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A B S T R A C T

Compression of the optic chiasm causes an optic neuropathy that may be associated with reversible visual loss
often immediately following surgical decompression. While the precise pathogenesis of retinal ganglion cell im-
pairment and eventual death remains poorly understood, a number of putative mechanisms may play a role. In this
article we review the evidence supporting various stages of visual loss and recovery in chiasmal compression.
These include conduction block, demyelination, ischemic insult, and retrograde and anterograde degeneration. We
also describe novel advances in magnetic resonance imaging with specialized modalities such as diffusion tensor
imaging have provided further information to explain the underlying mechanism of visual loss. Functional mea-
sures including electrophysiology are time-consuming but have shown moderate prognostic ability. Optical co-
herence tomography has provided novel new biomarkers for predicting outcome following surgical decompression.
Both retinal nerve fiber layer thickness and ganglion cell complex thicknesses have shown to have excellent
predictive power. Such advances serve to inform patients and clinicians of pre-operative factors that predict the
extent of visual recovery following medical or surgical treatment of para-chiasmal lesions.

1. Introduction

The optic chiasm is a critical juncture for the visual sensory system
and anatomically and functionally a unique structure of the central
nervous system (CNS). The primary function of the chiasm is to allow
registration of each visual hemifield on the contralateral visual cortex,
thereby allowing binocular vision. The optic chiasm contains approxi-
mately 2.4 million nerve fibers as the two optic nerves join. Slightly
more than half of the fibers (those from the nasal half of the retina)
decussate and join the uncrossed temporal fibers of the contralateral
optic nerve to form the optic tracts (Mikelberg et al., 1989). The chiasm
can be compressed by several types of lesions given its unique location.
Among the causes of chiasmal compression, pituitary adenomas are the
most frequent benign tumors. In the parasellar region, meningiomas
can compress both the chiasm and the optic nerves and invade the
surrounding anatomical structures such as the cavernous sinus (Schiefer
et al., 2004). Other significant compressive lesions are craniophar-
yngiomas and vascular abnormalities. Astrocytomas may infiltrate the
chiasm. The pattern of visual dysfunction depends predominantly on
the location of the lesion and the position of the chiasm. Chiasmal
compression can result in visual dysfunction through several mechan-
isms including metabolic, ischemic and mechanical insults (Ito and Di

Polo, 2017; Morgan, 2004; Piette and Sergott, 2006). Both retrograde
and anterograde degeneration have been demonstrated in response to
chiasmal compression (Kanamori et al., 2012). One unique aspect of
chiasmal compression is that profound visual loss can often be dra-
matically reversed within hours following surgical decompression. In
1915, Cushing and Walker first reported visual recovery following pi-
tuitary tumor resection (Cushing and Walker, 1915). However, it has
become clear over the past century that the visual outcome following
decompression varies widely, ranging from permanent vision loss to
complete visual recovery. The mechanisms by which retinal ganglion
cell (RGC) axons can be injured and then recover have been in-
vestigated, and many pre-operative anatomical and functional factors
have been explored as predictors of visual outcome. With recent ad-
vances in technology, we now have a diverse range of tools to evaluate
the anatomical and functional integrity of the visual pathway before
and after decompression therapy.

This review summarizes the pattern of vision loss and recovery in
patients with chiasmal compression, and our current understanding of
the mechanism of this reversible vision loss. We then review the latest
advances in prognostic indicators of immediate and long-term post-
decompression visual outcomes and their predictive strengths.
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2. Vision loss in chiasm compression

2.1. Anatomy of the optic chiasm

The anatomical location of the chiasm renders it susceptible to
compression damage from lesions arising from the surrounding struc-
tures. However, anatomic variations are common and influence the
clinical presentation and type of visual field defects. The optic nerves
rise from the optic canal to the chiasm at an angle of 15–45°. Below the
chiasm lie the sella turcica, the pituitary gland, and the diaphragma
sellae. While most commonly the chiasm lies over the diaphragm sellae
(80%), it can occupy a ‘pre-fixed’ position when lying above the tu-
berculum sellae (in 15–20%) and ‘post-fixed’ when it lies above or
behind the dorsum sellae (approximately 4%) (Griessenauer et al.,
2014; Miller et al., 2005) (Fig. 1).

