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Abstract

MRI has long been applied to clinical medical and neurological cases for the structural assessment
of tissues as well as their physiological and functional needs and processes. These uses are at a
variety of developmental stages in ophthalmology, from common use of clinical structural
assessment for neuro-ophthalmology and evaluation of space-occupying lesions to the beginning
stages of experimentally measuring functional activation of specific layers within the retina and
measurement of physiological oxygen responses. New MRI methodologies, such as the use of
orbital coils and Gd-DTPA image enhancement, have been researched, developed, and validated
in the eye, opening new possibilities for this technology to enter the clinic. This review aims to
summarize the clinical ophthalmological uses of MRI, focusing on the current use of the
technology and future applications.
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INTRODUCTION

In recent years, ophthalmology has provided an opportunity for many varied approaches to
imaging of the eye in a clinical setting. Developments in optical imaging techniques
designed for the eye, such as scanning laser polarimetry, confocal scanning laser
ophthalmoscopy, and optical coherence tomography, have taken advantage of the naturally
clear optical pathway that provides access to the internal features of the eye. However,
although these devices provide high-resolution information, these technologies can acquire
only limited information beyond the level of the retinal pigment epithelium. Other
techniques that have been developed for imaging elsewhere throughout the body, such as
ultrasonography and MRI, also have the potential to provide clinically relevant information,
particularly in cases where it is not possible to optically obtain the information needed.
Using appropriate scanning probes, one can obtain high-resolution ultrasonograms, but with
limited tissue penetration, or low resolution with higher penetration. Many new MRI
techniques have been applied to ophthalmology, providing both structural and physiological/
functional information that may be relevant for clinical diagnosis and treatment.

In this paper, ophthalmological applications of MRI relevant to clinical care are reviewed,
examining the transition and application of research methods to the clinic. Research methods
that have been presented which are relevant to clinical use are discussed, including structural
assessment of disease, functional MRI of the retina, physiological measurements such as
oxygenation, and assessment of drug-delivery methods. In addition, future MRI
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developments that might be translated to improve clinical relevance in ophthalmology will
be presented.

MRI'IN OPHTHALMOLOGY TO THE PRESENT

Techniques

A wide imaging view with enhanced neural tissue visualization is a substantial advantage of
MRI over any other ocular imaging technique, which can be valuable in certain clinical
situations. The most notable clinical use of MRI is for neuro-ophthalmic evaluation, because
it allows visualization of the cranial and intraorbital nerves and detection of space-
occupying lesions in the orbit, intracranial or hypophyseal region (1-4). MRI can provide
better information about the eye in the context of the orbit than any other ocular imaging
device. This allows detection of the etiology of ocular abnormalities related to primary
orbital pathologies (2,4-7). Another indication for MRI of the eye is where gross ocular
abnormality limits the ability for clinical examination.

An assortment of strategies for ocular MRI have been attempted in the last few years. Scans
focused on the orbits can be acquired from a cranial scan, using the whole-body receiver coil
in the MRI (8-10). Head coils for MRI are readily available in clinical setups, and therefore
these coils have been widely tested for various ophthalmological indications (5,9-11). These
coils are mainly beneficial for imaging the eye in the context of the head, as it provides
signal penetration beyond the orbital apex (8). A head coil can be used to acquire images of
cranial nerves, which may be most relevant in cases where it is believed that the optic nerve
and beyond have been affected by disease such as optic neuropathy or tumors (3,4).

A variety of orbit coils have been used to image the eye selectively, providing greater
signal-to-noise ratio, at the cost of decreased signal penetration (4,8). One commonly used
clinically available coil setup is the 3-inch diameter surface receive-only radiofrequency coil
(2.5-3.15-inch inner diameter, depending on manufacturer) which provides a detailed view
of the anterior orbit (6,9,12). Microscopy surface coils with smaller diameters of ~1.9 inches
can be used to provide even better resolution of the structures within the eye (13). The
surface coil techniques, however, can be much more sensitive to movement artifact and
therefore require much greater skill by the technician.

