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Congenital achiasma offers a rare opportunity to study reorganization and inter-hemispheric communication
in the face of anomalous inputs to striate cortex. We report neuroimaging studies of a patient with seesaw
nystagmus, achiasma, and full visual ﬁelds. The subject underwent structural magnetic resonance imaging
(MRI), diffusion tensor imaging (DTI) studies, and functional MRI (fMRI) using monocular stimulation with
checkerboards, motion, objects and faces, as well as retinotopic quadrantic mapping. Structural MRI conﬁrmed
the absence of an optic chiasm, which was corroborated by DTI tractography. Lack of a functioning decussation
was conﬁrmed by fMRI that showed activation of only ipsilateral medial occipital cortex by monocular
stimulation. The corpus callosum was normal in size and anterior and posterior commissures were
identiﬁable. In terms of the hierarchy of visual areas, V5 was the lowest level region to be activated
binocularly, as were regions in the fusiform gyri responding to faces and objects. The retinotopic organization
of striate cortex was studied with quadrantic stimulation. This showed that, in support of recent ﬁndings,
rather than projecting to an ectopic location contiguous with the normal retinotopic map of the ipsilateral
temporal hemi-retina, the nasal hemi-retina's representation overlapped that of the temporal hemi-retina.
These ﬁndings show that congenital achiasma can be an isolated midline crossing defect, that information
transfer does not occur in early occipital cortex but at intermediate and higher levels of the visual hierarchy,
and that the functional reorganisation of striate cortex in this condition is consistent with normal axon
guidance by a chemoafﬁnity gradient.
& 2013 Elsevier Ltd. All rights reserved.
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1. Introduction
Congenital absence of the optic chiasm (achiasma; (Apkarian,
Bour, & Barth, 1994) is a rare syndrome. While achiasma can be
associated with vertebral, cardiac, renal, and limb defects in the
VACTERL syndrome (Prakash, Dumoulin, Fischbein, Wandell, & Liao,
2010), in most cases it is an apparently isolated ﬁnding (Korff et al.,
2003). In Belgian sheepdogs, a canine model of achiasma, the defect is
inherited in autosomal recessive fashion (Dell'Osso, Williams, Jacobs,
& Erchul, 1998; Williams & Garraghty, 1994). Achiasma is often
suspected by the presence of congenital seesaw nystagmus
(Apkarian & Bour, 2001; Korff et al., 2003; Prakash et al., 2010).
While patients with acquired lesions of the optic chiasm have
bitemporal hemianopia (Adler, Austin, & Grant, 1948), subjects with
achiasma have full visual ﬁelds. Rather, both the right and left visual
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hemiﬁelds of one eye project to the striate cortex ipsilateral to that
eye (Apkarian, 1996). Because of this, the disorder has sometimes also
been called the ‘non-decussating retinal-fugal ﬁbre syndrome’
(Apkarian & Bour, 2001; Apkarian, Bour, Barth, Wenniger-Prick, &
Verbeeten, 1995). Thus achiasma presents a counterpart to the
situation in albinism, in which there is an excessive decussation of
ﬁbres at the optic chiasm (Apkarian, 1996).
Visual evoked potentials have previously been used to conﬁrm
the functional consequences of failure of decussation: that is,
monocular input to ipsilateral striate cortex (Apkarian et al.,
1994, 1995; Hertle et al., 2002; Jansonius, Van Der Vliet,
Cornelissen, Pott, & Kooijman, 2001; Korff et al., 2003; Prakash
et al., 2010). The absence of the optic chiasm can also be clearly
shown on high-resolution structural MRI (Apkarian et al., 1995;
Korff et al., 2003). In some patients, damage to the optic chiasm
can result in the nasal optic nerves being no longer able to project
information to visual cortex, resulting in bitemporal hemianopia
(see for example, (Hassan, Crompton, & Sandhu, 2002). However,
patients with achiasma have completely intact visual ﬁelds,
suggesting a rerouting of information. Three studies have also
used functional MRI (fMRI) to show that striate cortex receives
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inputs from the ipsilateral eye only (Hoffmann et al., 2012; Prakash
et al., 2010; Victor et al., 2000).
A number of important questions remain about the nature and
implications of congenital achiasma. First, is achiasma an isolated
problem of decussation or it is accompanied by other midline
crossing problems? In animals, some knockout models result in
not only achiasma but also anomalies of the anterior commissures
and corpus callosum (Bertuzzi, Hindges, Mui, O'Leary, & Lemke,
1999). Establishing whether or not similar anomalies are seen in
humans with congenital achiasma may help narrow down the
possible origins of this syndrome.
Second, how does the striate cortex of an achiasmatic subject
represent a full 3601 of direction (polar angle)? Typical striate
cortex has a retinotopic map of 1801 of vision, in which there is an
orderly dorso-ventral progression of the polar angle of the visual
ﬁeld, from the horizontal meridian in the calcarine ﬁssure to the
upper vertical meridian on the lower bank and the lower vertical
meridian on the upper bank. If this orderly progression merely
continues in this fashion in the achiasmatic subject, then one
would predict a map in which the lower temporal hemiﬁeld is
represented dorsal to the lower nasal hemiﬁeld, and the upper
temporal hemiﬁeld ventral to the upper nasal hemiﬁeld. Such a
map could result from a development of retinotopy in which axon
guidance is governed mainly by adhesion molecules that bind
axons that receive input from adjacent areas of the visual map
(Huberman, Feller, & Chapman, 2008). A second possibility is that
the temporal and nasal hemiﬁeld maps overlap, so that locations
that are mirror-symmetric across the vertical meridian occupy the
same position. In this map the aberrant projections from the
ipsilateral nasal hemiretina would simply take up the positions
that would have been occupied by the contralateral eye's nasal
hemiretina. Such a map would result if axon guidance during
retinotopic map formation is based on chemoafﬁnity mechanisms
involving molecular gradients (McLaughlin & O'Leary, 2005).
Indeed, such an overlapping map might be expected, given
ﬁndings that the lateral geniculate nucleus of achiasmatic Belgian
sheepdogs shows overlapping representations of mirrorsymmetric locations in the nasal and temporal hemiﬁelds
(Williams & Garraghty, 1994). In albinism, an excessive decussation at the chiasm results in regions of the temporal hemiretina
projecting to contralateral rather than ipsilateral striate cortex.
Previous studies have suggested different possible retinotopic
outcomes in which either the anomalous visual input of the nasal
hemi-retina has an ectopic cortical representation contiguous with
the normal retinotopic map of the temporal hemi-retina (the
‘Boston’ Siamese cat; (Hubel & Wiesel, 1971), the input from the
temporal hemi-retinal map is suppressed (the ‘Midwestern’ Siamese cat; (Kaas & Guillery, 1973), or the nasal and temporal hemiretinal maps are superimposed (the ‘true albino pattern’ observed
in monkeys; (Guillery et al., 1984). Previous fMRI studies have
shown the latter outcome in human achiasmatic individuals, in
which left and right hemiﬁelds show overlapping representations
in visual cortex (Hoffmann et al., 2012; Victor et al., 2000).
However, given the differences observed in animals, one question
is whether similar differences in outcomes may also exist in
humans with congenital achiasma.
Finally, if striate cortex is monocular innervated, at what point
does callosal transfer occur so that visual information from both
eyes is represented, to allow the possibility of binocular inputs
and/or interactions? In healthy subjects, in whom striate cortex
represents the contralateral hemiﬁeld of both eyes, callosal transfer serves a different purpose, to provide input from not only the
contralateral but also the ipsilateral hemiﬁeld. Neurophysiologic
studies of monkeys show that receptive ﬁelds of neurons overlap
the ipsilateral ﬁeld in middle temporal areas, with progressively
larger receptive ﬁelds that span both hemiﬁelds as one moves
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Fig. 1. Structural T1-weighted MRI scan shows the optic chiasm in a control subject
but not in GB.

