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Background: Patent foramen ovale (PFO) is often complicated by cerebral diseases. Notably, PFO is
disproportionately prevalent in cryptogenic stroke patients, but the mechanism of PFO is not clear yet. This
study aimed to investigate whether there was a decline in the diffusion tensor imaging analysis along the
perivascular space (DTI-ALPS) index that partially indicates interstitial fluid (ISF) dynamics and glymphatic
system function in PFO patients, which had not been reported before, and to discuss the glymphatic
metabolism mechanism by which PFO causes cryptogenic stroke.

Methods: In total, 52 PFO patients and 50 age- and gender-matched healthy controls (HCs) who
underwent diffusion tensor imaging (D'TT) with magnetic resonance imaging (MRI) scanning were included
in the study. Diffusivity maps in the x-axis (D)), y-axis (D,,), z-axis (D,,), and the DTI-ALPS index from
the projection and association fibers were extracted, and differences between PFO and HC groups were
analyzed.

Results: The PFO patients had significantly higher D,, and D,, from the projection fibers, D,, from the
association fibers, lower DTI-ALPS indexes in both hemispheres, and higher D,, from the association fibers
in the left hemisphere than the HCs (P<0.01). The PFO patients had a lower DTI-ALPS index than the
HCs in the left (1.358+0.116 vs. 1.624x0.281, P<0.001) and right (1.360+0.135 vs. 1.531+0.208, P<0.001)
hemispheres. The areas under the receiver operating characteristic (ROC) curve were 0.83 with an ALPS
index cut-off value of 1.434 in the left hemisphere, and 0.76 with an ALPS index cut-off value of 1.420 in
the right hemisphere. Further, the paired samples z-tests revealed slight lateral differences in the DTI-ALPS
index between the left and right hemispheres in the HCs (P=0.012). The reduced DTI-ALPS index of the
left hemisphere (0.267+0.042) was greater than that of the right hemisphere (0.171+0.035).

Conclusions: The PFO patients showed a decrease in the DTI-ALPS index, which partly indicates ISF
dynamic disorder and glymphatic system dysfunction, especially in dominant hemispheres. The DTI-ALPS
index could serve as a neuroimaging biomarker for PFO. Further, the state of the impaired glymphatic

system in PFO may increase the risk of stroke.
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Introduction

Patent foramen ovale (PFO) is the most common congenital
intracardiac right-to-left shunt in adults (1). PFO affects
about 25% of people, and is more common in individuals
aged under 30 years (2). During the shunt process, the
venous blood flows into the arterial circulation directly
without pulmonary circulation, causing a series of diseases,
including abnormal embolism, decompression sickness,
and migraine (3,4). The prevalence of PFO in cryptogenic
stroke patients is heterogeneous; about 25% of individuals
have PFO (5). Notably, 29% of cryptogenic stroke patients
have PFO, while only 20% of patients with a definite or
probable cause of transient ischemic attack/stroke have
PFO (5). The mechanism of PFO is not yet clear; thus, a
deeper understanding of PFO pathophysiology is required.

Diffusion tensor imaging analysis along the perivascular
space (DTI-ALPS) is a new, non-invasive method for
evaluating glymphatic system function. This neuroimaging
technology provides an objective means for investigating
abnormal discoveries, and has been applied to many
diseases, including Parkinson’s disease (6), Alzheimer’s
disease (7), and epilepsy (8). The DTI-ALPS index is
described as a crucial quantitative indicator for assessing
the status of lymphatic metabolism (9), and a decrease in
the DTI-ALPS index is an important parameter indicating
a disordered condition of interstitial fluid (ISF) dynamics,
which may partially suggest a dysfunction of the glymphatic
system. To date, the glymphatic system function of PFO
patients has not yet been explored. Thus, we used a DTI-
ALPS technique to investigate whether a decline in the
DTI-ALPS index which partially reflects (ISF) dynamics
and glymphatic system function in PFO patients. We
also discuss the lymphatic metabolic mechanism of PFO
that causes cryptogenic stroke. We present this article in
accordance with the STROBE reporting checklist (available
at https://qims.amegroups.com/article/view/10.21037/
qims-24-1963/rc).

Methods

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study was
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approved by the Institutional Ethics Board of The Second
Hospital of Hebei Medical University (No. 2023-R590),

and informed consent was obtained from all the patients.

