies have shown prom-
ise in enhancing neuroplasticity and functional recovery in stroke patients, indicating
that a multifaceted approach may yield better outcomes than relying solely on traditional
revascularisation techniques [265, 269]. Emerging evidence also suggests that biological
sex may influence cerebrovascular physiology and stroke pathophysiology, with studies
demonstrating higher baseline CBF in women across the lifespan, differences in vascu-
lar reactivity, and potentially more favourable collateral circulation in acute ischaemic
stroke, highlighting the importance of considering sex-specific cerebrovascular dynam-
ics in future therapeutic strategies [270-273].

5.4 Post-cardiac arrest brain injury

Post-cardiac arrest brain injury (PCABI) describes the impact on cerebral parenchyma
of cessation of systemic perfusion following cardiac arrest, where CBF becomes severely
impaired and results in hypoxic ischaemia and potential infarction of parenchymal tis-
sue. Cardiac resuscitation helps stimulate transient hyperaemia in the acute phase, but
due to the “no-reflow” phenomenon, often cerebral hypoperfusion rapidly recommences
and can exacerbate hypoxic-ischaemia [274, 275]. Evidence suggests that even in cases
where return of spontaneous circulation (ROSC) occurs prior to resuscitation attempts,
CBF does not always return to pre-arrest baseline, with many patients experiencing
hypoperfusion for several hours to days following the event [274, 276]. A key sub-cel-
lular consequence of PCABI is mitochondrial dysfunction, where global cerebral isch-
aemia results in decreased mitochondrial adenosine triphosphate (ATP) generation and
increased release of ROS, which can subsequently induce cerebrovascular dysfunction
(resulting in an incessant positive feedback loop) [277]. Of note, pre-clinical therapeu-
tic interventions aimed at improving mitochondrial dysfunction in PCABI have shown
promise, but wider clinical implementation is still pending [278]. Continuous non-inva-
sive monitoring of cerebral oxygenation and CBF using techniques such as NIRS and
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TCDU can provide valuable insights into the effectiveness of such interventions aimed
at restoring CBF PCABI [279, 280].

In addition to the direct effects of PCABI, microglial activation and subsequent neu-
roinflammation further exacerbate neurological injury and CBF impairment [281, 282].
The NOD-, LRR-, and pyrin domain-containing protein 3 (NLRP3) inflammasome, in
particular, has been implicated in the inflammatory cascade following cardiac arrest,
and its inhibition has been shown to reduce brain injury in experimental models [281].
The use of therapeutic hypothermia is also thought to decrease neuroinflammation post-
cardiac arrest, with great efficacy in improving CBF dynamics [283, 284]. Similarly, the
activation of various protein kinase C (PKC) isoforms play a key role in modulating post-
ischaemic CBF, including PKC isoform §, shown to exacerbate ischaemic damage, and
PKC isoform €, shown to be neuroprotective via stabilisation of cerebral circulation [285,
286]. These findings highlight the utility in therapeutically targeting neuroinflammatory
pathways in post-cardiac arrest patients to prevent adverse neurological sequelae and

improve long-term clinical outcomes.

6 Current dilemmas and future directions

Despite major advances in characterising CBF dysregulation across neurological, neuro-
surgical, neuropsychiatric, and neurodegenerative disease, several unresolved challenges
continue to limit translation. First, the mechanisms linking microvascular dysfunction
to network-level cognitive decline remain incompletely defined, with competing models
emphasising NVU injury, impaired vasoreactivity, and glymphatic/IPAD failure [1, 287].
Second, attempts to therapeutically modulate CBF have provide inconsistent results,
in part because the optimal targets of restoring autoregulation, enhancing perfusion,
reducing pressure-passivity, or supporting perivascular clearance, remain disease- and
stage-specific. Vasodilator trials in SVD and MS have shown mixed efficacy, highlight-
ing the difficulty of modifying downstream microvascular tone without exacerbating
leakage or oedema [288, 289]. Third, reliable biomarkers of microvascular health are
lacking. Emerging metrics such as cerebrovascular reactivity, dynamic autoregulation
indices, ASL-based perfusion reserve, and NIRS/DCS markers of microvascular flow
show promise but lack standardisation for clinical decision-making [290-294]. Finally,
the interaction between vascular dysfunction and sleep, inflammation, and protein
clearance remains an active area of uncertainty, with models of glymphatic and IPAD
flow yet to be reconciled in humans [81, 295]. Addressing these gaps will be essential for
convert mechanistic insights into targeted therapies and developing precision vascular

phenotyping across neurological disciplines.

7 Conclusion

This review has examined the central role of CBF dysfunction across a broad spectrum of
neurodegenerative, neuropsychiatric, neurological and neurosurgical disorders. By inte-
grating insights from multiple disciplines, we have highlighted how regional and global
hypoperfusion not only reflects underlying pathology but often contributes directly to
disease progression, symptomatology, and long-term outcomes. Despite advances in our
understanding, key mechanistic pathways—particularly those linking vascular dysfunc-
tion to neurodegeneration, inflammation, and impaired clearance—remain incompletely

understood.
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There is an urgent need for continued interdisciplinary research to unravel the com-
plexities of CBF regulation and its disruption in disease. Identifying shared and distinct
vascular mechanisms across conditions may unlock new diagnostic markers and thera-
peutic targets. Ultimately, we hope this synthesis encourages clinicians, researchers, and
students to view CBF not as a peripheral factor, but as a core element in the pathogen-
esis and treatment of neurological disease, paving the way for novel strategies to restore
cerebral perfusion and improve patient outcomes across the neurosciences.
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