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1 Introduction

The human eye generates substantial waste, including metabolic waste and photorecep-
tor by-products, particularly near the retina. Despite this, it lacks the conventional
lymphatic vessel system [1], which is responsible for effective waste removal and main-
taining fluid homeostasis in most other tissues. Therefore, the eye should rely on an
alternative waste clearance mechanism. A similar situation exists with the human brain,
which was once thought to be devoid of such a waste-clearance system, despite its ex-
ceptionally high metabolic activity. For decades, many researchers have suggested the
existence of lymphatic-like vessel systems in the brain, and in 2012, for the first time,
1liff et al. conceptualised the "cerebral glymphatic clearance system” [2] . Subsequent
studies provided evidence supporting the existence of such an effective removal system
within the brain. In 2020, Wang et al. proposed a similar alternative waste clearance
mechanism for human eye, as "ocular glymphatic clearance system” [3].

The brain glymphatic system differs anatomically from the conventional lymphatic
vessel system of the rest of the body, as it uses existing spaces in the brain, such as the
perivascular paths of cerebrospinal fluid (CSF) [1], [4]. The CSF is conveyed from the
peri-arterial spaces to the interstitial space via the aquaporin-4 (AQP4) water channels of
the astrocytic endfeets. The interstitial space is filled with interstitial fluid (ISF), which
collects metabolic by-products generated by neurons and glial cells. Research indicates
that ISF may exchange solutes and waste materials with the CSF. Finally, the CSF-
ISF mixture, along with the collected waste, is subsequently cleared from the interstitial
space into the perivenous spaces and further mediated to the meningeal lymphatic vessels
and cervical lymph nodes. The question has been the driving mechanism of this pro-
posed glymphatic clearance system of the brain. Experimental evidence [5] ,[6] indicates
that glymphatic flow is driven mainly by physiological pulsations, including respiratory
(RESP), cardiac (CARD), and Very Low Frequency (VLF) pulsations associated with
vascular dynamics. This model proposes a mechanistic methodology for the existence
of an effective waste clearance and fluid homeostasis pathway in the brain, despite its
absence of a conventional lymphatic vessel system.

Recent clinical evidences support the existence of an ocular glymphatic system [3], [7].
Further, Wang et al. in [7] suggested that ocular waste clearance may be integrated with
the cerebral glymphatic system, as the optic nerve can be considered an extension of the
central nervous system. Several physiological observations further support this concept.
The retina exhibits considerable metabolic energy consumption [8], even during the eye-
closure state, requires substantial oxygen and glucose for photopigment regeneration, and

shows significant metabolic activity in the retinal pigment epithelium and Muller glia. In



addition, the retina has a dual blood supply, reflecting a high metabolic demand. Further,
variation in intraocular pressure (IOP) are highly associated with ocular pathologies such
as such as glaucoma, ocular hypertension [3] , [1]. Traditionally, the regulation of IOP
and maintenance of fluid homeostasis were believed to be achieved through the trabecular
and uveoscleral aqueous humour pathways. However, this mechanism does not account
for ocular waste clearance, such as amyloid and tau proteins. These observations suggest
that there must be an efficient metabolic waste clearance mechanism within the eye.
Nonetheless, this remains a hypothesis that requires further investigation.

Study of fluid movement is crucial for understanding the ocular glymphatic system
functionality. There are several invasive approaches, such as animal tracer studies(mostly
mice) and human postmortem studies, which are essential for establishing the anatomical
plausibility of the fluid pathways. However, this lacks the insight into the glymphatic
system fluid dynamics and the driving mechanisms. Further it is limited to human in
vivo studies since tracers can disturb the microvasculature of the eye and optic nerve.
Mainly due to this gap, non-invasive approaches were developed, ranging from functional
Magnetic Resonance Imaging (fMRI) based methods to ophthalmic imaging and tear
biomarker studies, which allow human in vivo testing. Building on these non-invasive ap-
proaches, our study is based on functional eye MRI imaging(fMREye) data captured from
healthy subjects. Then, we applied optical flow analysis based on the Lucas-Kanade(LK)
approach on fMREye data to uniquely captures the dynamic spatiotemporal propagation
of ocular and cerebral fluid pulsations. In this way, we aimed to provide a novel functional
readout of ocular glymphatic activity.

The primary aim of this study was to investigate the driving mechanisms and pulsatil-
ity of the human ocular glymphatic system by analysing optical flow in the human eye
using fMREye data previously collected by the Oulu Functional Neuroimaging (OFNI)
group. All analyses were conducted within the OFNI group facility. This approach en-
abled the characterisation of ocular pulsatility, which may represent a driving force for
fluid transport through the previously proposed clearance pathways. Ultimately, the
results may provide insights into the ocular waste clearance system, as suggested by pre-
vious studies. During this study, two well-established pulsation bands, VLF and RESP,
were examined, following the methodology of earlier work from the OFNI group [6], [9].
Elucidating the mechanisms and driving forces of ocular metabolic waste clearance is
crucial for advancing both physiological and pathophysiological understanding.

Study was conducted within the OFNI group using its facilities, including licensed
software platforms such as MATLAB and FSLeyes. The data were collected and pre-
processed by the group and were thus ready for analysis. The author developed and
applied MATLAB code for data analysis, comparison, and visualisation of the results.
Artificial intelligence tools were used for spelling verification, while the writing was carried

out by the author with reference to the available literature, where appropriate (cited)



2 Background

Although the waste clearance system of the human eye has been a topic of discussion
for several years, most research studies have been limited to tracer-based rodent studies
and post-mortem human eye studies, both of which are invasive. Tracer-based invasive
methods are not feasible for in vivo human eye studies, as the tracers may obstruct
the nanovasculature of the eye, potentially leading to complications, including blindness.
Consequently, available tracer studies have been performed on rodents [3], [7], [4]. These
studies have revealed potential fluid pathways and based on results murine models of
ocular waste clearance have been proposed.