Participants

In total, 52 patients diagnosed with PFO at The Second
Hospital of Hebei Medical University and 50 age- and sex-
matched healthy controls (HCs) recruited from the community
were enrolled in the study between September 2023 and
August 2024 (Figure I). All the participants underwent
contrast transthoracic echocardiography, which served as the
reference standard, and magnetic resonance imaging (MRI)
scanning. Participants were included in the study if they met
the following inclusion criteria: (I) were aged between 18 and
65 years; (II) were right handed; (III) had complete MRI data;
and (IV) had not received medication and surgery to treat
PFO. Participants were excluded from the study if they met
any the following exclusion criteria: (I) had neurodegenerative
diseases, tumors, or other neurological diseases; (II) had a long-
term history of smoking, alcohol, or drug dependence; and/or
(IIT) had poor-quality MRI scans.

Migraine assessment

In total, 52 patients completed the migraine symptom scale,
which collects data on the frequency of migraine attacks per
month, migraine duration, the visual analog scale (VAS),
and the presence of accompanying symptoms.

MRI acquisition

The study used a 3.0 T' MRI scanner (GE SIGNA Architect,
USA) with a 24-channel head/neck coil. All participants lay
still in a supine position. Earplugs were used to reduce noise,
and foam cushions were used to decrease head motion. The
diffusion tensor imaging (DTT) data were collected using a
single-shot echo planar imaging sequence. The following
parameters were used: repetition time (TR)/echo time
(TE): 6,234/78.4 ms; b values: 0 and 1,000 s/mm?*; designed
diffusion directions: 64; field of view: 256x256 mm; matrix
size: 128x128; number of slices: 75; and slice thickness:
1.8 mm with no gap intersection.
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DTI-ALPS index calculation

The DTI images were preprocessed based on the FSL
pipeline on FMRIB 6.0 (FSL; https://fsl.fmrib.ox.ac.uk/
fsl). First, the DICOM format data of the DTT images
were converted to NIFTI by MRIcroN (https://www.
nitrc.org/projects/mricron). Subsequently, eddy current
and motion correction was performed. Skull stripping of
the images was then performed. After which, fractional
anisotropy (FA) and the diffusivity index toward the x-, y-,
and z-axes in FSL were generated. Each FA map was then
converted to the JHU-ICBM-FA template. The projection

From September 2023 to August
2024, 61 PFO and 55 HC were
included

5 PFO and 2 HC did not complete
the MRI scan and were excluded

Y

56 PFO and 53 HC underwent the
MRI scanning

4 PFO and 3 HC were excluded
due to poor image quality

Y

52 PFO and 50 HC were enrolled in
the final analysis

Figure 1 Study flow chart. HC, healthy control; MRI, magnetic

resonance imaging; PFO, patent foramen ovale.

and association fibers were identified at the plane of the
lateral ventricle body, the same as the superior longitudinal
fasciculus (SLF) and the superior corona radiata (SCR)
using the JHU-ICBM-DTI-81-white-matter-labelled
Atlas. Regions of interest (ROIs) were outlined as 5 mm
toward the bilateral SCR and SLF. The ROIs were centrally
coordinated according to the JHU-ICBM-FA formwork,
and fluid attenuated inversion recovery was used to try and
exclude white-matter hyperintensities. Participants were
excluded if the modified Fazekas scale for the white-matter
hyperintensities was >2. Finally, the diffusivity index (D,,,
D,,, and D,,) was extracted to calculate the ALPS index.
The ALPS index was defined as the ratio of the mean x-axis
parameter along the projection direction (Dxxproj), and
the x-axis diffusivity along the association fibers (Dxxassoc)
to the mean of the y-axis parameter during the projection
fibers (Dyyproj), and the z-axis parameter along the
association direction (Dzzassoc) (9). The ALPS index was
calculated using the following Eq. [1] (Figure 2):

ALPS-index mean (Dxxproj R Dxxassoc)

- (1]
mean( Dyyproj, Dzzassoc)

Statistical analysis

The participants’ demographic and clinical data were
compared using the independent sample #-test and Chi-
squared test (GraphPad Prism, version 9.5.1). The DTI-
ALPS index values between the left and right hemispheres
were compared using the paired samples 7-test. An analysis
of covariance was used to analyze diffusivity parameters