higher in the hierarchy (Raiguel et al., 1997); however, the earliest
level in the visual system in which this occurs remains unclear. In
humans, fMRI studies of retinotopy suggest that ipsilateral hemiﬁeld responses may occur earliest in intermediate levels of visual
cortex, such as the V5 complex (Tootell, Mendola, Hadjikhani, Liu,
& Dale, 1998). If callosal projections between visual areas are
similar in patients with congenital achiasma, this suggests that
binocular innervation in these subjects would be expected at the
level of intermediate visual cortex.
In this report, we describe neuroimaging studies with structural MRI, DTI, and functional MRI of a patient with congenital
achiasma (non-decussating retinal-fugal ﬁbre syndrome) that
were aimed at determining: (1) whether achiasma is an isolated
problem of decussation or if it is accompanied by other midline
crossing problems; (2) how the striate cortex of an achiasmatic
subject represents a full visual ﬁeld; and (3) at what point in the
visual system callosal transfer occurs.

2. Material and methods
2.1. Case description
GB is a 28-year-old right-handed man with nystagmus ﬁrst noted by his mother
a few weeks after birth. He had had strabismus surgery at ages 2 and 5 years. He
denied oscillopsia. He has been otherwise healthy, He has one sister, but there is no
family history of visual or neurological problems. His best-corrected Snellen visual
acuity is 20/70 in the right eye and 20/80 in the left eye. He scored normally on
pseudo-isochromatic plates for colour vision, and Goldmann perimetry showed full
visual ﬁelds in both eyes. Fundoscopy showed normal optic discs. In primary
position he had an exotropia with a small right hypertropia. He had a complex
congenital nystagmus, with left-beating horizontal nystagmus in primary and left
gaze, reversing to right-beating in right gaze, upon which there was superimposed
a pendular seesaw component, most prominent in down-gaze (a video of the
patients’ eye-movements is available here: http://www.neuroophthalmology.ca/
cases/case94/case94.html). His neurological exam was otherwise normal, without
macular hypoplasia, and without mirror movements or limb anomalies. T1
structural scans suggested absence of the optic chiasm (Fig. 1).