The basal cistern, a cerebrospinal fluid (CSF)-filled cavity, separates
the chiasm from the diaphragm sellae. The chiasm lies postero-super-
iorly within the wall of the third ventricle and anteriorly with the CSF
within the chiasmatic cistern. Superior to the chiasm is the hypotha-
lamus, bounded by the lamina terminalis which itself forms the anterior
wall of the third ventricle. The chiasm invaginates the ventricle, se-
parating the optic recess above and the infundibular recess below. The
internal carotid arteries are located laterally on both sides (Csillag,
2003; Kidd, 2014). The anterior cerebral and anterior communicating

arteries lie above the intracranial optic nerves and chiasm.
The chiasmal blood supply can be grouped into dorsal and ventral

vessels. The dorsal group consists of branches from the internal carotid
artery, anterior cerebral artery and anterior communicating artery, and
the ventral group consists of the posterior communicating artery and
basilar artery. Chiasmal circulation is characterized by significant inter-
individual variation and a rich collateral network (Bergland, 1969).
Ischemic infarct of the chiasm is, therefore, rare.

The organization of RGC axons in the anterior visual pathway is
complex. Within the retina, the RGC axons follow a particular pathway
as they enter the optic disc (Miller et al., 2005) (Fig. 2). The axons from
the nasal macula project directly to the disc, forming the papilloma-
cular bundle. These nasal macula retinal fibers decussate at the chiasm.
The axons from the temporal macula arch around the nasal macular
axons, forming the superior and inferior parts of the papillomacular
bundle.

The peripheral axons from the temporal retina arch around the
papillomacular bundle and enter the disc at the superior and inferior
poles. These fibers from the retina temporal to the fovea remain un-
crossed in the lateral part of the chiasm and project directly to the ip-
silateral optic tract. The empirical evidence informing the proportion of
crossed versus uncrossed fibers is limited. One autopsy study of a single
human chiasm found a ratio of 53:47 (Kupfer et al., 1967), while a
further study of a single human chiasm found a ratio of 56:43 using an

Abbreviations

CNS Central nervous system
RGC Retinal ganglion cell
GCC Ganglion cell complex
RNFL Retinal nerve fiber layer
CSF Cerebrospinal fluid
ipRGCs Intrinsically photosensitive retinal ganglion cells
MRI Magnetic resonance imaging

fMRI Functional MRI
CT Computed tomography
DTI Diffusion tensor imaging
CE-FIESTA Contrast material-enhanced fast imaging employing

steady-state acquisition
VEP Visual evoked potential
PERG Pattern electroretinogram
PhNR Photopic negative response
OCT Optical coherence tomography

Fig. 1. a) Saggital view showing the relation-
ship of the chiasm to the sella turcica. In the
majority, the position of the normal chiasm is
directly above the pitutary gland. In 15% the
chiasm is ‘prefixed’, that is, it lies over the tu-
berculum sella. b) Schematic diagram demon-
strating how the position the pituitary com-
presses different aspects of the chiasm.
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indirect assessment by looking at the ratio of crossed to uncrossed la-
minae in the lateral geniculate nucleus (Chacko, 1948).

However, more recent work has identified melanopsin-containing
intrinsically photosensitive retinal ganglion cells (ipRGCs) as part of the
input into the afferent arm of the pupillary light reflex (Hattar et al.,
2003). It has also been shown that ipRGCs may show relative pre-
servation in certain conditions such as mitochondrial optic neuro-
pathies and normal tension glaucoma (Cui et al., 2015; La Morgia et al.,
2010; Lawlor et al., 2017). It is unknown whether there is differential
involvement of the ipRGCs with chiasmal compression.

The organization of axons in the optic nerve is comparable to that in
the retina: axons from the papillomacular bundle run temporally within
the anterior optic nerve, and then move centrally as the optic nerve
moves posteriorly. Histological studies in primates and humans have
demonstrated the central location of crossing fibers within the chiasm
(Horton, 1997; Hoyt, 1970; Jeffery, 2001; Kupfer et al., 1967;
O'Connell, 1973). The macular RGCs responsible for visual acuity and
color vision lie centrally within the optic nerve and chiasm (Miller
et al., 2005).

Within the chiasm, the crossing fibers from the superior retina cross
in the caudal chiasm and enter the medial side of the optic tracts,
whereas those from the inferior retina cross more rostrally entering the
optic tract laterally (Hoyt and Luis, 1963). The uncrossed fibers from
the inferior and superior retina maintain the retinotopic distribution
within the lateral chiasm. Macular fibers make up a large proportion of
the chiasm and contain both crossed and uncrossed fibers. Macular fi-
bers are located superiorly and centrally, and are not present in the
inferior regions of the chiasm (Hoyt, 1970). The optic tract, formed by
the RGC axons from the ipsilateral temporal hemiretina and con-
tralateral nasal hemiretina, continues towards the lateral geniculate
nucleus.