Associative fibers

N

Figure 2 Calculation of the DTI-ALPS index in DTT color maps with ROIs from the projection fibers (blue as the z-axis), association fibers

(green as the y-axis), and the subcortical direction (red as the x-axis). DTI-ALPS, diffusion tensor imaging analysis along the perivascular

space; ROL, region of interest.
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with the ALPS index, age, gender, body mass index (BMI)
as co-variates, and the results were corrected for multiple
comparisons using false discovery rate correction. Pearson
association was analyzed in the ALPS index and migraine
scores. The receiver operating characteristic (ROC) curve
and the area under the curve (AUC) of the DTI-ALPS
index between the groups were anal to identify the PFO
patients compared to HCs. A P value <0.05 was considered
statistically significant.

Results
Demographic data

In total, 52 PFO patients and 50 HCs were included in
the study. There were no significant differences between
the PFO group [mean = standard deviation (SD):
39.62+£9.706 years] and HC groups (mean = SD:
39.64+10.565 years; P=0.990) in terms of age, sex (P=0.735),
and BMI (P=0.526). For further details on the demographic
data of the participants, see Table 1.

Table 1 Demographic and clinical data

Characteristic PFO patients (n=52) HCs (n=50) P values

Age (years) 39.62+9.706 39.64+10.565 0.990

Sex (male/female) 14/38 12/38 0.735

BMI (kg/m?) 21.306+1.729  21.518+1.626 0.526

Migraine scores 15.14+4.767 - -

Data are presented as mean + standard deviation or n. There
were no significant differences between the PFO and HC groups
in terms of their demographic data. BMI, body mass index; HCs,
healthy controls; PFO, patent foramen ovale.
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ALPS index and diffusion indices

There was a significant difference between the groups
in terms of the ALPS index. Specifically, the PFO group
had a lower ALPS index than the HC group in both the
left (1.358+0.116 vs. 1.624+0.281, P<0.001) and right
(1.360+0.135 ws. 1.531+0.208, P<0.001) hemispheres
(Figure 3). Additionally, the D, and D, from the
projection fibers, the D,, from the association fibers in both
hemispheres, and the D,, from the association fibers in the
left hemisphere were also significantly higher in the PFO
patients than the HCs (7able 2). Further, the paired samples
t-test results revealed a slight lateral difference in the D'TI-
ALPS index between the left and right hemispheres in the
HCs according to (P=0.012). The reduced DTI-ALPS
index of the left hemisphere (0.267+0.042) was greater than
that of the right hemisphere (0.171+0.035), indicating a
reduced lateral asymmetry in the PFO group.

The AUC of the ROC curve for differentiating between
PFO and HC was 0.83 [95% confidence interval (CI): 0.75
to 0.91] using a sensitivity of 75% and specificity 76% by
the ALPS index cut-off value of 1.434 in the left hemisphere
and 0.76 (95% CI: 0.67 to 0.86) using a sensitivity of 77%
and specificity 74% according to ALPS index cut-off value
of 1.420 in the right hemisphere (Figure 4).

Correlation analysis
No significant correlation was found between the ALPS

index and migraine scores (15.14+4.767, P=0.671).

Discussion

PFO has several neuropathological mechanisms. Paradoxical

Right hemisphere

2.200
2.000
S 1.800 I
£ .
£ 1.600 2
2
1.400 ;
1.200 1 I
1.000 -
PFO HC

Figure 3 Difference in the ALPS index between the PFO and HC groups. ALPS, analysis along the perivascular space index; HC, healthy

control; PFO, patent foramen ovale.
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Table 2 Difference in the diffusivity parameters and the ALPS index between the PFO and HC groups

PFO group (n=52) HC group (n=50)
Characteristics P values
Mean SD Mean SD
Left hemisphere
Association fiber
Dy« (x10° mm?/s) 700.31 74.612 596.66 155.936 <0.001
D,, (x10™° mm?®/s) 423.48 51.106 309.70 125.204 <0.001
Projection fiber
D, (x107° mm®/s) 582.54 69.728 455.18 151.013 <0.001
D,, (x10° mm?/s) 523.62 61.099 357.12 114.079 <0.001
Left ALPS index 1.358 0.116 1.624 0.281 <0.001
Right hemisphere
Association fiber
Dy« (x107° mm®/s) 672.37 73.988 620.92 173.108 0.052
D,, (x10™° mm?®/s) 417.62 59.324 342.52 159.093 0.002
Projection fiber
D,y (x107° mm®/s) 562.56 58.276 470.60 183.157 0.001
D,, (x10° mm?/s) 495.92 70.186 394.64 145.588 <0.001
Right ALPS index 1.360 0.135 1.531 0.208 <0.001

ALPS, analysis along the perivascular space; D,,, diffusivity through the x-axis; D,,, diffusivity toward the y-axis; D,,, diffusivity by the z-axis;
HC, healthy control; PFO, patent foramen ovale; SD, standard deviation.

