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PURPOSE. The purpose of this study was to investigate correlations between retinal fiber
thickness measured by optical coherence tomography (OCT) and anterograde functional and
structural differences in the optic pathway of patients with compression of the optic chiasm.
Our hypothesis was that loss of visual acuity caused by chronic compressive pathologies may
lead to an irreversible decline in vision because of permanent neurodegeneration of the optic
radiations and visual cortex.

METHODS. Quantitative OCT, functional magnetic resonance imaging (MRI) and diffusion
tensor MRI measurements were made in 17 patients being surgically treated for chiasmal
compression.

RESULTS. In our study we found that surgically irreversible visual field defects and reduced retinal
nerve fiber layer thickness were significantly associated with lower fractional diffusion anisotropy
and higher diffusivities in optic radiations and less functional MRI activation in the visual cortex.

CONCLUSIONS. Damage to the retinal nerve fiber layer is associated with downstream structural
and functional degradation of the optic pathway. This may be related to trans-synaptic
degeneration and the fact that these factors are important potential imaging biomarkers for
predicting visual recovery after surgical decompression.
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Pituitary tumors are relatively common, accounting for 10%
to 15% of primary brain tumors.1 When these tumors are

large, they grow into the suprasellar cistern and can lead to
compression of the optic chiasm, with consequent visual
defects,2,3 as can happen with other tumors in this region, such
as meningioma and craniopharyngioma. As such, an important
aspect of their clinical management is surgical decompression
of the optic chiasm. However, a significant number (~20%) of
patients do not gain an appreciable improvement in their visual
acuity.4 Given this scenario, it is desirable to prospectively
predict which patients will respond to surgery. A variety of
prognostic factors have been described. Optical coherence
tomography (OCT) demonstrates a correlation between re-
duced retinal nerve fiber layer (RNFL) thickness and visual field
defects on perimetry in patients with compression of the optic
chiasm5 and is predictive of visual recovery after surgical
decompression of the optic chiasm.6,7 Currently, however,
there is a paucity of knowledge regarding the ‘‘downstream’’

effects of compression of the optic chiasm, that is, effects on
the optic radiations (OR) and on primary visual cortex (V1).

Diffusion-weighted magnetic resonance imaging (MRI)
allows for the noninvasive quantification of the restricted
random motion (Brownian motion) of water molecules8 in the
human brain. This mode has clinical utility in acute stroke
imaging and imaging other neurological disease including
intracranial infection, demyelination, and brain tumors because
a loss of cellular homeostasis results in measurable changes to
this restricted motion. In the coherently aligned myelinated
white matter fibers, diffusion is least restricted parallel to the
fibers and maximally restricted perpendicular to the fibers. This
is called anisotropic diffusion9 and is modeled mathematically
by 3 3 3 matrix or tensor. As such, diffusion MRI is able to
image cellular structures such as cell membranes and myelin,
which exhibit directional impedance to water diffusion.
Diffusion tensor imaging is used clinically in tractography,
particularly in planning surgery, and has demonstrated good
success in depicting optic radiations, including the anterior-
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most curved aspect, ‘‘Meyer’s loop.’’10,11 From the diffusion
tensor dataset, parameters such as fractional anisotropy and
mean diffusivity allow assessment of integrity of white matter
pathways and allow for quantitative analysis. Diffusion tensor
imaging (DTI) is therefore ideally suited for use as a
quantitative biomarker in assessing optic radiations.

Functional MRI (fMRI) with blood oxygenation level-
dependent (BOLD) imaging is an indirect measure of neuronal
activity. Its physical basis relies upon the differing magnetic
properties of oxyhemoglobin, which is diamagnetic, and
deoxyhemoglobin, which is paramagnetic. Increased neuronal
activity leads to increased blood flow to the active region, as
predicted by the hemodynamic response function,12 resulting
in differing concentrations of oxy- and deoxyhemoglobin in
active regions compared to those in nonactive regions.
Functional MRI performed with a paradigm for visual activation
demonstrates robust activation of the lateral geniculate nuclei
(LGN) and visual cortex.13 Studies performed at higher
magnetic field strength and with higher resolution demon-
strate a columnar organization of the primary visual cortex.14

Although fMRI is ideally suited to assessment of visual
pathways, there has been little published to date on the effects
of chiasmal compression on activation within the visual cortex.

