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Abstract

Over the past 15 years, techniques for

identifying visual areas using magnetic

resonance imaging (MRI) in human subjects

have been applied widely to multiple

populations. This review will cover the basic

techniques of using functional MRI and very

high-resolution structural MRI to determine

boundaries between different areas of the

visual cortex. Recent applications of these

methods to ophthalmological patient

populations are discussed, and the future

potential applications of very high field

strength MRI are considered.
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Introduction

The visual system has provided the model

neural system for functional brain imaging over

the past 20 years, as the presentation of flashing

stimuli evokes a strong cortical response in the

occipital lobe in all sighted subjects. In addition

to providing a general tool, study of the visual

system has also been at the forefront of

experimental paradigm design. In particular,

the use of mapping techniques to identify

individual cortical visual areas has allowed

hierarchical processing and functional

specialisation to be investigated much more

directly than for other brain regions.

Functional magnetic resonance imaging

(fMRI) has been used extensively in neuro-

ophthalmology to investigate changes in

patterns of cortical activity in visual disorders,

such as hemianopia,1,2 object agnosia,3 or

prosopagnosia.4 However, the ability to

distinguish the primary visual cortex from

surrounding visual areas also provides a

tool to investigate cortical correlates of

ophthalmological diseases and disorders. In this

review, after discussing the basic methods for

defining visual areas, a discussion of the current

and potential clinical applications for fMRI is

provided.

Retinotopic mapping

From human lesion studies,5–7 and later

neurophysiology studies in non-human

primates,8,9 it had been known for nearly a

century that each visual area has a retinotopic

map of space, although somewhat distorted.

Using this knowledge, several groups in the

mid 1990s designed a paradigm, now referred

to as ‘retinotopic mapping’, that allows

individual visual areas to be distinguished.10–13

This procedure involves subjects lying in the

MRI scanner fixating a central point while high

contrast stimuli, usually checkerboards, are

flashed at changing positions in the visual field

in a cyclical manner. Figure 1 shows examples

of the checkerboard stimuli used for mapping

eccentricity (annulus) and visual angle (wedge).

In the case of eccentricity, the radius of the

annulus is increased over time, such that a wave

of cortical activation spreads from the posterior

occipital lobe, representing central vision,

anteriorly to the regions representing more

peripheral regions of the visual field. The

resulting patterns of activity are displayed

on a flattened section of cortex.

To produce a flattened representation, such

as these, the grey matter must first be

segmented from the brain image, before this

folded, but continuous sheet of grey matter is

computationally stretched out into a smooth

surface (inflated). To ‘flatten’ the surface, a

restricted region of the surface is often selected

and ‘cut’ from the surface (here the occipital

lobe). The image on the right indicates the

region of cortex that has been ‘cut’ from the

inflated brain, a further ‘cut’ was made along

the calcarine sulcus to split the map into dorsal

and ventral sections, as indicated by the white

arrows.

In the eccentricity map, the regions

corresponding to central, foveal vision are in

red and more peripheral representations are in

shades of blue. Orthogonal to the changing

eccentricity is the change in phase, or visual

angle. The lower panel shows the wedge

stimulus that is moved around the visual field.
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Creating an atlas

Although retinotopy on individual subjects is a ‘gold

standard’ method of defining visual areas and

investigating the neural responses in different regions,

obtaining sufficiently high quality data can be

problematic. Specifically, retinotopic mapping requires

that the subject maintain fixation on a central target while

the stimulus is moved within the visual field. It can,

therefore, be difficult to conduct mapping in a range of

patient groups with visual dysfunction. In the extreme

case, it is clearly impossible to define visual areas in blind

subjects, even though an ability to subdivide the occipital

lobe may be beneficial for understanding any differences

in this population. Finally, to acquire sufficiently high data

quality to define the areas accurately often requires a

dedicated scan session in addition to the main experiment,

which is time consuming in large studies.