Left hemisphere Right hemisphere
1.0 ] 1.0 —
I :
K . I ’7
0.8 — 0.8
206 > 0.6 ‘
= =
2 i 2
Q Q
»n 0.4 » 04 —
02 021
0.0 0.0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
1-Specificity 1-Specificity

Figure 4 ALPS index ROC curve analysis for differentiating between PFO patients and HCs. The results revealed areas under the ROC
curve of 0.83 (95% CI: 0.75 to 0.91) with a sensitivity of 75% and a specificity of 76% using an ALPS index cut-off value of 1.434 in the left
hemisphere, and 0.76 (95% CI: 0.67 to 0.86) with a sensitivity of 77% and a specificity of 74% with an ALPS index cut-off value 1.420 in the
right hemisphere. ALPS, analysis along the perivascular space; CI, confidence interval; HCs, healthy controls; PFO, patent foramen ovale;

ROC, receiver operating characteristic.
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embolism (PDE) occurs when venous thromboembolus
flow into the arterial blood circulation through the foramen
ovale, which may cause emboli in different parts of the body.
If an embolism arrives at the brain, the cerebral arteries may
be blocked, resulting in brain hypoxia, which in turn can
lead to glymphatic and ISF exchange impairment, and even
ischemia or infarction of the parenchyma if the embolism
is large. Cerebral artery embolization often occurs in the
posterior circulation due to faster blood flow velocity in
the posterior circulation (10,11). However, a PFO itself
may increase the blood circulation resistance, leading to
the platelet aggregation and thrombus formation (12).
Embolism-induced endothelial nitric oxide synthase
(eNOS) expression in vascular endothelial cells appears to
mediate blood-brain barrier (BBB) disruption, which can
cause the abnormal leakage of large molecular substances,
and a failure to clear extracellular waste, such as amyloid
beta (AB), tau protein and lactate, resulting in ISF dynamic
impairment and glymphatic dysfunction, which in turn can
result in brain edema (13).

Most microparticle emboli via the PFO do not lead
to cerebral infarction, but the ischemic state can trigger
cortical spreading depression (CSD) (14). Depolarized
neurons are supposed to decrease the efficiency of intra-
and extracellular ion transportation, and disturb the
metabolism of neurons. Additionally, CSD can induce
the oligomerization through vasoconstriction, which may
lead to abnormal changes in perivascular spaces called
Virchow Robinson spaces, inducing damaged ISF exchange,
resulting in localized hypoperfusion, which in turn can lead
to various neurological symptoms (15,16). By activating
special proteases, CSD can also change the permeability
of the BBB, resulting in ISF dysfunction and leading to
cerebral edema or hemorrhage (17). Additionally, CSD has
the potential for dissemination, and focal ischemic areas
can spread to non-ischemic areas in the form of waves,
causing damage in distant parenchyma (18), which is most
likely to occur in the hippocampus (19). CSD may also
lead to impaired functional connectivity of both cerebral
hemispheres (20).

Venous active factors [e.g., calcitonin gene-related
peptide (CGRP), 5-hydroxytryptamine (5-HT), and
endothelin] that should be eliminated in the pulmonary
circulation are not decomposed, and flow directly
into the cerebral circulation, affecting the function of
cerebrovascular function (21,22); thus, the drainage of
soluble waste along the perivascular spaces may break down,
and they may act on neurons to cause a dural neurogenic

© AME Publishing Company.
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inflammatory reaction (23). Neurogenic inflammation
caused by the release of some active substances on the
adjacent cerebral blood vessel wall after the stimulation
of the trigeminal ganglion and its fibers manifests as BBB
damage, plasma protein extravasation (PPE), or neurogenic
vasodilatation. CGRP can activate and promote the
degranulation of mastocyte in the dura mater, which leads
to the release of CGRP, 5-HT, and other inflammatory
mediators that aggravate the inflammatory response and
form a positive feedback pathway of the inflammatory
response (24), which in turn damages the basement
membrane of capillaries and the tunica media of arteries,
leading to obstacles in the exchange of ISF and the clearance
of waste. Neuronal ischemic injury may be associated with
5-HT disorders (25). A previous study found that migraine
patients with aura showed contrast media extravasation
in the brain parenchyma after MRI enhancement, which
suggests neurogenic inflammatory reaction (26).