With these factors in mind, the aim of this study was to use
advanced diffusion tensor MRI and fMRI to investigate the
structural and functional differences in the OR and visual
cortex between postsurgical pituitary tumor patients with and
without persistent visual field deficits. Our hypothesis was that
visual loss preceding surgical intervention may cause synaptic
degradation through lack of use, resulting in irreversible visual
loss. In addition, if this degradation was significant enough, it
should be detectable using advanced MRI acquisition and
quantification strategies, namely diffusion tensor parameters
within the OR and BOLD response to visual fMRI paradigms in
the visual cortex.

METHODS

Melbourne Health Human Research Ethics Committee approv-
al was obtained for this study, which is a substudy of the of
Longitudinal Evaluation of Retinal Nerve Fiber Layer and Visual
Field Sensitivity as Measured by Optical Coherence Tomogra-
phy and Magnetic Resonance Imaging in Chiasmal Compres-
sion, being conducted at the Royal Melbourne and Royal
Melbourne Private Hospitals. Seventeen patients who had
undergone surgery at least 12 months previously for tumors
causing compression of the optic chiasm were recruited and
reviewed by an ophthalmologist. Fifteen of these subjects had
pituitary macroadenomas resected using a trans-sphenoidal
approach, and singular cases of craniopharyngioma and
suprasellar meningioma resected via craniotomy. A compre-
hensive table of clinical, pathology, and radiological informa-
tion is provided in Supplementary Table S1. The study
population consisted of 10 patients with no visual deficits
(ND; visual field deviation >�5 dB from age-matched controls
and a normal average RNFL thickness >75 microns) and 7
patients with significant visual deficits (VD) (confirmed bi-
temporal hemianopia, visual field deficit < �5dB from age-
matched controls and average RNFL thinning <75 lm,
measured by using OCT [Stratus model; Zeiss, Jena, Germany).
Patients with contraindications to MRI (implantable devices
and claustrophobia) and noninterpretable MRI studies were
excluded.

All patients underwent additional MRI scans performed
using a Trio 3T MRI unit (Siemens, Erlangen, Germany) with a
12-channel head coil. Anatomic imaging included nonvolu-
metric FLAIR imaging and volumetric MPRAGE sequences

(field of view [FOV] ¼ 200 3 160 mm; matrix ¼ 512 3 256;
voxel size¼ 0.39 3 0.78 3 1.5 mm; TE¼ 5.1 ms; TR¼ 16.2 ms;
124 slices with slice gap of 0 mm). Diffusion tensor MRI
consisted of 64 direction (b¼0.3000), 55 slices with 2.5- 3 2.5-
3 2.5-mm isotropic voxels (TR/TE ¼ 8000/80 ms); 10-minute
acquisition time. Functional MRI (FOV ¼ 200 3 200; matrix ¼
64 3 64; voxel¼3 3 3 3 3 mm; TE¼25.3 ms; TR¼2500 ms; 36
slices with slice gap of 0 mm) were acquired using clinical
fMRI equipment (MRIv Technologies, Bannockburn, IL, USA)15

and software to present a visually guided saccade for 30
seconds interleaved with 30 seconds of rest (repeated four
times).16

Diffusion and fMRI data sets then underwent spatial
normalization to the MNI152 standard brain,17 using a 12-
parameter affine coregistration algorithm (MINC tools; McCon-
nell Brain Imaging Centre, http://www.bic.mni.mcgill.ca/
ServicesSoftware/MINC, available in the public domain),18

and all datasets underwent rigorous quality assurance by an MR
physicist (B.A.M.). A previously established and validated
automatic diffusion tractography algorithm10 was then used
to identify and segment the OR. An LGN seed, a V1 target,
ipsilateral exclusion zone, and mid-OR way points in MNI
space were resampled in native diffusion space, using the
results of the spatial normalization. Constrained spherical
deconvolution and probabilistic tractography was then used to
calculate the trajectories of fibers within the OR (see Fig. 2a).
OR tract images (see Fig. 2b) were then calculated by
thresholding the relative track density images at 5%.