In addition, postmortem studies have been performed on human eyes as well as the
brain [4], where lymphatic-like vasculatures were observed in the eye, particularly in the
ciliary body. However, these postmortem studies were primarily based on immunohis-
tochemical approaches where biomarkers of lymphatic vessels were identified. However,
similar biomarker expression may occur in non-lymphatic tissues, which affects the inter-
pretation of the results.

Recently, increasing focus has been given towards noninvasive studies such as fMRI in
order to address the limitations of invasive studies. Noninvasive methods are fast, repro-
ducible on the same subject and can be performed under various physiological conditions,
enabling investigation of the behaviour of the waste removal process under more natural
circumstances. This has led to a plethora of research opportunities, including how pupil
constriction affects waste removal and how sleep affects ocular waste clearance. Impor-
tantly, unlike invasive methods, these methods do not interfere with the eye vasculature
functionality, thus preserving normal physiological behaviour. As a result, experiments
can be conducted on healthy subjects without any side effects.

For the clarity of comparison and understanding, the available literature is discussed

in depth separately as invasive studies and non-invasive modern studies.

2.1 Invasive studies

In 2012, Nedergaard et al. proposed the glymphatic system as the brain’s waste clearance
pathway [2]. In 2015, Denniston and Keane hypothesised an analogous mechanism in
the eye, termed the ocular glymphatic system [10]. However, Wang et al. provided
experimental evidence for such a pathway in rodents using a tracer study in 2020[3].
They injected HiLyte-594-tagged human -amyloid (hAf) into the vitreous body of mice
and, after one hour, detected its entry into the optic nerve sheath through the glial

lamina at the head of the optic nerve, indicating an alternative route to the conventional



anterior pathway. Subsequently, they injected a second tracer into the cisterna magna, a
component of the brain’s CSF pathway, and observed retrograde transport through the
optic nerve sheath. The largely unmixed distribution of the two tracers suggested distinct
routes for anterograde and retrograde fluid movement [3, 11]. This ocular clearance route
is analogous to the brain’s glymphatic system and, as demonstrated in the same study,
depends on AQP4 water channels in glial cells. In 2023, the same group [11] conducted a
tracer study in mice to investigate the effects of ageing on the ocular glymphatic system.
This study confirmed their previous observation of retinal waste clearance through the
optic nerve with bidirectional flow. They also reported that natural ageing impairs ocular
glymphatic clearance, similar to the decline observed in the brain’s glymphatic system.
Furthermore, they found that under glaucomatous conditions, both the anterograde and
retrograde ocular pathways are considerably altered, resulting in increased fluid flow.
So, ageing and glaucoma affect ocular glymphatic clearance in two distinct ways. These
observations may prove crucial for the identification of pathological conditions.

Recent human postmortem studies have yielded several notable observations. H. E.
Killer et al. [12] performed a postmortem study on the optic nerve sheath dura mater
of human cadavers to investigate the presence of lymphatic vessels. Their investigations,
based on electron microscopy and immunohistochemistry, reported lymphatic capillaries
frequently in the bulbar segment of the optic nerve but only rarely in the subarachnoid
space. They also claimed to observe lymphatic capillaries in the dura using transmission
electron microscopy. However, this study did not identify any lymphatic vessels in in-
traocular structures such as the retina or vitreous. These regions were long considered
avascular and alymphatic, which later contributed to the proposal of the glymphatic clear-
ance system. In an immunohistochemical study, Yiicel et al. observed lymphatic markers
[13], suggesting the presence of lymphatic-like vessels in the ciliary body stroma. More
recently, in 2024, Xiangyun et al.[14] conducted a tracer study in mice to investigate the
drainage of the anterior and posterior compartments of the eye. Their findings suggested
a compartmentalised drainage system in which aqueous humour from the posterior eye
drains to the superficial cervical lymph nodes (sCLNs), whereas vitreous humour from the
posterior eye drains to the deep cervical lymph nodes (dCLNs). These results led to the
conclusion that the two chambers have independent drainage routes and that interference
with one pathway does not significantly affect the other. Furthermore, they employed a
transcriptomic approach, including RNA analysis, to identify genes indicating lymphatic-
like properties, combined with immunolabeling-enabled 3D imaging of solvent-cleared or-
gans (iDISCO). Their results confirmed the presence of lymphatic-like vasculature in the
trabecular meshwork and retina, as well as lymphatic- or glymphatic-like vessels in the
optic nerve sheath. However, these findings do not confirm the existence of traditional
lymphatic vessels but instead suggest the presence of lymphatic-like pathways that might

facilitate waste and fluid clearance from the eye through the optic nerve sheath.