Bert et al. (12) tested a variety of preparatory strategies for MRI of human eyes using
commercially available systems. The 1.5 T systems of three manufacturers (Philips, GE, and
Siemens) were tested using the manufacturers’ 3-inch receiver coils with each, with the
subject fixated on a target with the non-imaged eye and the imaged eye open, held closed,
taped closed, or taped closed with water-soaked gauze over it, and the results were
compared for each protocol. The water-soaked pads were added to reduce T, dephasing of
the MRI signal due to magnetic field susceptibility differences, caused by the air interface
with the cornea. The three devices were found to be comparable, and both neuroradiologists
and eye pathologists subjectively graded the ‘taped with water-soaked pad’ procedure as the
most artifact-free, and images obtained from an eye held closed by the subject were the
poorest quality.

Several processing techniques may also aid the acquisition of enhanced ocular scans. Fat
suppression techniques, such as short tau inversion recovery, are often needed because of the
short T, constant of fat, which can cause registration artifacts or mask tissues near the high-
signal-intensity retrobulbar fat (4,13). As in other fields, different weighting techniques,
such as Ty, T», and diffusion weighting, can reveal details of different structures. For
example, T1-weighted images can provide better anatomical detail because of the high
signal-to-noise ratio, but the strong orbital fat signal can over-saturate smaller adjacent
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structures (4). T, weighting can improve visualization of the inner surface of the globe,
because of the bright vitreous signal, but is more subject to motion artifact and has lower
signal-to-noise ratio (4). Diffusion weighting can improve the ability to visualize stroke or
other neural trauma sooner after the incident than either T, or T, weighting (14). In addition,
contrast agents such as gadolinium diethylenetriaminepenta-acetic acid (Gd-DTPA) can be
introduced to provide greater detail in the vascularized portions of the eye (8,15).

Structural assessment: from the optic chiasm to the retina

A variety of studies conducted in the last 10 years have examined the anterior portions of the
visual system (optic nerve to the optic chiasm) using MRI (16). Several of these studies
examined how glaucomatous damage relates to the structure of the optic nerve and anterior
visual pathway (17,18). Glaucoma is characterized by typical changes to the retina and optic
nerve head, with gradual loss of visual field. One focus of investigation is normal-pressure
glaucoma, which is a sub-group where the patient presents glaucomatous features in the
presence of normal intraocular pressure. In this situation, it is particularly difficult to
distinguish the visual field and optic nerve head abnormalities associated with normal-
tension glaucoma from compressive optic neuropathy caused by intracranial masses.
Greenfield et al. (17) examined brain MRI or CT images of patients diagnosed with normal-
tension glaucoma for the presence of anterior visual pathway compressions. It was
concluded that neuroimaging has too low a sensitivity to provide cost-effective diagnosis
information. In contrast, Ahmed et al. (18) compared the prevalence of intracranial lesions
in people diagnosed with normal-tension glaucoma and subjects with primary open-angle
glaucoma. A significantly higher number of subjects were found to have intracranial lesions
in normal-tension glaucoma than in primary open-angle glaucoma (6.5% vs 0%), thus the
authors concluded that intracranial lesions are an important differential diagnosis to be
considered when assessing for normal-tension glaucoma, and that MRI is an important tool
for assessment of this.

Kashiwagi et al. (19) used MRI to detect the presence and extent of glaucomatous damage
to the optic nerve and optic chiasm. They found significantly smaller optic nerve diameter
and significantly lower optic chiasm in patients with glaucoma than in healthy controls.
These two parameters both correlated significantly with other structural and functional
indicators of the extent of glaucomatous damage.

MRI might also be useful in assessing intraocular findings that may be related to intraorbital
features. Tarver-Carr and Miller (20) presented a case report of MRI identification of
congenital tilted disc syndrome where the optic nerve penetrated the globe at a sharp angle
and caused an atypical appearance of the intra-ocular optic nerve head. In this case, it was
possible to visualize the oblique entry of the optic nerve into the globe with MRI,
confirming this etiology from other differential diagnoses.