When PDE occurs, venous blood with thrombus and
5-HT flows into cerebral arteries via the foramen ovale,
which increases 5-H'T concentration in the cerebral
arteries, which in turn puts the blood in a hypercoagulable
state, accelerates the formation of thrombosis, and increases
the risk of PDE. The increased concentration of 5-HT
may also induce CSD, and when combined with ischemia,
damage to the brain parenchyma will be exacerbated (17,22).
Guo et al. (27) revealed that these mechanisms may damage
the cerebral blood autoregulation function in PFO patients,
leading to metabolic waste clearance unbalance, which
further causes migraine or stroke. Moreover, the larger
the right-to-left shunt in the PFO, the more severe the
impairment of the cerebral autoregulation function. This
aligns with our findings that the ALPS index, as an indicator
of glymphatic function, was significantly lower in the PFO
group than the HC group.

To date, three cerebral lymphatic drainage systems,
including the glymphatic system, the intramural periarterial
drainage pathway, and the meningeal vessel lymphatic
roads have been proposed (28,29). Iliff ez 4/. first described
the glymphatic system as a kind of precise anatomical and
functional structure for the clearance of metabolites (30),
including AP from neuronal metabolic activities, which are
highly dependent on the aquaporin-4 (AQP4) of astrocytes.
This pathway permits the cerebrospinal fluid (CSF) to flow
in and the ISF to flow out, and maintains the homeostasis of
the cerebral fluid (31). The intramural periarterial drainage
pathway drains the waste across the basement membrane
of capillaries and tunica media of arteries toward cervical
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lymph nodes (32). Meningeal lymphatic vessels are able to
clear ISE, immune cells, and macromolecules from the brain,
and regulate the immune response (33). Of the above three
pathways, the glymphatic pathway is the main method for
clearing extracellular waste, such as AB (30), tau protein (34),
and lactate (35). Additionally, the glymphatic system also
contributes to molecules, such as cerebral glucose, amino
acids, lipids, growth factors, and neuromodulators (36),
which play crucial roles in brain metabolism. Notably, a
lack of glucose leads to hypoxia of the brain parenchyma.
Additionally, low glucose decreases the function of the BBB.
Further, neurons cannot work properly if there is a lack of
essential nutrients due to the reduction of amino acids.

Under the recent proposed “central nervous system
interstitial fluidopathy” concept (37), abnormal ISF
dynamics has a major association with the pathology.
Flux fluid and macromolecules from the subarachnoid
part rapidly enter the brain by bulk flow, via perivascular
spaces called Virchow Robinson spaces. The term of
“neurovasculome” was proposed by the American Heart
Association/American Stroke Association, and is defined
as the whole extracranial and intracranial vasculature, as
well as the affiliated cells of the skull, meninges, and brain,
including the arteries, veins, and the lymphatic system,
neurovasculome plays a key role in brain homeostasis
and cognitive health (38). The neurovasculome helps to
convey metabolites and proteins from the parenchyma
to the lymphatic system, and the draining mechanisms
include transport through the BBB, the drainage of soluble
waste along the perivascular spaces, and clearance by dual
lymphatic vessels (39).

The role of the glymphatic system in the regulation of
CSF-ISF exchange homeostasis is crucial, as an unbalance
in the CSF-ISF exchange will exacerbate the formation
of cerebral edema and hinder dissolution of the waste.
Additionally, a decrease in glymphatic outflow drainage will
increase the risk of vasogenic edema due to the impairment
of AQP4 (40). Further, reduced tracer motion was detected
in experimental models of brain amyloid angiopathy (41),
even microinfarcts (42). Drainage disruption and the
continued buildup of protein can result in the breakdown
of vessel walls, leading to ischemic disease or hemorrhage.
Glymphatic dysfunction can increase the permeability of
the BBB, which suppresses responses of cerebral vessels
to carbon dioxide (CQO,), which in turn leads to ischemic
lesions (43).