In summary, researchers have proposed several waste removal pathways using vari-
ous experimental methods such as tracer studies, immunohistochemical approaches, and
RNA analyses. However, tracer studies conducted in mice have certain anatomical dif-
ferences compared to the human eye. For instance, rodents have a glial lamina, whereas
humans possess a lamina cribrosa, which may exhibit distinct physiological properties.
RNA and immunohistochemical methods rely on biomarkers relevant to specific anatom-
ical features, but similar positive observations can be produced by different biomarkers,
making it difficult to confirm the exact structures involved in the observation. Moreover,
tracer studies can interfere with normal physiological processes due to the nanovascula-
ture, and the optic nerve must often be harvested after tracer administration to identify
tracer spread [9]. Postmortem studies are also limited, as physiological processes may
be altered after death. Importantly, both tracer- and postmortem-based methods do not
allow for true in vivo testing, particularly in healthy subjects, making it difficult to com-
pare normal and pathological conditions. Some of these shortcomings can be addressed
through noninvasive imaging methods, which provide dynamic information rather than

simply confirming the anatomical structure of clearance pathways.

2.2 Non-invasive studies

Several non-invasive methods have been proposed for studying the human ocular glym-
phatic system, including MRI-based techniques, EEG/MEG-combined approaches, and
ophthalmic OCT. PET imaging with tracers can also be used, but it is considered min-
imally invasive. Among these, MRI-based techniques have become essential for both
ocular and cerebral glymphatic research.

MRI employs powerful magnetic fields together with radio-frequency pulses to pro-
duce detailed anatomical scans, avoiding the ionising radiation required in PET and
CT. Varying T1, T2, or proton-density settings allows MRI to emphasise different tis-
sue properties while maintaining very fine spatial detail (0.1-1.0 mm?). The technique’s
main limitation is its slow sampling rate: conventional anatomical MRI takes too long to
acquire images to follow rapid physiological events. Consequently, high-frequency phe-
nomena, like CARD (1 Hz) and RESP (0.2-0.4 Hz) cycles, are aliased, therefore redusin
the reliability of measurement of dynamic processes associated with cerebral or ocular
glymphatic clearance.

Functional MRI (fMRI) is designed to detect dynamic neural and physiological changes
using the blood-oxygen-level-dependent (BOLD) signal, which captures fluctuations in
hemoglobin oxygenation driven by local neuronal processes. Typical fMRI acquisitions
achieve temporal resolutions of 1-3 seconds per whole brain, which is faster than anatom-
ical MRI but still not capable of resolving rapid physiological rhythms without aliasing.

Although fMRI provides valuable information about neural networks, resting-state ac-



tivity, and hemodynamics, its temporal resolution remains insufficient for studying the
high-frequency drivers of glymphatic transport. To study these dynamics, much faster
acquisition sequences are required. Echo-Planar Imaging (EPI) is a rapid/fast fMRI tech-
nique capable of collecting an entire 2D slice in a few shots and is the standard sequence
for BOLD-fMRI. EPI can acquire whole-brain volumes in approximately 1-3 seconds,
enabling improved temporal tracking of neural processes. However, this speed is still
inadequate for accurately resolving CARD and RESP oscillations.

Magnetic Resonance Encephalography (MREG) is an ultra-fast 3D undersampled ac-
quisition technique that overcomes these limitations. MREG can acquire whole-brain
BOLD volumes with a temporal resolution of 10-100 ms (sampling rates up to 10 Hz)
with 3D single-shot spiral trajectory. This enables reliable measurement of physiological
pulsations across several frequency bands, including CARD, RESP, and VLF oscillations.
The high sampling rate dramatically reduces cardio-respiratory aliasing and allows detec-
tion of subtle tissue displacement and brain-wide pulsation dynamics that may contribute
to ocular and cerebral glymphatic transport. A limitation of MREG is its lower spatial
resolution (3-5 mm isotropic), which provides reduced anatomical detail. Therefore,
MREG data are commonly complemented with high-resolution T2-weighted anatomical
images, with the two modalities aligned using standard image-registration pipelines.

Although MREG is well suited for assessing global cerebral dynamics, its 3D spiral
readout is not ideal for resolving fine anatomical features within the eye. To address
this, specialised rapid fMRI method such as fMREye can be used.fMREye can capture
fast physiological fluctuations in ocular tissues [9] by using EPI over one or a few neigh-
bouring slices. These protocols acquire images with high in-plane resolution, allowing
small intra-ocular structures to be clearly distinguished. At the same time, they provide
sufficiently high temporal sampling (around 100 ms) to record physiological pulsations
without aliasing. A key limitation of the current fMREye implementation is its very
limited slice coverage. Expanding the number of slices or increasing slice thickness would
improve volumetric coverage but would reduce spatial resolution and increase partial-
volume effects, potentially lowering measurement accuracy.

A number of analytical approaches have been developed to study glymphatic flow
and its driving pulsations using MRI data. Examples include perivascular diffusion anal-
ysis using the DTI-ALPS method and phase-contrast MRI [5], [4]. Optical flow analysis
has recently emerged as a novel computational method for assessing motion dynamics
in glymphatic research. Originally developed in computer vision for motion and velocity
estimation, optical flow has not yet been reported for studying the ocular glymphatic
system. However, in 2019, Laura et al. [6] from the OFNI group applied optical flow
(Lucas—Kanade) to MREG data and successfully mapped three-dimensional cardiac pulse
propagation throughout the brain. Their results closely matched known anatomical struc-

tures, demonstrating the feasibility of noninvasively mapping pulsatile brain motion. This



finding suggests that optical flow could similarly be extended to investigate pulse propa-
gation in the eye and optic nerve, potentially enabling noninvasive assessment of ocular
glymphatic pathways.