In the resultant tractography images, a region of interest
(ROI) in the coronal plane was created at the midpoint
between the anterior point of Meyer’s loop and the occipital
pole of the ipsilateral hemisphere. Mean radial diffusivity (RD),
axial diffusivity (AD), mean diffusivity (MD), and fractional
anisotropy (FA) in this ROI were then calculated. The region
was chosen because it was an area with minimal crossing and
bending white matter fibers that can confound and/or reduce
the specificity of FA as a biomarker of white matter structural
integrity. All diffusivity values are units of 3109 m2/s.

To quantitatively process fMRI data, we identified both the
left and the right V1 cortices according to the Talairach atlas
(Talairach.org; http://www.talairach.org/daemon.html, avail-
able in the public domain), and probability images (thresh-
olded at 10%) were resampled in fMRI space. The time course
MRI signal in this ROI was then normalized by converting z

scores based on the temporal mean and standard deviations.
For each subject and V1 ROI, a t score was calculated by using
a pairwise comparison of the z scores during visually guided
saccade activation and those during the rest periods, using
Matlab software (Mathworks, Danvers, MA, USA) statistical
toolbox.

Statistical comparisons of MRI results between patients
with and without RNFL thinning were performed using Prism
(GraphPad Software, Inc., La Jolla, CA, USA). Because data
were not normally distributed and the numbers of subjects in
each group were modest, the Mann-Whitney U test for
independent samples was used to test for significant group
differences. In addition, a stepwise nonparametric regression
analysis was performed to investigate the relationships among
preoperative VF and RNFL measurements and FA. Values of VF,
RNFL, and FA were ranked, and the ranked values were entered
into a stepwise regression algorithm (Matlab; Mathworks).

RESULTS

Seventeen patients with compressive pathology were recruited
to undergo prospective RNFL and advanced MRI investigations
of their optic pathways. Figure 1 shows an example of the
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optical results reported for each patient. In this subject, it can
be seen that the bilateral temporal visual field deficits are
associated with thinning of the left RNFLs. This is consistent
with more exhaustive studies showing a correlation.5–7

Results of the diffusion tensor MRI acquisition and analyses
can be seen in Figure 2. For quality assurance purposes, whole-
brain tractography was performed in addition to OR tractog-
raphy. In the images of the raw tractography example (Fig. 2a),
it can be seen that most reconstructed tracks follow the optic
pathway; however, there always remained some false positive
tracks. To remove them, maps of the track density (images
where the intensity is represented by the number of tracks
passing through each pixel) were calculated and then thresh-
olded at 5% of the maximum density (Fig. 2b). The coronal
plane at the midpoint of the OR (Fig. 2b) consistently
contained voxels with minimal crossing tracks from non-OR
tracts. Therefore this was the ROI used to generate the
summary diffusion tensor results for each subject.

The median AD (10.2) of the VD group was found to be
significantly (P¼ 0.03) greater than that of the ND group (9.6),
with a U value of 78 (Fig. 2c). The median MD (9.0) of the VD
group was found to be significantly (P¼ 0.04) greater than that
of the ND group (8.7) and had a U value of 82 (Fig. 2c). The
median FA (0.38) of the VD group was found to be significantly
(P¼0.03) less than that of the ND group (0.39), with a U value

of 47 (Fig. 2c). The median RD (6.4) of the VD group was
found to be significantly (P¼ 0.01) greater than that of the ND
group (6.0), with a U value of 69 (Fig. 2c). In addition, a
stepwise multiple regression found the preoperative RNFL
values were significantly (P <0.0001) correlated (rho ¼ 0.58)
with FA. Preoperative VF was also correlated to FA but was not
found to be significantly (P¼ 0.7) independent of RNFL. Plots
of RNFL and VF rank as a function of FA can be seen in the
Supplementary Figures S1 and S2.

To quantify the activation of V1 (Fig. 3a) during a visual
stimulus, the normalized increase in BOLD fMRI signal was
calculated and converted to mean t-scores. These t-scores (Fig.
3b) were then statistically compared between the VD and ND
groups. It was found that the median t-score activation of the
VD group (2.6) was significantly (P¼ 0.02) less than that of the
ND group (5.1) with a U value of 53.