Humans need stable cerebral blood flow (CBF) to meet
the energy and metabolic demands of the brain. PDE
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caused by PFO leads to the concentration of emboli in
blood and the blocking of cerebral arteries (11), and can
further result in disorders of blood flow dynamics and ISF
exchange. Guo et al. (27) revealed that these mechanisms
may damage the cerebral blood autoregulation function
in PFO patients, leading to metabolic waste clearance
unbalance. Additionally, the increased resistance of blood
by PFO could accelerate the expression of eNOS, which
damages the BBB (13). Further, venous active factors as
a result of PFO, such as CGRP, 5-HT, and endothelin,
in the cerebral blood can affect vasoconstriction function
(21,22) and even mediate vessel wall inflammation (24),
exacerbating the damage to the BBB and ISF exchange
dysfunction. The latest research suggests that neurons act
as major organizers for the cerebral glymphatic system (44).
CSD triggered by PFO disturbs the metabolism, and leads
to the depolarization of neurons (16), which decreases CSF
to ISF perfusion, leading to glymphatic dysfunction.
Several diseases, including Alzheimer’s disease,
Parkinson’s disease (45), glioma (46), traumatic cerebral
injury (47), subarachnoid hemorrhage, and ischemic stroke,
have interstitial fluidopathy. AQP4 acts as the most vital
glymphatic system and has a complicated action in cerebral
edema after ischemia (48). Zhu er al. proposed that the
glymphatic system is a key contributor to the formation
of cerebral edema after ischemic stroke (49). Perivascular
space enlargement and asymmetry could play a role in the
glymphatic system, and can be visualized using advanced
imaging methods after stroke (50). Lv et a/. noted the
potential of the glymphatic system in early risk assessment,
diagnostics, and treatments, and stroke prognostics (51).
The ALPS index revealed lower performance of ischemic
stroke, indicating decreased glymphatic system function.
The ALPS index increased from the onset of stroke, which
indicated glymphatic function recovery (52). A longitudinal
cohort study suggested that neurovascular coupling
impairments after stroke lower glymphatic system function,
and led to depressive symptoms (53). Keuters ez al. discussed
the effect of vascular endothelial growth factor C which
caused a growth of dural lymphatic vessel on ischemic
stroke, and noted that further investigations should be
conducted to examine the effect of dural lymphatic system
enhancement at clinically related temporal points (54).
This study found that the PFO patients had a
significantly reduced DTI-ALPS index; thus, this index
might be a good parameter for indicating disordered ISF
dynamics and glymphatic dysfunction. We established
ALPS index cut-off values of 1.434 in the left hemisphere
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PFO

Figure 5 The relationship between the glymphatic system, PFO, and stroke. PFO can directly block cerebral arteries by the PDE pathway,
leading to stroke. Increased resistance to blood circulation in PFO patients may lead to thrombus, which induces eNOS expression and
disrupts the BBB. CSD can decrease ion transportation, causing the disturbance of neurons and vasoconstriction. Venous 5-HT and CGRP
can directly flow into the cerebral blood, affecting the function of neurons, and even cause dural neurogenic inflammation. CGRP can
activate mastocyte degranulation. The above process decreases the glymphatic function, and the homeostasis of CSF-ISF exchange can be
broken, increasing BBB permeability and leading to ischemia. Further, the risk of vasogenic edema is increased because of the impaired
AQP4. Conversely, cerebral ischemic stroke leads to glymphatic dysfunction, which is associated with brain edema. The arrow 1 indicates an
improvement in function or a quantitative increase, while the arrow | indicates an inhibition in function or a reduction in quantity. AQP4,
aquaporin-4; BBB, blood-brain barrier; CGRP, calcitonin gene-related peptide; CSD, cortical spreading depression; CSEF, cerebrospinal
fluid; eNOS, endothelial nitric oxide synthase; 5-HT, 5-hydroxytryptamine; ISE interstitial fluid; PDE, paradoxical embolism; PFO, patent

foramen ovale.

and 1.420 in the right hemisphere, which were effectively
able to discriminate between PFO patients and HCs. Thus,
the ALPS index could act as a potential biomarker for
PFO. This study also examined the relationship between
lymphatic metabolism, PFO, and stroke, and conjectured
that the state of lymphatic metabolism dysfunction before
stroke in PFO might have a mediating role between PFO
and stroke (Figure 5).