Optical flow analysis estimates motion by idetifying changes in intensity patterns be-
tween consecutive images. In neuroimaging, this can provide a powerful means to quantify
small dynamic changes in tissue or fluid that are not visible in static MRI. Optical flow
computes voxel-wise motion between successive frames by applying algorithem to the
scan data, resulting in a 3D velocity vector for each voxel. The resulting 5D optical flow
dataset consists of voxel position (X, y, z), velocity direction (dx, dy, dz), and time. From
this vector field, metrics such as flow magnitude, directionality, speed maps, and tempo-
ral correlations can be derived. With region-of-interest (ROI) definitions, ROI-averaged
motion time series can be extracted for group-level statistical analysis. Thus, optical flow
algorithem transforms raw scan data into a quantitative representation of ocular—cerebral
pulsation and fluid motion, enabling physiologically meaningful interpretation and inte-
gration into mathematical or biophysical models.

Beyond MREG-based motion analysis, additional multimodal approaches continue to
advance ocular glymphatic research. In 2024, Ebrahimi et al.[9] conducted a multimodal
non-invasive imaging study using functional eye MRI (fMREye), an eye-tracking func-
tional eye camera (FEC), and MRI-compatible video ophthalmoscopy (MRcVO). They
identified CARD, RESP, and vasomotor (VLF) pulsatility components on the eye surface
and in the retina, demonstrating that the eye exhibits not only CARD pulsations—as
previously believed—but also strong RESP and VLF components. More recently, Van der
Thiel et al. [15] proposed a multimodal framework combining MRI structural imaging,
tear-fluid biomarkers, and intraocular pressure monitoring to study human glymphatic
function. Their findings suggest a link between ocular and cerebral glymphatic clear-
ance. For example, elevated tear tau concentrations may reflect impaired cerebrospinal
fluid (CSF) clearance. This integration of tear biomarkers with MRI provides a promising
noninvasive approach to studying glymphatic mechanisms and related pathologies. Fur-
thermore, Levendovszky et al. [16] used intravoxel incoherent motion (IVIM) diffusion
MRI to investigate neurofluid dynamics—a technique capable of assessing microvascular
perfusion and tissue water mobility. Because glymphatic transport involves microscale
fluid flow and ISF-CSF exchange, IVIM offers particular relevance. Their results showed
that sleep deprivation reduces pseudodiffusion, a parameter believed to reflect perivas-
cular pulsatility, one of the major driving forces of glymphatic clearance. These findings
align with animal studies and suggest that IVIM-based methods may be extended to

examine ocular glymphatic function.



2.3 Current occular glymphatic models

Ocular glymphatic clearance models have been developed with collaborative contribu-
tions from both invasive and non-invasive studies. The earlier fluid clearance models,
the conventional trabecular pathway and the uveoscleral pathway, do not adequately
explain how high metabolic waste clearance occurs from the interior of the eye [1], al-
though they do explain pressure regulation and fluid homeostasis in the anterior eye.
The bidirectional clearance pathway model is one of the most promising ocular glym-
phatic models, as discussed in [11]. In this model, bidirectional flow occurs across the
optic nerve sheath: anterogradely, cerebrospinal fluid (CSF) flows from the subarachnoid
space through the peri-arterial space toward the retina, while retrogradely, retinal waste
such as Beta -amyloid travels through the perivenous space. The transport is believed to
occur across the glial lamina, with mixing and transfer facilitated by aquaporin-4 (AQP4)
water channels. Studies [2] have shown that mislocalization and dysfunction of AQP4
(e.g., in knockout mice) result in reduced efficiency of this transfer. Most importantly,
this dysfunction has been related to ocular diseases such as glaucoma and retinal de-
generation, and possibly to brain diseases such as Alzheimer’s disease and age-related
cognitive decline that may be connected with impaired ocular waste clearance. The driv-
ing mechanisms of this bidirectional model are thought to include arterial pulsatility and
the translaminar pressure gradient, which is the difference between intraocular pressure
(IOP) and intracranial pressure (ICP). This has been shown mainly in rodent studies,
although pulsatility has also been supported by MRI studies. Further, studies suggested
that retinal activities such as pupil constriction and dilation also influence intraocular
fluid dynamics [9].

Another suggested model, mainly discussed in [1], is the lymphatic drainage path-
way. However, this is essentially an extension of the above-mentioned glymphatic model.
It is generally believed that ocular waste clearance lacks conventional lymphatic vessel
systems. Recent studies [12], [17] have suggested that lymphatic-like vessels are visible
in certain regions such as extraocular fat tissues, muscles, and the lacrimal gland, which
may serve as potential ancillary drainage routes. In addition, lymphatic vessels have been
reported in the optic nerve dura mater, suggesting that durally located lymphatics could
contribute to posterior ocular clearance. Nevertheless, it is still not confirmed whether
they function in the same way as conventional lymphatic vessels. In particular, the driv-
ing mechanisms through these lymphatic-like vessels remain unclear [12]. Therefore, it is
suggested that these vessels functionally support the proposed ocular glymphatic system.