DISCUSSION

This study investigated, for the first time, anterograde trans-
synaptic differences in the OR associated with optic chiasm
compression by using advanced diffusion tensor MRI and fMRI.
Associated with reduced RNFL was evidence of reduced fiber
integrity in the optic radiations, as assessed by lower fractional
anisotropy and higher diffusion tensor values of the parameters

FIGURE 1. Humphrey visual field testing demonstrated bitemporal hemianopia, and OCT showed reduced RNFL thickness on the left.
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AD, RD, and MD, and lower visual cortical activation as
measured by BOLD signal during a visual activation fMRI
paradigm.

Visual pathways can be divided into anterior segment,
consisting of retinal ganglion cells, optic nerve, optic chiasm,
and optic tracts and posterior segment, consisting of the optic
radiations and visual cortex. These divisions connect through
the lateral geniculate nucleus within the posterior thalamus,
where the axons synapse. The phenomenon of a process in
one part of the visual pathway affecting the other is known as
trans-synaptic degeneration because it requires transmission
through the synapse within the lateral geniculate nucleus.19

The time course for this in humans has recently been
elucidated,20 and there is evidence of this degeneration
occurring in both a retrograde and an anterograde manner.
For example, processes involving the retina such as glaucoma
have been shown to result in reduced cortical thickness in the
visual cortex, occurring through a range of clinical severity but
most marked in the end stages of disease.21–23 Patients with

pathology in the posterior visual pathway, such as those with
infarction in the territory of the posterior cerebral artery,
demonstrate reduced RNFL thickness.24 Furthermore, patients
with multiple sclerosis and lesions in the optic radiations
demonstrate both reduced RNFL thickness and visual cortical
atrophy.19 In our patient group with chiasmal compression and
no visual recovery following surgery, it is likely that there was
trans-synaptic degeneration occurring. The retrograde effect of
chiasmal compression was already well recognized with
reduced RNFL thickness5; in our study, we have delineated
the downstream effects on both the optic radiations and the
visual cortex.

With respect to the disordered diffusion tensor parameters
(FA, AD, RD, MD) in the postsurgical visual deficit group in our
study, an important consideration is to correlate what these
different diffusion tensor parameters are believed to represent
on a cellular level. Fractional anisotropy, expressed as a
numerical value between 0 and 1, is a measure of the
directionality of diffusion in the imaged voxel.25 Axial and

FIGURE 2. Diffusion MRI results. (a) White matter tractography of the whole brain and of the optic radiations (yellow) overlaid onto anatomical MR
images. (b) Track density images of the optic radiations thresholded at 5%. (c) Jitter plots of FA, AD, RD, and MD comparing normal and abnormal
vision groups postoperatively.
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radial diffusivity describe diffusion in relation to the principal
eigenvector; in our study, this reflects diffusion along and
perpendicular to the neuron. In a rat model of ischemia of the
optic nerve, it has been postulated that axial diffusivity reflects
axonal integrity (related to ischemia), whereas radial diffusivity
is a representation of myelination.26 It is therefore feasible that
the abnormal vision group in our study had both ischemic and
demyelinating changes occurring in neurons within the optic
radiations.

Our study is the first to assess the effects of chiasmal
compression on the posterior visual pathways. This novel
finding supports an anterograde trans-synaptic degeneration of
the visual pathway distal to anatomically distorted optic chiasm
by suprasellar lesions. This compliments a prior study using
DTI to investigate the optic tracts anterior to the LGN synaptic
junction in patients with chiasmal compression.27 The study
found that patients with chiasmal compression had reduced FA
and increased AD and RD values in the optic tracts, and this
correlated with the degree of postsurgical visual recovery,
postulating that recovery corresponded to postsurgical ‘‘re-
myelination’’ of the optic tracts. Interestingly, the study by Paul
et al.27 found that changes in RD and FA but not AD correlated

with VF recovery. The decrease in RD at 4 weeks postsurgery
was suggestive of rapid remyelination of the optic tract. Our
study findings imply that there may be more permanent and
severe trans-synaptic degeneration of the OR occurring in
patients with the most severe presurgical visual deficits, as
shown by both lower AD and RD.