The precise topographical arrangement of the crossing axons re-
mains unclear. Ultra-high-resolution diffusion tensor imaging (DTI) of
the post-mortem human chiasm identified the paracentral chiasm as the
area with the most complex fiber architecture with considerable fiber
curvature and crossing (Roebroeck et al., 2008). The paracentral areas
show diagonal bands running from the antero-inferior aspect to the
postero-superior aspect. The diagonal bands are thought to represent
the nasal hemiretina fibers diverging from the ipsilateral optic nerve,
and already crossed fibers merging into the contralateral optic tract.
Similarly, an in vivo high-resolution DTI in healthy young subjects
consistently identified a perimeter of low anisotropy in the paracentral
chiasm, suggesting complex fiber orientation was occurring in this re-
gion (Sarlls and Pierpaoli, 2009). The current DTI-based technology,
however, lacks spatial resolution to identify the individual orientation
of crossed and uncrossed fibers within the chiasm (Hofer et al., 2010;
Kamali et al., 2014; Staempfli et al., 2007). Silver-stained human post-
mortem chiasm showed that the crossing fibers formed plaits in the
central chiasm and that the central chiasm consisted of multiple plaits,

each measuring around 50 μm-wide (Neveu et al., 2006). Jain et al.
obtained high-resolution photomicrographs from a post-mortem chiasm
sample sectioned at 5 μm intervals (Jain et al., 2015). The photo-
micrographs from all the sections were integrated to give the direction
of crossed fibers. The analysis confirmed the findings of the DTI studies.
Crossings were seen in the paracentral chiasm, and the crossing areas
were distributed in an antero-inferior to postero-superior arrangement.
The crossing fibers did not simply cross the chiasm in a diagonal path;
they curved sharply in a transverse direction to cross the central
chiasm, and then curved sharply again to align with contralateral un-
crossed fibers before entering the optic tracts. Most crossings within the
paracentral chiasm occurred at near perpendicular angles, but lower
angle transverse crossings and lower angle antero-posterior crossings
occurred in the medial and lateral aspects of the paracentral chiasm,
respectively.

Wilbrand's knee was initially described as a loop of crossing fibers
from the inferonasal retina, deviating into the pre-chiasmal part of the
contralateral optic nerve before entering the optic chiasm (Roebroeck
et al., 2008; Sarlls and Pierpaoli, 2009). Wilbrand first identified these
fibers in silver-stained sections from a human chiasm where one eye
had been enucleated a number of years before death (Wilbrand, 1926).
Wilbrand's knee was accepted as an explanation for the anterior junc-
tional syndrome (ipsilateral central visual field defect and a con-
tralateral temporal hemianopia respecting the vertical meridian)
(Karanjia and Jacobson, 1999); however, the existence of Wilbrand's
knee has been challenged (Horton, 1997). Horton investigated the
anatomy of Wilbrand's knee in ten rhesus monkeys, three squirrel
monkeys, and three humans. Of the ten rhesus monkeys, eight were
normal, and the other two were each euthanized six months and four
years after unilateral enucleation. Wilbrand's knee was not identified in
any of the eight normal animals; a possible ‘early’ knee was seen in the
animal six months post unilateral enucleation, whereas a definite knee
was evident in the animal euthanized four years post unilateral en-
ucleation. This evidence suggested that Wilbrand's knee was not present
in normal monkeys, but was induced over time in association with optic
nerve atrophy occurring secondary to enucleation. To confirm these
findings in another primate species, Horton also examined three normal
squirrel monkeys and found no evidence of Wilbrand's knee. Finally,
Horton analyzed post-mortem human optic chiasm specimens obtained
from three patients who had monocular enucleation for intraocular
tumors. As with the rhesus monkeys, the presence of Wilbrand's knee
appeared related to the time elapsed since unilateral enucleation: it was
not identified in a patient who lost one eye five months prior to death,
but was seen in those who had enucleation two and 28 years prior.
Horton suggests that the atrophy of the remaining optic nerve causes
traction upon the fibers from the contralateral inferonasal retina, and
that Wilbrand's knee is an artifact of monocular enucleation. More re-
cently, high-resolution diffusion tensor imaging (DTI) techniques have
shown that the paracentral optic nerve contains complex fiber

Fig. 2. Schematic represenstaion of the course of the
retinal ganglion cell axons in the retin as they ap-
proach the optic nerve (left eye). The optic disc
diagram shos the organisation of the axons in the
optic nerve head. (M, medial; ST, superotemporal;
SN, Superonasal;IN , inferonasal; IT, inferotemporal).
The reitinal diagram demonstrates the course of the
fibers from the retina to the optic nerve heard.
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orientations (Roebroeck et al., 2008; Sarlls and Pierpaoli, 2009).
However, using photomicrographic image analysis of nerve fiber or-
ientations in the human optic chiasm, Jain et al. identified high-angle
crossings as far forward as the optic nerve–chiasm junction in the in-
ferior parts of the chiasm (Jain et al., 2015). This could offer an ana-
tomical explanation of junctional scotoma even if Wilbrand's knee does
not exist as it was initially described. The ‘junctional’ scotoma could
then be explained by incomplete compression of the chiasm rather than
Wilbrand's knee (Lee et al., 2006).