The results of this study revealed slight lateral
differences in the glymphatic system between the inter-
hemispheres as evidenced by a greater DTI-ALPS index
in the left hemisphere than the right hemisphere. It is well
known that the left hemisphere is the dominant hemisphere
in a majority of systems and functions. Cerebral function
specialization and activation selection in specific brain

© AME Publishing Company.

regions that affect cognition and perception contribute to
the evolution of the human brain (55). Thus, hemispheric
lateralization plays a more critical role in one hemisphere,
usually the left hemisphere (56), which offers an opportunity
for optimizing brain efficiency and improving cognition (57).
Recently, functional MRI research has shown hemispheric
lateralization, especially in the dominant hemisphere, and
even in the left frontal cortex based on blood oxygen level
dependent (58). Thus, oxygen level contributes to the
hemispheric dominance, leading to more severe hypoxia
damage in the left hemisphere. Additionally, arterial spin
labelling experiments also suggest that CBF distributions are
asymmetric between inter-hemispheres (59), which means
that the condition in the left hemisphere is more fragile. All
of the above-mentioned studies reveal that the oxygen level
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and perfusion between the inter-hemispheres differ, which
may lead to lateral differences in glymphatic function. Our
DTI-ALPS-based study confirmed the hypothesis that
hemispheric dominance exists in the glymphatic system.
Further, the dominant hemisphere (i.e., the left hemisphere)
may be more fragile in PFO patients. A greater reduction
of DTI-ALPS index in the left hemisphere compared to the
right hemisphere led to reduced lateral asymmetry in the
PFO group. The mechanisms of PDE, the ischemic state
triggering CSD, and the expression of venous active factors
might contribute to this process, and exacerbate the damage
to the dominant hemisphere.

The DTI-ALPS index has been used as a crucial
quantitative indicator to assess the status of lymphatic
metabolism in recent years. In the radial direction at
the ventricular body level, a higher DTI-ALPS index
demonstrates the dominance of the Brownian motion of water
molecules. Currently, several new perspectives about DTI-
ALPS index exist. Taoka ez al. were the first to report on the
DTI-ALPS index, and noted that the decreased DTI-ALPS
index as a good parameter indicates a disordered condition
of ISF dynamics, which may partially suggest glymphatic
system dysfunction (60). However, Ringstad is of the view
that the DTI-ALPS should be examined critically (61).
As suggested by basic science, the BBB and local proteolytic
degradation may dominate the clearance process, and CSF-
ISF exchange and glymphatic drainage may play a secondary
role in deep white matter (62). Taoka e a/. recommended
using a combination of various methods, such as the
intrathecal gadolinium-based contrast agent (GBCA) (63),
intravenous GBCA (64), perivascular space volume (65),
and choroid plexus volume (66), to evaluate the glymphatic
system. Doing so, may provide us with more methods and
indicators for examining the glymphatic system of humans.

Limitations and prospects

We examined differences in the glymphatic system between
PFO patients and HCs, and drew a preliminary conclusion.
However, longitudinal experiments should be conducted
to clarify the effects of time on glymphatic impairment in
PFO patients. Notably, we preliminarily enrolled several
PFO patients before and after percutaneous interventional
closure, and obtained some interesting results. Specifically,
using the ALPS index, we found that the glymphatic system
function of that PFO patients with severe dysfunction
improved after closure; however, it became slightly worse
after closure in those with moderate or mild disfunction.

© AME Publishing Company.

Thus, surgeons need to pay more attention to ensure they
select effective treatment strategies to reduce the side
effects of glymphatic dysfunction. In the future, we intend
to recruit patients who suffer from both stroke and PFO.
However, we acknowledge that this will not be easy due to
the low incidence of the co-morbidity. Additionally, further
research with larger sample sizes needs to be conducted to
confirm our observations.

Conclusions

This study found that the PFO patients had a significantly
decreased DTI-ALPS index, which may indicate disordered
ISF dynamics and glymphatic dysfunction. The DTI-ALPS
index could serve as a potential neuroimaging biomarker
for PFO. These insights extend our understanding of the
lymphatic metabolism pathophysiology of PFO. In PFO
patients, an impaired glymphatic system before stroke
may increase the risk of stroke. Our findings open up new
avenues for exploring targeted interventions to mitigate the
effects.
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