2.2. Subjects
GB participated in all studies below. One 27-year-old right-handed male
control subject had similar structural, functional, and DTI scans. In addition to
the control subject, T1 anatomical scans of 9 other subjects (3 males, mean
age¼26, range¼ 20–29 years), who took part in a separate study, were included
in the structural analysis, one of whom also took part in the DTI analysis (27-yearold male). All subjects were right-handed, with corrected visual acuity of 20/20,
and were healthy with no history of neurological dysfunction, vascular disease or
cognitive complaints. The protocol was approved by the institutional review boards
of the University of British Columbia and Vancouver General Hospital, and written
informed consent was obtained for all subjects in accordance with The Code of
Ethics of the World Medical Association, Declaration of Helsinki.
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Fig. 2. Example stimuli presented in the four fMRI experiments. (a) Monocular chequerboards were presented to identify visually responsive areas. (b) Monocular quadrantﬁeld chequerboards were presented to identify areas responding to the left and right hemiﬁelds as well as the top and bottom hemiﬁelds. (c) Motion stimuli consisted of
radially expanding and contracting dots and compared to the response to a static image taken from the video. (d) Dynamic videos of objects and faces were presented to
identify areas responding to complex objects.
2.3. Imaging parameters
Scans were conducted on a Phillips 3T MR scanner at the UBC High-Field MRI
Centre. A complete scanning session consisted of:
a) two structural scans, which included (1) a T1-weighted high resolution structural
scan (3DT1TFE with SENSE, TR 10 ms, TFE 3000 ms, TE 6 ms, TI 845.88 ms, 120
slices, FOV¼212 mm, voxel size 1.1  1.1 mm, slice thickness 1.1 mm, 256 mm
reconstruction matrix, reconstructed voxel size 0.83  0.83 mm); and a T2weighted FLAIR sequence (TR 10,000 ms, IT 2800 ms, TE 125 ms, 38 slices,
FOV¼ 240  191 mm, voxel size 0.94  1.07 mm, slice thickness 3 mm, 512 mm
reconstruction matrix, reconstructed voxel size 0.47  0.47 mm);
b) eight functional MRI scans, which were T2n-weighted scans using echo planar
imaging (SENSE, TR 2000 ms, TE 30 ms, FOV ¼ 240  216 mm, 36 interleaved
axial slices of 3 mm thickness with 1 mm gap, voxel size 3  3 mm, 128 mm
reconstruction matrix, reconstructed voxel size 1.88  1.86 mm); and
c) three diffusion-weighted scans, which included 32 diffusion sensitizing directions (SENSE, TR 5486 ms, TE 69 ms, B value 700 s/mm2, FOV ¼212 mm, 56–60
axial slices of 2.2 mm thickness, no gap, voxel size 2.21  2.21 mm, 256 mm
reconstructed matrix, reconstructed voxel size 0.83  0.83 mm).

2.4. Structural MR analysis
The optic nerves, optic chiasm, anterior and posterior commissures were
identiﬁed on the T1 structural scan. To quantify the size of GB's corpus callosum,
an anatomical mask of the corpus callosum was obtained from a single midline

sagittal slice which gave the maximal cross-sectional area of the corpus callosum
for each subject. To control for overall brain size, we also obtained a whole brain
mask by using the brain extraction tool (BET) in FSL, using a fractional intensity
threshold of 0.5. We then calculated the ratio of callosum:brain voxels and
converted this into a percentage ([callosum/brain]  100). We then compared this
index of the size of GB's corpus callosum to those of the 10 neurologically healthy
subjects.