One of the predominant uses of MRI is for identification of ocular and orbital tumors, as
they are often visible at the resolution it can provide, and because tumor tissue often has
unique features that are identifiable on MRI. Types of tumor that have been identified on
MRI scans include uveal melanocytic tumors, uveal metastasis, uveal vascular tumors, other
miscellaneous uveal tumors, vascular and glial tumors of the retina, medulloepithelioma,
adenoma of the non-pigmented ciliary epithelium (3,4), melanoma, hemangioma (6), and
retinoblastoma (4,5,7). In addition to the ability to identify many of the tumors, MRI is of
utmost value in determining the extent of tissue involvement and spread into the orbit, which
is crucial for clinical decisions for treatment approaches.

In situations where the view into the eye is blocked by media opacities or large tissue
abnormalities, MRI might provide valuable information on the intraocular findings. A
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variety of retinal detachments have been documented with MRI, such as rhegmatogenous,
exudative non-rhegmatogenous, and hemorrhagic retinal detachment (4) and detachment due
to tumor (6). A study was conducted by Pop-Fanea et al. (21) to evaluate the ability of MRI
to monitor retinal detachment due to experimental ocular inflammation induced in rats. MRI
measurements corresponded well to histological findings, and detachments as small as 0.1
mm? were observed with MRI, indicating that MRI has potential for in vivo visualization
and monitoring of retinal detachment. MRI has also been used to visualize cat scratch
neuroretinitis effects and distinguish them from other optic neuropathies, even possibly
before the macular star findings on the retina that typically identify the disease. MRI is often
performed in these cases to rule out other causes of optic neuritis, such as multiple sclerosis
(11,22,23).

Using newer methods and technology, it has become possible to visualize retinal layer
details. Shen et al. (15) were able to visualize three layers within the cat retina using T»- and
diffusion-weighted MRI at 4.7 T, and T1-weighted MRI before and after administration of
Gd-DTPA contrast agent. The inner layer exhibited large T, and spin density with Gd-
DTPA enhancement, and was established to include the retinal ganglion cell layer, bipolar
cell layer, and their embedded vasculature. The middle layer of the retina had small T,, and
spin density enhancement without Gd-DTPA, and included a photo-receptor cell layer and
the inner and outer segments. The outer layer included the tapetum, a layer that does not
exist in humans, and a choroidal vascular layer, which had large T, and spin density with
Gd-DTPA enhancement. The blood/retina barrier prevented Gd-DTPA from entering the
avascular photoreceptor zone, allowing this three-layer differentiation. Georgouli et al. (13)
used a 47 mm microscopy coil to acquire T1- and T,- weighted images of the whole globe,
noting visualization of the retinal layers, Tenon’s capsule, and tarsal plates, with higher
resolution than had ever been obtained with head or eye coils.

Functional MRI: retinal function and ocular physiology

One of the prime advantages of MRI for ocular imaging is its ability to combine structural
and functional imaging, to provide physiological information beyond the anatomy.
Functional MRI (fMRI) techniques have been applied experimentally to map activity-
evoked signal changes in the retina (24,25). The first fMRI study of the retina was
performed by Duong et al. (25) in anesthetized cats. They mapped the activity-evoked
changes using the blood-oxygenation-level-dependent (BOLD) technique in the overall
retina—choroid complex to drifting and stationary gratings in both the full visual field and
upper and lower visual fields separately. They found robust significantly increased activity
after stimulation in the retinal areas expected on the basis of the location of the stimuli, and
found no statistically significant signal change in the location of the optic nerve. Since their
study, research has been carried out to isolate the functional signal in specific layers of the
retina. BOLD fMRI allowed segmentation of the retina into three distinctive segments and
revealed differential responses in the two vascularized retinal regions in response to
hyperoxia and hypercapnia (24). MRI was also able to demonstrate changes in photoreceptor
degeneration rat models, observing both structural degeneration in the outermost layer,
believed to represent photoreceptors, and attenuated BOLD fMRI responses in the
vascularized layers (24).