From these studies and models, it is becoming clearer that the ocular waste clearance
system and the cerebral waste clearance system are functionally interconnected, meaning
that insights from one system can support the study of the other. Further, dysfunction

of the ocular clearance system certainly contributes to ocular diseases such as glaucoma,



ocular hypertension, retinal degeneration, and age-related macular degeneration. Fur-
thermore, studies have revealed that in brain diseases such as Alzheimer’s disease and
Parkinson’s disease, the ocular glymphatic clearance system shows considerable alter-
ations [3], [1]. However, based on the current literature, it is not clear whether these
observed defects contribute to the development of the disease or whether they are conse-
quences of it. What is clear is that variations in the ocular glymphatic system can serve
as a window into the identification of brain diseases [1]. For instance, in Alzheimer’s
decease, tear fluid contained elevated S-amyloid [15] and in glaucoma, the optic nerve
head is enlarged [7]. These observations have become meaningful in the context of the
ocular glymphatic clearance system. Hence, more focus should be given to in vivo human

studies to validate and expand these findings.
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3 Objective of the study

The objective of this study was to investigate the driving mechanisms and pulsatility of
the human ocular glymphatic system by analysing optical flow in the human eye using
fMREye data previously collected by the OFNI group. The analysis was performed in
the VLF and RESP pulsality bands.
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4 Materials and Methods

This study was conducted on fMREye imaging data sets acquired from 10 healthy control
subjects (age 44.1+£13.4 years). The dataset had been collected earlier by the OFNI group
and received approval from the Regional Ethics Committee of the Northern Ostrobothnia
Hospital District (FIMEA/2021/002535). The work was conducted at Oulu University
Hospital in partnership with the University of Oulu, Finland. All subjects gave written
informed consent in line with the Declaration of Helsinki, and all study procedures com-
plied with relevant ethical and institutional regulations. The sample included healthy
volunteers as well as patient groups who met the eligibility criteria for multimodal imag-
ing, which required no ongoing use of regular medications, being non-smokers, and not
being pregnant.

Regions of interest (ROIs) were defined using high-resolution structural images, which
were obtained using T'1-weighted images. ROIs were manually drawn in FSLeyes. In order
to focus on both left and right eye regions, four ROIs were defined as retina, optic nerve,
Optic nerve head and vitreous in each. Subsequently, voxel-wise flow fields were computed
using a multi-resolution 3D Lucas—Kanade optical flow algorithm [6] was applied. The
velocity magnitudes were computed as the Euclidean norm of the vector components.
The sampling frequency of the MREG acquisition was 10 Hz, which was used in the
temporal analyses of the signals.

All analyses were performed using the MATLAB(R2019) environment, and FSLeyes
was used for visualisation and qualitative assessment. As the MRI data were stored in
NIfTT format (.nii.gz), the MATLAB NIfTT toolbox was used to import both the imaging
and ROI mask files, ensuring compatibility and ease of analysis. For each ROI, temporal
variation of velocity magnitude and direction were extracted and analysed separately for
the VLF and RESP bands. Flow magnitude correlations between ROIs were quantified
using the Pearson correlation coefficient, while directional synchrony was assessed using
circular correlation analysis. Other statistical operations and visualisations were imple-
mented using built-in MATLAB(R2019) functions. Additionally, Python scripts were
used for automating certain operations (Eg: applying the optical flow algorithm, saving
files, etc).

4.1 Data Aqusition

All MRI data were acquired on a Siemens MAGNETOM Vida 3T system (Siemens
Healthineers, Erlangen, Germany) using a 64-channel head coil. Functional scans em-

ployed the Siemens ep2d gradient-recalled echo-planar imaging (GR-EPI) BOLD sequence
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with the following settings: repetition time (TR) = 100 ms, echo time (TE) = 15 ms, echo
train length = 32, flip angle = 15°, and an in-plane matrix size of 128 x 128, providing
an in-plane resolution of 2.64 x 2.64 mm. Each acquisi, each 3 mm thick,two axial slices,
each 3 mm thick.

High-resolution anatomical images for registration and structural reference were ob-
tained using T1-weighted MPRAGE (0.9-mm isotropic voxels; TR = 1900 ms; TE = 2.49
ms; flip angle = 9°) and T2-weighted SPC sequences (0.9-mm isotropic voxels; TR =
3200 ms; TE = 412 ms; flip angle = 90°), both acquired with a 240-mm field of view.

4.2 Preprocessing

Data processing and analysis were carried out using FSL (v5.0.9; BET; Jenkinson et al.,
2012), AFNI (v2; Cox, 1996), and MATLAB (R2019). Functional images were prepro-
cessed following the conventional FSL pipeline. The initial 20 volumes were removed to
ensure signal stabilisation, and a high-pass temporal filter with a 0.008 Hz (125 s) cutoff
was applied to eliminate slow drifts. Head motion was corrected using FSL’s MCFLIRT
tool (v5.0.8; Jenkinson et al., 2002). To further mitigate brief artefactual fluctuations,
AFNT’s 3dDespike was used to detect and attenuate signal spikes. Subsequent band-pass
filtering was performed to extract the VLF (0.01-0.1 Hz) and RESP (0.2-0.4 Hz) fre-
quency components. The cardiac band was not analysed in this work, consistent with
previous findings from the OFNI group [9], which demonstrated that the eye regions
exhibit only minimal cardiac-related pulsation compared to the brain regions and cere-
brospinal fluid (CSF). In contrast, they have observed strong pulsations in the VLF and
the RESP in the ocular regions. Consequently, the CARD component was considered less
relevant for this optical flow analysis in the eye region, where VLF and RESP oscillations

dominate.

4.3 Optical flow analysis

The optical flow output consisted of three directional velocity components (x, vy, z).
Because the dataset included only two slices in the z-axis, all directional analyses were
restricted to the x—y plane.