2.2. Vision loss as presenting complaint

Patient's subjective visual complaints are frequently non-specific.
Patients with chiasmal compression are identified through several dif-
ferent initial presentations: incidental finding, visual loss, headache,
and hormonal derangement. The most common presenting symptom in
patients with chiasmal compression is visual disturbance. Headaches
and symptoms of endocrine dysfunction can occur in isolation or with
visual symptoms (Foroozan, 2003). Among patients undergoing sur-
gical decompression, 38–72% reported visual dysfunction as the main

presenting symptom (Carrim et al., 2007; Ebersold et al., 1986; Ogra
et al., 2014). The majority of patients complain of blurred vision and
decreased or dimming of peripheral vision at presentation although
symptoms regarding peripheral vision loss tend to be vague (McDonald,
1982). The average duration of visual symptoms at diagnosis ranges
from 6 to 24 months (Barzaghi et al., 2012; Findlay et al., 1983;
Gnanalingham et al., 2005; Poon et al., 1995).

Ophthalmoplegia and consequent diplopia occur in 2–10% of pa-
tients (Cohen et al., 1985; Farooq, 2010; Poon et al., 1995; Sullivan
et al., 1991). Diplopia can arise from ophthalmoplegia if lesions invade
into the cavernous sinus and directly compress the oculomotor nerves.
Less commonly, patients can experience hemifield slide. This is the
perception of binocular diplopia from complete bitemporal hemianopia
and loss of overlapping temporal visual field in a patient with latent
heterophoria. The symptom is the result of duplication of the images
that are seen by two different sectors in the cortex. The range of eye
movement is full, but patients experience difficulty in reading because
of doubling of words, loss of words or intermittent double vision.
However, it is not uncommon for patients to be asymptomatic in the
presence of dense visual field defects with neuroimaging-proven

Fig. 3. Visual Field Defects Associated With Chiasmal Compression.
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chiasmal compression (Cohen et al., 1985; Gnanalingham et al., 2005;
Poon et al., 1995). Another uncommon feature of chiasmal compression
is see-saw nystagmus which is a pendular oscillation that consists of
elevation and intorsion of one eye and depression and extorsion of the
contralateral eye. This suggests the loss of crossed visual input from the
decussating fibres of the optic nerve at the level of the chiasm as the
cause or lesions in the rostral midbrain.

2.3. Characteristics of vision loss in chiasmal compression

Compression of RGC axons at the chiasm usually first affects visual
fields. Fig. 3 demonstrates the different patterns of visual field defects
associated with chiasmal compression. The complexity of the decussa-
tion of fibers, inter-individual microanatomical diversity, individual
variation in the relationship between the chiasm and skull base, the
type and location of lesions, and the degree of compression all con-
tribute to varying patterns of visual field defects. In addition, the results
of studies depend on the selection and referral bias of the study popu-
lation. Pituitary macroadenomas may compress the chiasm if they grow
more than 8mm above the diaphragm sella as smaller lesions do not
come in contact with the chiasm.

Bitemporal hemianopia respecting the vertical meridian is a pa-
thognomonic sign of chiasmal compression because compression pre-
ferentially damages the crossed fibers from the nasal hemiretina. It is
also the most common type of visual field defect at diagnosis in most
studies, occurring in 32–81% of patients with visual impairment
(Barzaghi et al., 2012; Cohen et al., 1985; Goyal et al., 2013; Klauber
et al., 1978; Ogra et al., 2014; Peter and De Tribolet, 1995; Poon et al.,
1995; Rivoal et al., 2000; Schmalisch et al., 2012; Sullivan et al., 1991;
Trobe et al., 1984) (Table 1). In our prospective study of 103 patients
with chiasmal compression, 41% had bitemporal hemianopia (either
complete or incomplete) (Ogra et al., 2014). Of these patients, the mean
visual acuity was 6/7.5 suggesting that central acuity is often preserved
despite significant visual field deficits. Half of our patients with bi-
temporal defects had asymmetric visual field abnormalities. Asym-
metric deficits are common as the lesion does not necessarily exert the
same effect on all fibers. Patients with unilateral or asymmetric bi-
lateral visual field loss demonstrate a relative afferent pupillary defect,
which is present in 15–77% of the patients prior to chiasmal decom-
pression (Poon et al., 1995; Trobe et al., 1984). Infrasellar lesions in-
itially produce superotemporal visual field defects, which progress in a
clockwise direction in the right eye and in an anticlockwise direction in