2.5. Functional MRI
2.5.1. Stimuli
Fig. 2 shows the stimuli used in the four functional scans. Images were backprojected onto a screen inside the magnet bore, approximately 68 cm from the
subject's eyes. Stimuli covered the central 201  261 of the visual ﬁeld. To identify
the areas activated by monocular stimulation, we presented contrast-reversed
black and white chequerboards ﬁlling both right and left hemiﬁelds (Fig. 2A) at
8 Hz for 9 s, followed by a 9 s ﬁxation grey-screen of the same mean luminance.
This process was repeated for 11 cycles. Squares on the chequerboards varied in
size (1.8, 3.6, or 5.61) between the different 9 s segments within the 11-cycle block.
Because of unavoidable motion degradation from his continuous nystagmus,
we did not perform ﬁne-grained retinotopic mapping; rather we elected to perform
a quadrant mapping. We presented contrast-reversed black and white chequerboards monocularly in each quadrant (Fig. 2B), covering an area of 5.91  8.41,
located 1.31 away from the horizontal and vertical meridians in each direction.
Stimuli parameters were the same as described above. Each block contained stimuli
presented in a single quadrant, followed by a 9 s grey-screen. To compare the
response to the individual quadrants, we also presented a blank greyscreen
condition. There were 8 repetitions of each quadrant condition, plus eight
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presented in a pseudorandom order.
To identify areas responding to motion, multiple moving grey dots of 0.31
diameter in size and at a density of 2% were displayed on a black background
(Fig. 2C). The dots alternated at a rate of 0.57 Hz between radially expanding and
contracting movements from the centre of the pattern at a speed of 7.51/s for 14 s,
followed by a 14 s display of similar but stationary dots. This process was repeated
for ﬁve cycles.
To identify regions responding to complex objects, short dynamic videos of
faces and objects were presented (Fig. 2D). Each stimulus block included six video
clips, each lasting 1.5 s, separated by a 500 ms blank screen. Stimulus blocks were
separated by a 12 s ﬁxation cross, with each condition repeated 8 times (Fox, Iaria,
& Barton, 2009).
2.5.2. Procedure
All functional scans were presented ﬁrst to the right eye only, with the left
occluded by a patch. The subject was then partially removed from the scanner bore,
and the patch moved to the right eye. The scans were then repeated, with stimuli
presented to the left eye only. To allow accurate registration of all functional
sequences, the T1 structural was obtained before the subject was removed from the
scanner and the FLAIR when the subject was placed back inside the bore. This
allowed all data sets to be co-registered on to the T1 structural image either
directly or via co-registration with the FLAIR image.
2.5.3. fMRI analysis
Statistical analysis of the fMRI data was carried out using FEAT (http://www.
fmrib.ox.ac.uk/fsl; (Smith et al., 2004). The initial 8 s of data from each scan were
removed to minimize the effects of magnetic saturation. Motion correction was
followed by spatial smoothing (Gaussian, FWHM 6 mm) and temporal high-pass
ﬁltering (cut-off of 0.01 Hz).
Motion-responsive regions were determined by the contrast ‘motion4stationary’. Similar analysis were performed for object-responsive areas by the
contrast ‘objects 4 faces’. Statistical maps used to identify areas responding to
motion and objects were thresholded at Po 0.05 (resel corrected) (http://www.
fmrib.ox.ac.uk/fsl). This correction uses a principle similar to Gaussian random ﬁeld
theory to estimate the number of independent samples (resels) within a data set
(Worsley, Cao, Paus, Petrides, & Evans, 1998), and is therefore less conservative than
a Bonferroni correction. Visually responsive regions were determined by the
contrast ‘chequerboards4greyscreen’, at P o 0.001 (uncorrected). Regions
responding to a hemiﬁeld were determined by the contrast ‘left hemiﬁeld 4greyscreen’, and ‘right hemiﬁeld 4greyscreen’, again at the lower threshold of
Po 0.001 (uncorrected). An uncorrected threshold was applied to ensure that the
thresholds had not obscured a modest degree of activation from the
contralateral eye.
Time-series analyses were performed on regions of overlap between left-eye
and right-eye stimulation (areas shown in green). Left occipital and a right occipital
regions of interest (ROIs) were also deﬁned for GB and the control subject for timeseries analysis to further examine the response to visual stimulation. A ROI mask of
V1 was obtained from the Juelich Histological atlas in FSL (GM Visual Cortex V1
BA17) and transformed from standard space into individual subjects' native space
(black lines, Fig. 3). Time-series analysis was performed by extracting the timecourse for each ROI and converting from units of image intensity to percentage
signal change ([(x-mean)/mean]  100). The responses across voxels were averaged
within a ROI. To allow better comparison between conditions, the response for each
condition and in each region was then zero-corrected.
2.6. Diffusion tensor imaging tractography
We used DTI probabilistic tractography to non-invasively probe white matter
tract topology. Data were analysed using FMRIB's Diffusion Toolbox (FDT) (Behrens,
Berg, Jbabdi, Rushworth, & Woolrich, 2007; Behrens et al., 2003; Smith et al., 2004).
Anatomical regions of interest (ROI) for tractography were drawn manually in
FSLView on each subjects’ high resolution T1 structural scan for the left optic nerve,
right optic nerve, splenium, and along the left and right calcarine ﬁssures
(separately) extending 3.3 mm into the white matter to approximate the location
of primary visual cortex. FSL's ProbtrackX software (Behrens et al., 2007, 2003) was
used for ﬁbre tracking, and for transformation of masks from native space into
diffusion space. Prior to analysis, the three identical DTI scans for each subject were
motion-corrected using the FDT eddy correct function, and then combined to
produce a single averaged diffusion-weighted scan, for an increased signal-to-noise
ratio. For each subject, we drew 5000 samples from the connectivity distribution
from each seed voxel (curvature threshold¼ 0.2; number of steps¼ 2000; step
length ¼0.5 mm). As seeding of the primary visual cortex results in a large number
of pathways, a mask of the splenium was used to constrain pathway data to callosal
projections between the left and right primary visual cortex, with one primary
visual cortex mask used as a seed and the other as a target. This provided voxels
through which all pathways between the left and right visual cortex had to pass in
order to be retained. We did not use any constraints on the direction or pathway of
the ﬁbres for the other tractography analyses. The output from the tractography
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analysis were normalised for each subject by dividing the output by the number of
streamlines created. This produces values between 0 and 1 indicating the fraction
of streamlines that pass through a given voxel. Outputs from the tractography
analysis were viewed on subjects’ T1 anatomical image in Dataviewer3D (Gouws,
Woods, Millman, Morland, & Green, 2009).

3. Results
3.1. Demonstration of structural and functional lack of decussation
at the optic chiasm
T1 structural scans suggested absence of the optic chiasm
(Fig. 1). Lack of structural decussation was conﬁrmed with DTI
analyses that seeded the optic nerves. For example, in the control
subject, the left optic nerve gives rise to both decussating ﬁbres in
the optic chiasm and non-decussating ﬁbres that continue to
project ipsilaterally in the optic tract, whereas in GB only nondecussating ﬁbres are found (Supplementary Fig. 1).
Conﬁrmation of lack of functional decussation came from fMRI
with monocular chequerboard stimulation of both hemiﬁelds
showed anomalous activation of occipital cortex (Fig. 3). While
the occipital cortex of the control subject was activated by visual
input in either eye, GB showed activation of the right occipital
cortex by right eye but not left eye viewing, and vice versa for the
left occipital cortex. In GB, activation by visual input from either
eye was seen only in the lateral occipitotemporal cortex bilaterally.
To determine whether there might be a sub-threshold response
to visual input from the contralateral eye in GB, we extracted the
time-course of the response in the left and right occipital poles,
and correlated the %MR signal changes across time between
ipsilateral and contralateral visual cortices during left eye viewing,
and separately for right eye viewing (Supplementary Fig. 2). In the
control subject, left-eye input resulted in signiﬁcant stimulusdriven activity in both the left and right occipital poles, resulting in
a high correlation between the activity in both contralateral and
ipsilateral visual cortex (r ¼0.98, p o0.001; bonferroni corrected).
The same was observed with right-eye input (r ¼0.98, po 0.001).
In GB, right-eye input resulted in similar stimulus-driven activity
in the right occipital pole but there was no observable stimulus
driven activity in the left occipital pole (r ¼0.03, p ¼0.99). The
reverse was seen for left-eye input: stimulus-driven activity in left
occipital pole but not in the right (r ¼0.40, p ¼0.06). This suggests
a lack of visual activation in contralateral visual cortex.
3.2. Other midline cerebral connections
Structural T1-weighted images showed that both the anterior
and posterior commissures were present (Fig. 4A). While these
commissures are too small for any quantitative studies, analysis of
a cross-sectional area along the mid sagittal slice of the corpus
callosum revealed that the ratio of callosal thickness to brain size
for GB (.048%) as compared to 9 control subjects (mean: .044;
range: .035–.053) was within the normal range of thickness
(Fig. 4B). These ﬁndings, together with the fact that GB did not
have any abnormalities of the ocular fundus, are consistent with
the suggestion that achiasma is an isolated midline crossing defect
(Biega, Khademian, & Vezina, 2007).
Finally, to determine more speciﬁcally whether there are other
midline crossing problems involving cerebral visual pathways, we
performed DTI tractography of the forceps major, between left and
right striate cortex. GB had splenial connections between left and
right striate cortex, as also seen in the three control subjects
(Fig. 5A). To obtain an estimate of the strength of connectivity, we
extracted the average percent streamlines and the average FA
values in the forceps major, using the top 1% of streamlines as a
mask. This was calculated individually for each subject. As
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Fig. 3. MR response in left and right occipital poles during monocular visual stimulation. Images show regions activated during right eye viewing alone (red–yellow), left eye
viewing alone (blue), or by either eye viewing (green) (Po 0.001, uncorrected). Flatmaps of the medial occipital pole are shown for the right hemisphere (RH) and left
hemisphere (LH), with the borders of V1 and V2 shown in white. This showed that occipital cortex is activated only when the ipsilateral eye is viewing in GB, with binocular
activation seen only in the lateral occipitotemporal cortex. Occipital cortex in the control subject is activated by input from either eye. Analysis of the response timecourse
was extracted from early visual cortex (area outlined in black on the ﬂatmaps) and averaged across blocks. These supported the ﬁnding of only ipsilaterally activated early
visual cortex in GB, and show the results obtained from the statistical maps are not due to the choice of thresholding during analysis, and instead reﬂect a true lack of visual
stimulation in the contralateral visual cortex. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