There was another prior study that used diffusion tensor
MRI to assess the optic radiations of glaucoma patients.28

That study showed reduced FA in the optic radiations that
correlated with the clinical severity of glaucoma.28 Diffusion
tensor imaging has also found utility in assessing degenera-
tive processes outside the visual pathways. For example, in
the assessment of the early stages of Wallerian degeneration
of the motor tracts post ischemic stroke, it has been
demonstrated that a decrease in FA is evident earlier than
the increased T2 signal and atrophy within the cerebral
peduncle.29 To date there have been no studies of the utility
of serial DTI as a putative biomarker in the posterior visual
pathways.

Our study demonstrated decreased activation in the visual
cortex in the group of patients who did not recover vision after
chiasmal decompressive surgery. This finding may be the end
result of decreased retinal ganglion cells or caused by
decreased integrity of the optic radiations, or a combination
of both of these factors. Other studies have demonstrated
decreased visual cortical activation due to anterior pathway
lesions, including that due to lens abnormalities30 and
glaucoma,31 as well as in binocular rivalry.32 Decreased visual
cortical activation in lens-induced myopia is of considerable
practical importance in clinical task-based MRI studies and
highlights the need to correct this before the study being
performed.30

Many factors have been investigated in predicting visual
recovery after optic chiasm decompression surgery. Reduced
RNFL thickness, which reflects irreversible damage to retinal
ganglion cells, has been demonstrated to be a reliable predictor
of poor visual recovery after surgery.6 Other factors, including
length of symptoms, age, tumor size, preoperative visual fields,
and visual acuity demonstrate conflicting evidence,33–37

morphological recovery of the optic chiasm38 and the nature
of chiasmal distortion.39 Assessment of optic atrophy, although
somewhat predictive of recovery,35 is notoriously subjec-
tive.6,37 Findings in our study show evidence of Wallerian
degeneration in the optic radiations and lower visual cortical
activation on fMRI, as found also in the study by Paul et al.,27

showing evidence of optic tract remyelination, which provides
good impetus to study these findings as potential biomarkers in
predicting recovery after chiasmal decompressive surgery—
and this will be the subject of a proposed follow-up study. It is
our opinion that investigation of the optic radiation has several
advantages: it is a large white matter structure that can be
automatically segmented using diffusion-weighted imaging
data10; diffusion-weighted imaging data within it do not suffer
distortion and misregistration from anatomical images, unlike
the optic tract region, which is adjacent to bone; and therefore
has the potential to be more robust and clinically translatable.

The primary limitation of our study is the small number of
patients, which leads to the possibility that subtle differences
between the groups may not be detected. Recruiting more
numbers would mean that additional analyses could be
performed, such as comparing cortical thickness between
groups, a task that requires larger numbers to detect changes
between the groups.40 In addition, our study involved a single
postoperative time point. A more comprehensive study using
DTI and fMRI both pre- and postoperatively could further
establish these parameters as biomarkers in predicting
postoperative visual recovery.

FIGURE 3. (a) Region of interest shows area V1 overlaid on the
MNI152 standard brain. This region was used to quantify fMRI
activation during a visual stimulus presentation paradigm. (b) Jitter
plot comparing area V1 activation in normal group with that in
abnormal group.
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CONCLUSIONS

In our study we found that optic chiasmal compression with
visual field defects and reduced RNFL thickness was associated
with lower FA in optic radiations and lower activation of the
visual cortex. We believe that this condition is related to trans-
synaptic degeneration, which may have a mechanism different
from those of reversible presynaptic degeneration of the optic
tract27 and RNFL.5–7 The mechanism of such neurodegenera-
tion is unknown, however, studies in animal models have
found evidence of apoptosis in the LGN and visual cortex
following optic nerve injury.41

These factors may be important in understanding postsur-
gical decompression. A larger and more comprehensive study
is required to determine which of and how all these
biomarkers should be combined to appropriately manage
patients with optic chiasmal compression.
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