Berkowitz et al. (26) used another fMRI approach to examine the retinal layers, using
manganese-enhanced fMRI to look at the cellular demand for ions in different retinal layers
as they are activated, rather than looking at hemodynamic responses as BOLD does. Inner
and outer retinal responses were observed with and without systemic injection of MnCl,
during light and dark adaptation, and signal intensity differences were com-pared. With the
MnCl,, the change in outer retinal signal between light and dark was significantly greater
than the change observed in the inner retina. As these technologies develop beyond the
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experimental realm and normal patterns of BOLD response or manganese ion consumption
are understood, fMRI could develop into an important clinical tool for assessing the level of
functional ability in a diseased eye, and the physiology of its dysfunction could be better
understood.

MRI assessment of blood oxygenation in the retina can be used not just to look at functional
activation in healthy eyes, but also to examine the retinal oxygenation response, particularly
how it changes as a result of retinopathy. Monitoring of ocular oxygenation using MRI can
help physicians understand the regulation of retinal oxygen concentrations in vivo, which is
important for the treatment and control of a variety of retinal pathologies (27,28). Diabetic
retinopathy and other similar diseases are believed to be related to retinal hypoxia, which
leads to neovascularization. However, the current method for examining retinal oxygen
concentrations uses oxygen electrode technology, which allows measurement only at a
single point on the retina and cannot be used in either rodent models (eyes are too small) or
human cases, as it is too invasive, unless the eye is already opened, as in vitreoretinal
surgery, and clear media is present for placement, both of which limit their relevance for
clinical use (27). Non-invasive MRI-based methods, however, can address many of these
concerns. MRI allows a physician to make non-invasive measurements of oxygen
concentration across the entire retina, which are unaffected by media opacity. Ito and
Berkowitz (27) summarized two novel methods of measuring oxygenation in the retina. The
first I9F-NMR method uses a small perfluorocarbon droplet placed on the retina. This liquid
is able to absorb an order of magnitude more oxygen than water, making its (T1)™1 more
sensitive to inner retinal oxygen tension, allowing a more accurate and precise calculation.
In addition to this invasive measurement technique, which is most feasible in experimental
models but not for routine clinical measurement, proton MRI can be used non-invasively to
generate a Tq-weighted image of the eye in both room air and a hyperoxic inhalation
challenge, and the change between them gives an accurate measure of inner retinal oxygen
response. This response is likely to be abnormal if the retina is poorly perfused because of
retinal pathology. Retinal oxygenation response has continued to be further investigated, as
described by Trick and Berkowitz (28), where they suggested that the retinopathic damage
such as neovascularization is mainly due to an inability to actively regulate oxygen rather
than constant hypoxic conditions. The method for acquiring this data also had to be
developed and validated to minimize the blinking artifacts that confound detection of the
subtle signal changes, by having patients refrain from blinking for 12 seconds, then allowing
a 3 second blinking rest period (29). So far, these methods have been shown to display
evidence for both subnormal oxygenation levels and responses before pathological evidence
of disease in experimental models. Therefore, there may be the potential to use these
techniques to identify disease before visible damage can be detected.