compared to three control subjects, GB had a high percentage of
streamlines (GB: 0.33; controls: 0.10, 0.11, 0.27) but low FA values
(GB: 0.49; controls: 0.51, 0.52, 0.57) (Fig. 5B); however, the
variation in the control subjects resulted in GB being within the
normal range for both (o2SD from the mean).
3.3. Binocular activation of cortex
Fig. 3 and Supplementary Fig. 2 show that extensive regions of
medial occipital cortex were activated only by visual inputs from
the ipsilateral eye. These regions are more extensive than just the
striate cortex, which occupies the calcarine ﬁssures and banks, and
extend into areas V2 and V3. However, a region in lateral
occipitotemporal cortex showed binocular activation. We next
examined the response to monocular inputs of visual motion. GB
showed activation in bilateral lateral occipitotemporal cortex from
motion in either eye (Fig. 6), similar to the response in the control
subject. The coordinates of these regions (Table 1) are consistent
with the location described in previous studies showing motionselectivity in the V5 complex (Barton et al., 1996; Schmitz et al.,
2004; Sunaert, Van Hecke, Marchal, & Orban, 1999). Furthermore,
these regions overlapped with the area that responded binocularly
to the chequerboard stimulus. This suggests that the V5 complex,
an intermediate visual area in the dorsal stream, may be the
earliest point in the visual system hierarchy that information is

transferred between hemispheres in GB. Finally, we also examined
the activations produced by monocular presentation of objects.
These too showed binocular activation in regions of the posterior
fusiform (pF) and lateral occipital (LO) gyrus (Fig. 7). The coordinates of these regions (Table 1) are consistent with the locations in
previous studies showing these areas to respond more to objects
than other stimulus categories (Grill-Spector, Kourtzi, &
Kanwisher, 2001; Malach et al., 1995). These results indicate
evidence of callosal transfer of information by high-level object
processing visual areas in the ventral stream.
3.4. Retinotopy of monocularly innervated striate cortex
Monocular stimulation of the quadrants produced two main
ﬁndings. First, stimulation of the nasal hemiﬁeld of the ipsilateral
eye showed a normal dorso-ventral retinotopic arrangement, with
the upper quadrant activating the inferior calcarine cortex and the
lower quadrant the superior calcarine cortex (Fig. 8 and Supplementary Fig. 3). Second, visual input from the temporal quadrants
of the ipsilateral eye did not activate regions adjacent or ectopic to
the representation of the nasal quadrants, but overlapped them. In
GB's left hemisphere, 60% of voxels in the ventral calcarine bank
responded to stimulation of either ipsilateral or contralateral
superior quadrants of the left eye, while 33.5% responded to
stimulation of the left superior quadrant only and 7% to
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Fig. 4. Midline crossing ﬁbres in GB. (a) Both the anterior (red circles) and posterior (blue circles) commissures can be identiﬁed on GB's anatomical scan. (b) Volumetric
analysis showed that the corpus callosum in GB (shown in red) was within the range of 10 control subjects. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)

stimulation of the right superior quadrant only. In the dorsal
calcarine bank, 60% of voxels responded to stimulation of either
contralateral or ipsilateral inferior quadrants of the left eye, while
13.4% responded to the ipsilateral inferior quadrant only and 26.7%
responded to the contralateral inferior quadrant only. In the
control subject, only 0.3% of voxels in the ventral calcarine bank
showed responses to stimulation of either ipsilateral or contralateral superior quadrants, while 99.7% responded to stimulation of the contralateral superior quadrant only. In the dorsal
calcarine bank of the control subject, 0% of voxels were driven
by stimulation of both ipsilateral and contralateral hemiﬁeld

stimulation, and 100% responded to contralateral hemiﬁeld
stimulation only.
A similar pattern was also observed in the right occipital
cortex of GB (Supplementary Fig. 3) for the ventral (42% either
ipsilateral or contralateral quadrants, 1.5% ipsilateral quadrant
only, 56% contralateral quadrant only) and dorsal calcarine banks
(58% either ipsilateral or contralateral quadrants, 0.09 ipsilateral
quadrant only, 33% contralateral quadrant only), In the right
hemisphere of the control subject, 100% of voxels in both the
ventral and dorsal calcarine banks responded to contralateral
quadrants only.
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Fig. 5. DTI tractography: callosal projections of striate cortex. (a) GB (red box) showed splenial connections between left and right striate cortex, similar to the three control
subjects. (b) Quantiﬁcation analysis revealed that the strength of GB's connections were within the same range as the control subjects. Masks of the calcarine ﬁssure used in
tractography analysis are shown in blue. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