Optical flow estimates motion by identifying spatial or temporal variations in image
intensity or structural patterns between successive frames. In neuroimaging, this method
is highly sensitive to subtle dynamic changes within tissues or fluid-filled spaces that
cannot be captured using static MRI. When applied to fMREye acquisitions, optical
flow calculates voxel-wise displacement from one frame to the next, producing a three-
dimensional motion vector (dx, dy, dz) for each voxel at each time point t. These data

collectively form a 5D motion field, defined by spatial position (x, y, z), vector components

13



(dx, dy, dz), and temporal frame index t.

Optical flow methods have advanced considerably over time, with recent developments
in machine learning leading to powerful deep learning—based approaches. Early classical
techniques include the Horn-Schunck method (1981), which estimates dense flow under
the assumption of smoothly varying motion, and the Lucas—Kanade method (1981), which
computes local flow within small neighbourhoods and is well suited for sparse or semi-
dense estimation. Subsequent contributions, such as the Farnebédck algorithm (2003),
introduced polynomial neighbourhood modelling to generate dense flow with a favourable
balance between speed and accuracy. More recently, deep learning has transformed the
field: networks such as PWC-Net (2018) enable robust multi-scale motion estimation,
while models like RAFT (Recurrent All-Pairs Field Transforms, 2020) provide highly
accurate dense flow by combining global correlation with iterative refinement, allowing
them to handle even large displacements.

In this study, we used the Lucas-Kanade method based on the OFNI groups Rajna
et al.(2019) work [6].

14



5 Results

Optical flow analysis was performed on the VLF and RESP pulsation bands separately.
To quantify the flow magnitude and the directional variation in the ocular glymphatic
system, four important regions of interest (ROIs) were selected: retina, optic nerve(ON),
optic nerve head (ONH) and vitreous for each eye. The results are presented separately

for each band for ease of understanding.

5.1 Analysis on VLF band

Optical flow velocity magnitudes visualised a similar temporal variation pattern over
the selected ROIs (figure 5.1), which indicates a comparable dynamic behaviour. How-
ever, quantitative comparison revealed a significant difference between the left and right
ROIs. For example, the optic nerve ROI indicated very low inter-eye correlation (r=0.16),
whereas the highest inter-eye correlation was observed in both vitreous and retina ROIs
(r=0.55), as illustrated in the flow magnitude correlation matrix (figure 5.2). In contrast,
the intra-eye velocity magnitude coupling between the optic nerve head and the optic
nerve demonstrated moderate correlation (left eye: r= 0.5; right eye: r= 0.67). Similarly,
the retina and optic nerve-head indicated considerable coupling (left eye: r=0.61; right
eye: 1=0.65). Further, the mean velocity magnitude and standard deviation(SD) are
illustrated in the table 5.1. The optic nerve head exhibited the highest mean magnitude
as well as the highest SD(L: 0.018 4+ 0.015; R: 0.022 + 0.017). In contrast, the optic
nerve showed the lowest mean value and the SD (L: 0.006 £+ 0.004; R: 0.012 £+ 0.008).
The other two ROIs showed moderate magnitude and SD.

ROI name | Mean | Standard deviation
L Vitreous | 0.013 0.011
L Retina 0.014 0.012
L ONH 0.018 0.015
L ON 0.006 0.004
R Vitreous | 0.015 0.012
R Retina 0.014 0.011
R ONH 0.022 0.017
R ON 0.012 0.008

Table 5.1: Mean and standard deviation of ROIs’ velocity magnitude-VLF (vox/s)
Optical flow mean velocity direction (figure 5.3) exhibited a considerably complex

temporal variation compared to the magnitude plot. Specifically, the left and right eyes

indicated notable differences in the temporal signals across all ROIs. This is further
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Figure 5.1: Variation of optical flow magnitude in left and right eyes-VLF (vox/s)
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Figure 5.2: Magnitude correlation in left and right eyes-VLF

illustrated in the directional synchrony matrix (figure 5.4 ), where lower values were
observed. For instance, the right vitreous showed negative synchrony with right optic
nerve and right optic nerve head (-0.1 and -0.2), which was not observed in the left eye.
Additionally, the Optic nerve head demonstrated moderate synchrony with the Optic

nerve and the Retina. To examine the instantaneous switching of the flow direction, the
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unwrapped angles were plotted for the optic nerve(figure 5.5) and the optic nerve head

(figure 5.6). These plots revealed that, despite sudden changes in the original directional

signals, the cumulative direction continues to increase, as shown in the window 01 of

Figure 5.5. This is similar to a swirling flow. Additionally, actual sudden direction

switchings were also highlighted in the unwrapped plot, as in window 02 of Figure 5.5.
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Figure 5.3: Variation of optical flow direction in left and right eyes-VLF

Directional Synchrony Matrix (Circular Correlation)
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Figure 5.4: Directional synchrony of optical flow in left and right eyes- VLF
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Figure 5.6: Unwrapped phase angle measured from the optic nerve head-VLF

Further, to investigate the plots quantitatively, the mean direction and its standard
deviation were calculated as shown in the table 5.2. The mean directions of the left eye
ROIs are quite similar, with positive mean angles, while the right eye showed mostly
negative angles. Further, the standard deviation of both eyes is considerably high, where

right optic nerve head has 154.03 degree is the highest.