Given the difficulty of defining visual areas in patient

groups, having an approximate location for different

visual areas can be beneficial. There are obstacles for

comparing visual areas across subjects, notably the

variability in the location of sulci and gyri, in addition to

shape and size differences. One method of addressing

these is to use surface-based registration, which has been

shown to produce more reliable results than linear

registration.14 Surface-based registration requires several

steps, (i) classification of different brain tissues and

segmentation of the grey matter, (ii) inflation of the grey

matter to a sphere, and (iii) alignment of spheres based

on the major sulci. To create an atlas using this method in

Freesurfer,15–17 retinotopically mapped visual areas from

16 subjects with normal visual function were registered

using the above technique to a template constructed from

the average of all 16 brains. The visual areas were

summed, and then thresholded at the point at which 50%

of the subjects showed overlapping regions. Figure 2

shows the excellent alignment of the primary visual cortex,

because of its location within the calcarine sulcus, a major

landmark. The locations of extrastriate areas show

considerably more variability between subjects, with very

little, or sometimes no area of overlap of all subjects.
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Figure 1 The retinotopic mapping stimuli and resulting fMRI activations. In the eccentricity map, central regions of the visual field
are shown in red, as seen in the key. Similarly, the phase stimulus (wedge) activates the left hemisphere when the stimulus is in the
right visual field (green). Borders can be drawn between the visual areas at the ‘stripes’ in the activation patterns, which correspond to
reversals in the representation of visual angle. The brain depicted in the middle of the figure indicates the ‘cuts’ made in the inflated
brain to produce the flattened maps.
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Anatomical definition of striate cortex in vivo

In addition to the functional specialisation of the brain,

it has been known since the work of Gennari, Baillarger,

Elliot-Smith, and Brodmann18–21 over a century ago, that

there are cytoarchitectural differences between different

brain regions. Exploiting this anatomical variation is an

alternative route to identifying areas for individual

subjects. Such a definition does not require fixation or

visual function, and therefore can be performed on any

subject who can remain still.

Most well characterized, and easiest to detect is the

stria of Gennari,21 the thick band of myelin found within

layer 4 of the primary visual cortex (V1). Detection of this

structure has now been demonstrated in a number of

studies, including a demonstration of the correspondence

between V1, defined by the presence of the stria of

Gennari, and retinotopic mapping, as described above.22

One issue to be resolved is that the studies to date have

required subjective definition of the stria of Gennari.

Objective, automated detection, and quantification of the

myeloarchitecture would be the most useful tool for

definition of V1 in patients with whom it is impossible to

perform the retinotopic mapping.

Clinical applications of visual area definition

Although the majority of work in using retinotopic

mapping has concentrated on understanding basic

mechanisms of early vision, the recent increase in studies

investigating opthalmological disorders, predominantly

glaucoma, age-related macular degeneration (AMD), and

amblyopia makes the localisation of V1 in clinical

populations applicable.23–28 Retinotopic mapping can be

performed in some circumstances, particularly if the

disease is monocular, otherwise an anatomical definition

using high-resolution imaging of the stria of Gennari

may be more useful.22,29

Glaucoma

In experimental models of glaucoma, the loss of retinal

ganglion cells is associated with structural changes in the

lateral geniculate nucleus and V1. However, it is more

difficult to determine whether the disease process in

human leads to comparable changes. A loss of grey

matter in the occipital lobe that appears to correspond

roughly to the mean location of visual loss has been

reported using MRI.24 However, the localisation to V1 is

difficult using gross anatomical landmarks unless the

changes are deep in the calcarine sulcus. To investigate

changes in cortical function related to human primary

open-angle glaucoma, Duncan et al.23 compared the V1

responses to stimulation of the glaucomatous and fellow

eye. The authors used the retinotopic map of visual space

to define V1 and then looked at the relative activation in

the affected and unaffected regions of the visual field.

They found that activation to the fellow eye was

Figure 2 Creating a retinotopy atlas to provide a probabilistic location for the early visual areas. The area with the best consensus is in
V1, whereas variability increases considerably in higher areas. Note that the anterior extent of the visual areas is limited by the size of
the stimuli that were used to perform the retinotopic mapping. Hence, V1 does not extend the whole length of the calcarine sulcus. The
colour map shows the percentage overlap in the visual areas across all subjects. Darker regions are sulci, lighter areas are gyri.
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significantly greater than that to the glaucomatous eye

only in the affected region. Moreover, the magnitude

of the difference in response to the eyes was correlated

with multiple measures of optic disc damage.

Determining the time scale of effects in the cortical visual

system could provide insight into the progression of the

disease.

Macular degeneration

In addition to the definition of visual areas, retinotopic

mapping also provides the opportunity to determine the

eccentricities of visual stimulation at which different

regions of cortex respond. In the case of macular

degeneration (MD), in which the central retina is

damaged, the major input to the posterior section of

V1 is lost. This raises the question of whether this area is

able to reorganise in order to use the now redundant

regions of grey matter. A conclusive answer to this

question is yet to be determined. An early study by Baker

et al28 found that two patients with MD activated the

foveal confluence (which is difficult to subdivide into

individual visual areas) when viewing stimuli at their

(peripheral) preferred retinal locations (PRLs). This

suggests plasticity in the visual system to use regions

of cortex that no longer have input from the retina.