4. Discussion
Our results show that the diagnosis of congenital achiasma can
be suspected from structural MR images and conﬁrmed with DTI
tractography, with lack of functional decussation emphatically
shown with fMRI (Prakash et al., 2010; Victor et al., 2000). In our
patient at least, this appears to be an isolated midline-crossing

deﬁcit. Binocular activation is not apparent in striate or early visual
areas, but emerges at the V5 complex and in high-level object
processing regions in the ventral stream. The retinotopic map in
striate cortex is grossly intact in the coronal plane, and the
anomalous projections from the nasal retina of the ipsilateral eye
overlap with those of the temporal retina, rather than occupying
an ectopic location.

J. Davies-Thompson et al. / Neuropsychologia 51 (2013) 1260–1272
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Fig. 6. Functional MRI with motion stimuli. Regions responding more to radially expanding and contracting dots as compared to a static image (Po 0.05, resel corrected). The
area of the V5 complex is activated by visual inputs from either eye in both GB and the control subject. These motion-responsive regions overlap the areas showing binocular
input in the full-ﬁeld chequerboard experiment (Fig. 3). Timecourse analysis of these regions (outlined in black on the ﬂatmaps) support the ﬁnding of binocular responses in
these regions.

Table 1
MNI coordinates of motion-responsive and object-selective regions in GB and a
control subject. (LO: lateral occipital; pF: posterior fusiform).
Subject

Region

Left eye viewing
x

GB

V5
LO
pF

Control

V5

y

z

Right eye viewing
z-score

x

y

z

z-score

L
R
L
R
L
R

−46
44
−32
34
−30
28

−80
−72
−88
−82
−52
−66

2
−2
4
8
−12
−16

3.8
4.1
4.9
5.3
6.7
6.3

−42
52
−32
34
−30
26

−76
−68
−90
−78
−52
−66

−2
−6
8
8
−10
−12

4.5
4.8
6.4
8.1
8.0
8.1

L
R

−46
46

−76
−70

6
4

7.0
7.6

−46
48

−78
−74

0
0

9.6
9.4

4.1. Callosal connections and binocular interactions
DTI tractography in GB showed the presence of splenial connections between left and right striate cortex. However, while the
number of streamlines in the forceps major were high, the FA
values were at the lower end of the scale, though still within the
95% limits of the controls. Although the power of this analysis is
low due to the small sample of controls, this ﬁnding is in
accordance with the previous report of normal splenial connections in another achiasmic individual (Hoffmann et al., 2012).
Together, these results suggest that, while callosal connections
between occipital cortex are present in achiasmatic individuals,

they may be reduced in the strength of their inter-hemispheric
connectivity.
Despite the presence of these callosal connections, monocular
stimulation in GB, as with the two previously studied patients,
activated only ipsilateral medial occipital cortical areas: hence
these callosal connections do not appear to mediate any visual
information transfer between the early visual areas of both hemispheres. This is not necessarily surprising. In macaques, callosal
connections between left and right striate cortex are limited to the
border strip between V1 and V2, which is the retinotopic representation of the vertical meridian (Beck & Kaas, 1994; Cusick,
Gould Iii, & Kaas, 1984; Newsome & Allman, 1980; Van Essen,
Newsome, & Bixby, 1982; Van Essen & Zeki, 1978). Similarly,
human retinotopic mapping studies show only a small amount
of activation from the ipsilateral visual ﬁeld along the vertical
meridian (Tootell et al., 1998). Thus, in healthy subjects, callosal
connections of a highly retinotopic region like striate cortex may
serve only to mediate a very local integration of information across
the anatomic discontinuity at the vertical meridian, rather than
any long-range spatial interactions between the right and left
hemiﬁelds. If the callosal patterns are similar in GB, this would
exclude the possibility of interactions between the right and left
eye being mediated by such inter-hemispheric projections, if these
are limited to the representation of the vertical meridian. This is
the case in an animal model of albinism, in which excessive
decussation results in a similar problem of retinotopic reorganization in striate cortex: in the Boston Siamese cat, the location of the
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Fig. 7. Functional MRI with complex objects. Monocular presentation of objects to both the left and right eye produced bilateral activation in posterior fusiform gyri (top)
and lateral occipital cortex (bottom) (P o 0.05, resel corrected). Timecourse analysis of these regions (outlined in black on the ﬂatmaps) support the ﬁnding of binocular
responses in these regions.