5.2 Analysis on RESP band

The temporal variation in the magnitude of the optical flow velocity in the respiratory
band also showed comparable patterns across the ROIs, as illustrated in the magnitude

plot (figure 5.7). However, the left eye retina and optic nerve head exhibited higher
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ROI name

Mean | Standard deviation

L Vitreous
L Retina
L ONH

L ON

R Vitreous
R Retina
R ONH

R ON

62.97
57.53
65.95
95.85
-81.68
-165.91
-55.09
108.90

109.40
89.85
70.27
95.62

135.47

105.82

154.03

101.60

Table 5.2: Mean and standard deviation of ROIs’ velocity direction-VLF(vox/s)

amplitudes than those of the right eye. The correlation matrix(figure 5.8) revealed several

important interocular correlations, particularly between right and left vitreous and optic

nerve head (r=0.51). Additionally, intraocularly, the right optic nerve head showed strong

correlations with the right retina (r = 0.81) and the right optic nerve (r = -0.75). A

similar trend was also observed in the left optic nerve head, which was correlated with the

left retina (r = 0.72). Interestingly, other ROIs demonstrated relatively less intraocular

correlations within this band.
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Figure 5.7: Variation of optical flow magnitude in left and right eyes-RESP (vox/s)

The mean and standard deviation of the optical flow velocity magnitude are presented

in Table 5.3. The highest mean velocities were observed in the optic nerve head (L =
0.127, R = 1.37), which also showed the highest variability (SD: L = 0.106, R = 0.131).

In contrast, the left optic nerve exhibited the lowest mean velocity (mean = 0.065, SD =

0.043).
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Figure 5.8: Magnitude correlation in left and right eyes-RESP

ROI name | Mean | Standard deviation
L Vitreous | 0.098 0.078
L Retina 0.089 0.070
L ONH 0.127 0.106
L ON 0.065 0.043
R Vitreous | 0.088 0.074
R Retina 0.090 0.081
R ONH 0.137 0.131
R ON 0.095 0.082

Table 5.3: Mean and standard deviation of ROIs’ velocity magnitude-RESP band

The optical flow direction in the respiratory band exhibited a complex temporal
pattern in the considered ROIs with notable dissimilarities between the left and right
eyes(figure 5.9). This is further supported by the directional synchrony matrix (figure
5.10), which showed generally lower synchrony values. The only significant synchrony
was observed between the retina and the optic nerve head (left: r=0.6, right: r=0.75).
The mean direction of the velocity vector showed negative values and relatively high vari-
ability, as reflected by the large standard deviations(R retina =110.04, L. ON =108.34

).

The unwrapped direction plot of the optic nerve head (Figure 5.12) and optic nerve
(Figure 5.11) demonstrated a cumulative angle increment despite the abrupt switching

in the original wrapped plots. As illustrated in window 01 of Figure 5.12, the continuous
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Figure 5.9: Variation of optical flow direction in left and right eyes-RESP
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Figure 5.10: Directional synchrony of optical flow in left and right eyes- RESP

increase in the unwrapped angle indicated a swirl-like behaviour. In contrast, window 02

shows a true directional reversal occurring within approximately 3 seconds.
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Figure 5.11: Unwrapped phase angle measured from the optic nerve-VLF
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Figure 5.12: Unwrapped phase angle measured from the optic nerve head-VLF

5.3 Comparison of VLF and RESP bands in retina and
optic nerve

The VLF and RESP band signals were analysed in the optic nerve and retina, with the
results presented separately for the left and right eyes.

The temporal variation of the optical low magnitude in the VLF band for the left
eye retina and optic nerve is shown in Figure 5.13(a), and for the right eye in Figure
5.13(b). The left retina demonstrated considerably higher magnitudes compared to the

optic nerve; however, during certain time intervals, the optic nerve exhibited higher
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ROI name | Mean | Standard deviation
L Vitreous | -38.09 84.74
L Retina -73.84 85.33
L ONH -97.88 90.43
L ON -116.77 108.34
R Vitreous | -169.11 95.30
R Retina -152.97 110.04
R ONH -126.48 105.09
R ON -134.80 95.89

Table 5.4: Mean and standard deviation of ROIs’ velocity direction-RESP band

values. Interestingly, both plots revealed an underlying envelope pattern in the magnitude
variation. The right eye showed similar behaviour to the left, though with generally
higher overall intensity. The optical flow directional behaviour in the same ROIs is
illustrated in Figure 5.14(a) for the right eye and Figure 5.14(b) for the left eye. The
temporal variations appeared complex, yet both sides indicated comparable envelope-like
modulation patterns in the directional changes. Importantly, the analysis of the RESP
band also demonstrated similar behaviour in these two ROIs for both eyes. Furthermore,
the underlying envelopes were clearly visible in both the magnitude and directional plots
(Figure 5.14), similar to the VLF band. However, the overall signal amplitudes in the
VLF and RESP bands showed rather complex behaviour in the retina and optic nerve

when comparing both eyes.
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6 Discussion

This study explored the characteristics of two major physiological pulsations, very low
frequency and respiratory, in the human ocular glymphatic system using fMREye data.
Four key regions of interest were examined: the optic nerve, optic nerve head, retina and
vitreous. The cardiac band was omitted as it was found to be less prominent in the eye
regions in previous studies. The analysis mainly focused on investigating the synchrony
and inter-eye correlations of dynamics across the selected ROIs for the understanding of
the underlying driving mechanisms of ocular glymphatic clearance.