However, an earlier case study30 and a subsequent

experiment by Masuda et al.25 disagree with this level

of reorganisation. The latter authors suggest that the

discrepancy may depend on the task patients are

given, specifically that performing a task is more likely to

activate the ‘deafferented’ region than passively viewing

stimuli at the PRL. A task is more likely to cause

feedback from extrastriate areas that could activate this

region. An additional variable that could underlie the

differences in activation is the age at which the MD

began, so juvenile MD could be more likely to result

in reorganisation than AMD. These issues have been

recently reviewed in detail31,32. It would clearly be

very useful to determine whether any activation in

the foveal confluence is in V1 rather than V2 or V3,

an example in which the stria of Gennari may be a useful

marker.

Presurgical planning

From a neuro-ophthalmological and neurosurgical

approach, there are benefits of determining the location

of a tumour relative to known visual areas. In particular,

tumors that are neither malignant nor cause visual field

deficits but may lead to visual disturbance indicative of

seizure activity, are a case for consideration. The specific

location of the tumor determines the likely residual

deficits if surgery is performed. Using MRI, there are

several possible methods of predicting post-surgical

outcome. First, it is possible to use diffusion imaging to

identify the optic radiation and establish whether any

surgery is likely to interfere with the pathway from the

lateral geniculate nucleus to V1. An alternative method is

to use standard retinotopic mapping (described above)

or to apply a more basic paradigm to look at the region

of the visual field that would be affected by surgery.

A combination of both approaches would provide the

most accurate prediction.

This type of pre-surgical planning already occurs in

some cases, when surgery to relieve epilepsy is planned

for the medial temporal lobe, as it is important to

consider the path of Meyer’s loop to reduce the

likelihood of visual field deficits after surgery.33,34

Identification of visual areas, defined by retinotopic

mapping used in combination with diffusion

tractography to map Meyer’s loop can indicate the fiber

bundles that carry the critical information to V1.

Future directions of mapping

With an increase in the field strength of the human

scanners, the spatial resolution at which brain imaging,

both structural and functional, is performed has also

increased. At 7 T, it is possible to achieve very rapid

acquisition of high-resolution structural data

(0.3� 0.3� 1.5 mm3), using T2*-weighted rather than

standard T1-weighted imaging. This type of scan is

believed to be sensitive to iron concentration, which has

been shown to co-localize with myelin within V1.35 It is

possible to visualize the stria of Gennari in extended

regions of V1, as shown in Figure 3 (black arrows). These

data were acquired in 4 min, and such a rapid scan could

be applied to a patient population, particularly those

who have abnormal visual function, or may even be

blind, in order to determine the location of the primary

visual cortex. Knowing the location of the striate cortex

can then be used to determine the locus of any abnormal

function, such as in amblyopia.

Figure 3 The stria of Gennari imaged in a sighted control
subject in a T2*-weighted scan at 7 T. The resolution of the scan is
0.3� 0.3� 1.5 mm3 and took 4 min. White matter is dark in these
images and the dark line in the middle of the cortex indicates the
stria of Gennari (black arrows).
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At 7 T, fMRI scanning at a resolution of 0.75 mm3, or

even higher, provides the opportunity to investigate the

functional architecture of visual areas. In V1, wherein

this architecture is best understood, it is possible to

image both the ocular dominance columns and the

orientation structure.36,37 The ocular dominance columns

in V1 have now been imaged several times, including a

paper showing the reproducibility over scanning

sessions days apart.37 In ophthalmology, such an

approach could be used in the future to determine

whether and how this functional architecture is

disrupted in conditions, such as amblyopia and

congenital cataract.

Beyond V1, there are reports in the macaque, using

optical imaging, that the ‘stripes’ of V2 are selective for

disparity, and show and have an ordered representation

of depth.38,39 The scale of these stripes on the cortical

surface is of the order 1 mm2 in the macaque, and is likely

to be slightly greater in the human, because of the

different size of the cortex. For binocular disorders, a

window on the representation of depth in the cortex

would provide some insight into the mechanisms of

disrupted depth perception.

Summary

The methods to distinguish cortical visual areas used as

standard by vision scientists working on subjects with

normal vision may assist in studies of ophthalmological

conditions. Furthermore, the increase in the strength of

the MRI scanners available means that in the future it

will be possible to investigate changes in the functional

architecture at a macroscopic level.
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