vertical meridian is displaced away from the V1 to V2 border and
the origin of callosal ﬁbres migrate with this displacement (Shatz,
1977).
Where, then, might we expect opportunities for binocular
interactions in congenital achiasma? The analogous callosal transfer of information in healthy subjects is the emergence of neurons
whose receptive ﬁelds span both ipsilateral and contralateral
hemiﬁelds. In monkeys and humans, this becomes evident at
intermediate levels of the visual hierarchy, most classically the
V5 complex (Ffytche, Howseman, Edwards, Sandeman, & Zeki,
2000; Tootell et al., 1998), and is in line with what we observed in
GB, in whom responses to input from both the ipsilateral and
contralateral eye are seen in the V5 complex but not in medial
occipital cortex. In GB, the fusiform and lateral occipital regions
activated by objects also show activation by either eye. This is not
surprising given that responses in high-level object processing
areas are often highly speciﬁc to the type of object seen and
respond to their presence regardless of the hemiﬁeld in which the
object is located (Vuilleumier, Henson, Driver, & Dolan, 2002).
However, it must be stressed that the presence of inputs from
either eye does not prove that these converge upon binocular
neurons to support stereopsis or other types of binocular interactions in V5. Functional studies would be required to show this.
Indeed, one study of an achiasmatic patient attempted to do that
for motion perception, by presenting gratings moving in one
direction to one eye and gratings moving in another direction to
the other eye (Victor et al., 2000). If these were integrated
between the eyes, the perceived direction of motion would have
been in a third, vector-averaged direction (‘plaid motion’): this was

not found. However, their subject, had esotropia as well, and it
may be that the results are confounded by amblyopia or suppression scotomata.
4.2. Formation of retinotopic maps
Our study also provided insights regarding retinotopic map
formation in GB. Parallels with albinism are of interest as this
condition has excessive rather than absent decussation at the
chiasm, with regions of the temporal hemiretina projecting to
contralateral rather than ipsilateral striate cortex. Previous animal
studies have suggested three different possible retinotopic outcomes (though the mechanistic implications of these divergent
solutions remains unclear). In one, the anomalous visual input of
the nasal hemi-retina has an ectopic cortical representation
contiguous with the normal retinotopic map of the temporal
hemi-retina: this is found in the ‘Boston’ Siamese cat (Hubel &
Wiesel, 1971) and albino ferrets (Akerman, Tolhurst, Morgan,
Baker, & Thompson, 2003; Huang & Guillery, 1985). Also, anomalous projections terminate in an ectopic patch in the lateral
geniculate nucleus in EphB1-deﬁcient mice, who also have excessive contralateral projections (Rebsam, Petros, & Mason, 2009). In
an other outcome, input from the temporal hemi-retinal map is
suppressed in V1, as seen in the ‘Midwestern’ Siamese cat (Kaas &
Guillery, 1973). Finally, in the ‘true albino pattern’, the nasal and
temporal hemi-retinal maps are superimposed, as seen in all
primates including human albinos that have been studied in this
detail (Guillery et al., 1984; Hoffmann, Tolhurst, Moore, & Morland,
2003). Given that different retinotopic map formation outcomes
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Fig. 8. Functional MRI during quadrant stimulation: left hemisphere. Left: a control subject; right: GB. Activations in visual cortex are shown in the left hemisphere (LH)
during stimulation of the left visual ﬁeld (top row) and right visual ﬁeld (middle row) (Po 0.001, uncorrected). In the control subject, striate cortex is activated by stimulation
in the contralateral hemiﬁeld, from left or right eye, with the inferior quadrant (dark blue/light blue) activating the superior calcarine cortex, and the superior quadrant (red/
yellow) activating the inferior calcarine cortex. In GB, striate cortex is activated by stimulation of the nasal or temporal hemiﬁeld of one eye, with strong overlap of quadrants
mirror-symmetric across the vertical meridian (bottom row), with the same upper/lower visual ﬁeld organisation as the control subject Graphs show the percentage of
visually-responsive voxels in the ventral and dorsal striate cortex responding to stimuli presented in either the left hemiﬁeld, right hemiﬁeld, or both (overlap). (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

are seen in animals, one question is whether similar differences in
outcomes may also exist in human achiasmatic individuals. In GB,
the retinotopic organization is more similar to the ‘true albino
pattern’, with overlapping striate representations of the left and
right hemiﬁelds. Hence the projections of the ipsilateral eye's nasal
hemiretina take the place of the contralateral eye's nasal hemiretina. A similar reorganisation has been observed in a patient
with a congenital absence of the right hemisphere, in whom the
misrouted ipsilateral (left) hemiﬁeld representations overlapping
with the contralateral (right) hemiﬁeld representations in V1
(Muckli, Naumer, & Singer, 2009). Older studies of congenital
achiasma have also suggested overlap of the representations of
the left and right hemiﬁelds (Prakash et al., 2010; Victor et al.,