The temporal variation of both magnitude and direction plots revealed a notable
difference between the left and right eyes’ dynamics. The plots demonstrated not only a
lack of synchrony but also significant amplitude disparities between the two sides. This
reduced inter-eye synchrony was observed in both the VLF and RESP bands, suggesting a
degree of functional independence between the left and right ocular clarence. In contrast,
the intraocular correlations, particularly between the optic nerve head, optic nerve and
retina, showed substantial Synchrony, implying coordinated fluid dynamics along the
introcular pathway along the optic nerve head. The optic nerve head exhibited the highest
mean velocity magnitude and variability across both eyes and frequency bands, suggesting
highly dynamic activity in this region. Given the optic nerve head’s role as a critical
junction between the introcular fluid flow and CSF flow through the optic nerve sheath
from the cerebral glymphatic system. So, these observations may indicate bidirectional
pressure or volume propagation across the laminar barrier, which is consistent with the
previously proposed bidirectional ocular glymphatic exchange model. In contrast, the
optic nerve exhibited lower magnitudes and variance, indicating a more stable flow region
along the sheath. This is possibly reflecting adaptation to the cerebral fluid dynamics.

Furthermore, directional analysis of both bands revealed high variability in the oclaur
flow direction, as indicated by the higher standard deviations and wrapped angles. This
suggests that the ocular fluid flow is not purely linear but oscillating dynamically, poten-
tially driven by a cyclic deformation of ocular tissues(due to pulsality). The unwrapped
phase-angle plots showed gradual cumulative changes in the direction over considerable
time intervals, consistent with swirl-like (slow rotation) fluid motion. Further, several
periodical but fast(less than 3 seconds) reversals in direction indicate potential bidi-
rectional flow within the optic nerve region. These findings support the concept of a
complex, cyclic/ vortex-like or oscilatory motion within the ocular fluid transportation
system. However, future work should validate this interpretation by analysing both vec-
tor direction and magnitude simultaneously in a larger cohort of healthy subjects. In

addition to that, the presence of an envelope-like modulation pattern superimposed on

26



the magnitude and directional plots of both frequency bands was observed. This slower
oscillation occurred at frequencies below the VLF band but needs further investigation
for further precision.

Overall, the VLF oscillations appeared smoother and more globally synchronised,
likely reflecting vasomotor-driven flow, whereas the RESP oscillations were sharper and
more transient, consistent with respiratory-induced intracranial pressure fluctuations.
The observed domination of VLF and RESP components within the ocular structures
aligns with the current understanding of the glymphatic-like clearance mechanism ex-
tending from the brain into the optic pathway. The highly dynamic activity and swirl-like
motion observed in the optic nerve head further support the hypothesis of bidirectional
flow and CSF-ISF exchange through the laminar barrier.

Nevertheless, this study has several limitations. The analysis was conducted on a
10-subject dataset with only two slices, limiting spatial resolution in the z-direction. Al-
though consistent patterns were observed across both frequency bands, validation with
multiple healthy subjects is essential to confirm these findings. Furthermore, the opti-
cal flow vectors represent apparent motion derived from intensity variations in images,
rather than direct fluid motion, which introduces interpretational constrains. Future
work should incorporate multi-slice, multi-subject acquisition combined with simultane-
ous physiological monitoring to strengthen the physiological interpretation of the optical
flow dynamics. Further, analysis of cerebral ROIs should be incorporated by including
on CARD band in the cerebral regions.

Despite these limitations, the present results demonstrate that quantitative optical
flow analysis of fMREye data provides a promising and powerful non-invasive approach

to study physiological pulsations and understand the ocular glymphatic clearance system.
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7 Conclusions

This study investigated the characteristics of very low frequency and respiratory physi-
ological pulsations within the ocular glymphatic system using MREG and EPI data by
applying optical flow analysis. Analysis was performed by selecting key ocular regions:
vitreous, retina, optic nerve head, and optic nerve. The study successfully demonstrated
that ocular tissues exhibit distinct, measurable flow dynamics corresponding to these
physiological oscillations.

The results revealed that ocular optical flow is not uniform across some regions. Spe-
cially, the left and right eyes showed asynchronous and amplitude-varying behaviour,
suggesting a degree of functional independence between the two sides of the ocular glym-
phatic systems. However, within the eye, strong correlations between the optic nerve
head, optic nerve, and retina indicated synchronised intraocular fluid dynamics along the
optic pathway. The optic nerve head emerged as a particularly dynamic region, exhibit-
ing the highest magnitudes and variances, suggesting active bidirectional flow exchange
at the interface between the ocular and cerebral compartments.

Directional analyses revealed the possibility of a complex fluid motion, including swirl-
like and bidirectional patterns, especially in the optic nerve and optic nerve head. These
patterns support the concept of interstitial cerebrospinal fluid exchange. Additionally,
the presence of slower envelope-like modulations in both VLF and RESP bands suggests
underlying coupling in ocular pulsation dynamics.

Overall, these findings reinforce the emerging concept that the ocular glymphatic bidi-
rectional pathway is an integral extension of the brain’s waste-clearance system, modu-
lated by both vasomotor and respiratory pulsations. The optical flow framework presented
here demonstrates a non-invasive, quantitative approach to assessing these physiological
processes in vivo.

Based on the results, several recommendations can be made for future research.
Mainly, validation across multiple healthy subjects and patient groups (e.g., glaucoma
or Alzheimer’s disease) is essential to confirm the findings and potential diagnostic value
of these observations. Further, data acquisitions should employ multi-slice sequences to
capture full volumetric ocular and optic nerve dynamics, reducing plane motion artefacts,
and simultaneous cardiac and respiratory recordings would allow more accurate phase-
aligned interpretation of pulsatile low components. Finally, the observed asynchrony and
directional variability could be explored as potential biomarkers for impaired glymphatic

clearance in so should be included patient groups.
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