In addition to clinical use of the MRI, ocular MRI technology has been used recently to
better understand diffusion pathways in the eye and their effects on the localization of drug
doses. Bert et al. (30) found an anterior diffusional pathway for solutes from the ciliary body
stroma to the anterior chamber, similar to that in rabbits and monkeys, by observing subjects
after an intravenous injection of Gd-DTPA contrast agent. Signal intensity was observed
first rising in the ciliary body, followed by a latent signal enhancement in the anterior
chamber that appeared strongest in the angle near the trabecular meshwork, indicating that
solutes are able to cross the blood/ocular barrier, which may also explain the presence of
plasma-derived proteins in the aqueous humor. MRI was also used to directly monitor the
subconjunctival and intrascleral infusion methods of drug delivery. Kim et al. (31) also used
Gd-DTPA contrast agent to look at distribution and clearance from infusions in the
subconjunctival or intrascleral space by dynamic contrast-enhanced MRI. Subconjunctival
injections failed to produce detectable concentrations of Gd-DTPA in the posterior segment,
where drugs are targeted. However, intrascleral injection expanded the suprachoroidal layer,
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allowing delivery of Gd-DTPA to the posterior portion of the eye. This expansion
normalized after intrascleral infusion was stopped, and no permanent change to the
suprachoroidal layer was observed. The knowledge gained from their study was useful for
designing clinical drug treatment for macular disease. Metrikin et al. (32) used contrast-
enhanced MRI in rabbits receiving endotoxin-induced endophthalmitis to determine the
amount of blood-retinal barrier breakdown. This disease results in profound visual
consequences, due to severe inflammation, and blood-retina barrier breakdown is believed to
have an important relationship with the amount of inflammation. MRI was able to provide
images despite ocular media clarity loss, which hinders fluorescein angiography, a common
technique used to assess the blood-retina barrier. They found inner barrier breakdown with
all levels of endotoxin administered, with leakage increasing with increasing amounts of
endotoxin. The blood-retinal barrier regained structural and functional integrity by day 28
post-endotoxin dosage. This knowledge of the breakdown could help in future assessment of
therapies.

Ocular MRI limitations

When considering the use of MRI for ocular evaluation, several limitations of the
technology should be taken into account, especially when compared with optical techniques.
MRI is an expensive procedure, and the machine is bulky and can be uncomfortable for
many patients. It has a relatively slow acquisition rate which makes the images prone to
motion artifacts and has limited resolution in comparison with optical techniques. Although
the resolution of MRI is in the range 200-250 um for in-plane resolutionon 1.5 T
commercial systems (12), some of the optical imaging devices have an axial resolution at the
level of 3 um (33).

FUTURE DIRECTIONS FOR MRI

Improvements in structural MRI methodology leading to improved resolution and image
quality will help visualization of the retina and optic nerve. Resolution is a vital
consideration for ocular imaging. As the retina is ~400 um thick at the optic nerve head
margin and further thins as it moves toward the periphery (34), MRI currently does not have
the resolution to compete with optical imaging devices for structural imaging within the eye
(12,33). However, as progress is made towards improved image quality and resolution,
structural MRI may still be relevant in ocular cases where the use of optical imaging devices
is not possible because of optical pathway opacities. Improved resolution could be of benefit
in monitoring clinical situations, such as ocular nevi that may be malignant choroidal
melanoma, allowing physicians to track changes in size or shape. Optic disc drusen, or
deposition of calcified material within the nerve head, would be more identifiable using
MRI with better resolution. This improvement is expected as clinical MRI system standards
move from the 1.5 T devices to 3 or even 7 T devices, providing better resolution at higher
speeds, resulting in less motion artifact. In addition, the development of more stable surface
coil systems for localized imaging would provide better resolution. Currently, nearly all
clinical MRI scans are acquired using whole-body or head coils, because the mechanical
stability of surface coils is highly affected by any patient motion. If a more solid system for
coil placement were developed to prevent motion artifacts, scans of the eye with much
greater resolution could be obtained faster.

The physiological monitoring abilities of MRI are a unique feature of this technology that
shows promise for future use. fMRI provides an objective assessment of the ocular tissue
function and, when combined with the structural features, can lead to a better understanding
of the pathophysiology of numerous ocular pathologies. Further improvement in MRI
oxygenation-assessment techniques should provide additional information for understanding
and monitoring of ocular pathologies (27,28).
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In conclusion, many new research methods for ocular MRI have been proposed recently. In
addition to clinical uses that currently exist, particularly in neuro-ophthalmology, many of
these new methods that have only been used in research so far could be of future use for
improving the understanding of pathological ophthalmic processes.
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