2000), which is now conﬁrmed by our study and a more recent
investigation of two achiasmatic individuals, with ﬁne-grain
retinotopic mapping showing complete overlap of left and right
hemiﬁelds representations (Hoffmann et al., 2012). Furthermore,
the lateral geniculate nucleus of achiasmatic Belgian sheepdogs
suggests a similar overlapping retinotopic organization (Williams
& Garraghty, 1994). Such organization is likely to reﬂect targeting
of axons by a chemoafﬁnity gradient, which in the dorso-ventral
direction of structures like the optic tectum is guided by repellent
interactions involving EphrB1 (McLaughlin & O'Leary, 2005).
The overlapping representations of the two hemiﬁelds raise the
possibility that achiasmatic subjects may have hemiﬁeld dominance
columns rather than the ocular dominance columns of typical
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subjects. If this is the case, one question is whether there is crosstalk of information from one hemiﬁeld to the other, similar to that
observed between ocular dominance columns. However, studies of
human albinism have not found evidence for cross-talk (Klemen,
Hoffmann, & Chambers, 2012), and a recent fMRI-adaptation study
did not ﬁnd adaptation to stimuli presented in the mirror location
in the opposite hemiﬁeld (Purington, Bao, & Tjan, 2012). Hence
there is as yet no evidence for functional interaction between
corresponding hemiﬁeld representations in these conditions.
4.3. Potential genetic and molecular mechanisms of achiasma
A number of investigators have suggested that congenital
achiasma might be an autosomal recessive condition (Korff et al.,
2003; Victor et al., 2000), as is the case for achiasmatic Belgian
sheepdogs (Williams & Garraghty, 1994). If so, it is worth considering the possible nature of the genetic defect that might result
in congenital achiasma. This is complex, as numerous molecules
are involved in chiasmal formation. These can be grouped approximately into three categories.
First are the molecules that promote development of uncrossed
projections. In humans as in other species, the EphB1 receptor is
expressed in the temporal but not the nasal retina (Lambot,
Depasse, Noel, & Vanderhaeghen, 2005) and in the growth cones
of axons from the temporal retina, which are guided ipsilaterally
through a repellent interaction with ephrinB2 at the midline (Lee,
Petros, & Mason, 2008; Williams et al., 2003). EphB1 expression is
under the control of the transcription factor Zic2, which in turn is
modulated by FoxD1. Ectopic expression of Zic2 and/or EphB1 in
the nasal retina may be one mechanism by which crossing ﬁbres
are reduced at the chiasm: if Zic2 is injected into a mouse's nasal
retina, EphB1 is expressed by nasal retinal growth cones, resulting
in misrouting of projections ipsilaterally (Garcia-Frigola, Carreres,
Vegar, Mason, & Herrera, 2008; Garcia-Frigola & Herrera, 2010; Lee
et al., 2008). Furthermore, the misrouted axons project onto the
area of the lateral geniculate nucleus that would have received
axons from the contralateral eye (Rebsam et al., 2009), suggesting
normal axon guidance at this stage. Interestingly, EphB1 is also
responsible for the chemoafﬁnity gradient that creates the dorsoventral retinotopic mapping in a number of target structures, such
as the optic tectum. The fact that GB has normal quadrantic
mapping suggests that this aspect of EphB1 function is not
anomalous.
Second are molecules involved in promoting decussation. NrCAM is involved, but in Nr-CAM-deﬁcient mice decussation of
axons from the nasal retina is unaffected (Williams et al., 2006).
Other factors such as L1 or neurofascin may be involved as well
(Petros, Rebsam, & Mason, 2008). Semaphorins also play a role: in
zebraﬁsh, Sema3d is expressed around the chiasm and may act as a
repellent molecule to promote decussation: overexpression or
knockdown reduces axon extension across the midline (Sakai &
Halloran, 2006).
Third are molecules involved in more general patterning of the
optic chiasm terrain. While Vax1-deﬁcient mice lack a chiasm, they
also have colobomas and other midline abnormalities, including
reduced decussations in the corpus callosum, hippocampal and
anterior commissures (Bertuzzi et al., 1999). The zebraﬁsh mutant
Belladonna also has only uncrossed projections at the chiasm
(Karlstrom et al., 1996), due to a mutation in the Lhx2 gene, which
secondarily perturbs expression of Zic2, netrin-1, Slit2 and Sema3d
at the chiasm (Seth et al., 2006). Pax2-deﬁciency in mice causes a
complete achiasma with ipsilateral projections only, but often with
colobomas and deafness from agenesis of the cochlea (Torres,
Gomez-Pardo, & Gruss, 1996). Pax-2 deﬁciency is associated with
persistent expression of sonic hedgehog (Shh) in the optic recess,
which needs to be downregulated for chiasmal formation to occur

(Trousse, Martí, Gruss, Torres, & Bovolenta, 2001). A problem with
signalling in the Shh pathway has been hypothesized in achiasma
associated with the VACTERL syndrome (Prakash et al., 2010),
given that there is some similarity between the other abnormalities in this condition and those in other syndromes associated
with disorders of the hedgehog signalling network (Cohen, 2010).
In summary, a number of potential candidates of the possible
genetic and molecular mechanisms of achiasma exist. Given that
our subject's achiasma appear to be an isolated defect, it may be
that those genetic defects above which have few other associated
structural anomalies, such as abnormal expression of Shh or
Semaphorins, should be considered as more likely candidates for
the cause of human congenital achiasma; however, it is not always
possible to draw direct correlations from animal models to human
disease. Future studies examining the genetics of achiasma are
needed.
4.4. Summary
Clearly, more studies are required to identify the genetic basis
of congenital achiasma. The fact that it can be an isolated ﬁnding
without abnormalities of limbs, hearing, ocular fundi, or other
cerebral commissural tracts may make some candidate molecules
less plausible. The normal retinotopy of the ipsilateral temporal
hemi-retina and the overlapping of the map of the ipsilateral nasal
hemi-retina in striate cortex suggest normal axon guidance by an
EphB1-mediated chemoafﬁnity gradient. Unlike the variable outcomes observed in albinotic animals with anomalous input into
V1, all human subjects with congenital achiasma appear so far to
have a similar pattern of retinotopic reorganization in striate
cortex. In terms of visual function, the implications of the
retinotopic reorganization in congenital achiasma remain uncertain. Lack of stereopsis may be attributed to esotropic strabismus,
but it is also possible that reduced binocular interactions contribute to the genesis of esotropia. Whether the fact that either eye
can activate the V5 complex and fusiform gyri means that
binocular interactions exist in motion perception and object
recognition requires further exploration, though one early study
failed to ﬁnd such interactions in the perception of moving
gratings (Victor et al., 2000).
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