Fig. 3. (continued)
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the left eye as the tumor grows (Barzaghi et al., 2012; Poon et al.,
1995). Suprasellar lesions, on the other hand, affect inferotemporal
quadrants first (Chen et al., 2003). Meningiomas can affect any part of
the anterior visual pathway, including tuberculum sellae, sphenoid
ridge, olfactory groove, anterior clinoid process, spheno-orbital or
frontal base, and hence cause a wide range of visual field defects (Park
et al., 2015; Sleep et al., 2003). Junctional scotoma, occurring when the
pre-chiasmal area is compressed, is a common pattern of visual field
defect seen in 4–39% of patients presenting for decompression surgery
(Cohen et al., 1985; Ogra et al., 2014; Schiefer et al., 2004; Trobe et al.,
1984). Other types of visual field defects seen in chiasmal compression
include unilateral defects and homonymous hemianopias. Unilateral
defects can occur when the compression is at the cranial portion of the
optic nerve. Homonymous hemianopias can occur if the chiasm is pre-
fixed; if only the lateral chiasm is involved; or if the lesion is pre-
dominantly compressing the optic tract (Glisson, 2014; Ogra et al.,
2014). Bilateral temporal hemianopic scotomas can occur if only ma-
cular fibers are involved.

Visual acuity is variably affected in chiasmal compression, ranging
from normal to no light perception (Barzaghi et al., 2012; Cohen et al.,
1985; Gnanalingham et al., 2005; Klauber et al., 1978; Ogra et al.,
2014; Poon et al., 1995; Rivoal et al., 2000; Schmalisch et al., 2012;
Sullivan et al., 1991; Trobe et al., 1984). Color vision deficits may be
present if visual acuity is decreased; however, color vision deficits are
often present when visual acuity is preserved but visual field deficits are
present (Barzaghi et al., 2012; Danesh-Meyer et al., 2006a; Sullivan
et al., 1991). The pre-operative mean best-corrected visual acuities
were between 6/6 and 6/18 in different studies (Astorga-Carballo et al.,
2017; Barzaghi et al., 2012; Danesh-Meyer et al., 2006a, 2008, 2015;
Gnanalingham et al., 2005; Ogra et al., 2014). In our study, 40% of
patients had visual acuity of 6/6 while 55% had vision 6/7.5 or better,
with almost two-thirds achieving better than 6/9. Findlay et al. found
that severe reduction in visual acuity was not seen until the field loss
was more than 50% (Findlay et al., 1983). Other studies, in particular
the more recent studies, have similarly reported good central visual
acuity as diagnosis of lesions are likely occurring at earlier stages due to
improved neuroimaging (Klauber et al., 1978; Peter and De Tribolet,
1995; Sullivan et al., 1991; Yoneoka et al., 2015).

The reason why the crossing fibers are vulnerable to chiasmal
compression is still under debate. The mechanical theory is supported
by direct observation of selective injury to the crossed fibers in ex vivo
chiasmal compression models (Hedges, 1969; Kosmorsky et al., 2008).
In these models, an expanding balloon tip of a Foley catheter was in-
serted into the empty sella in fresh, human autopsy brain tissue to si-
mulate a rapidly expanding chiasmal mass lesion. The expansion of the
balloon led to the elevation of the chiasm and stretching of mostly the
nasal crossed axons (Hedges, 1969). The pressure in the central chiasm
was consistently higher than the pressure in the lateral chiasm during
balloon expansion, indicating that the crossed fibers are inherently
more prone to a deformation stress (Kosmorsky et al., 2008).

McIlwaine et al. proposed a simple mechanical hypothesis to ex-
plain preferential damage to the crossing fibers (McIlwaine et al.,
2005). Unlike the noncrossing temporal fibers, the crossing fibers are in
contact with each other at the point of decussation. The area of contact
is subject to greater pressure at any given external compressive forces,
since pressure is inversely proportional to the area over which the force
is applied. This hypothesis has been tested using a computerized model
of chiasmal compression (Wang et al., 2014a, 2014b, 2016). A multi-
scale analysis showed that the strain distribution in the crossed fibers
was much more non-uniform and higher than in the uncrossed fibers,
and the strain distribution progressed upwards with increasing pressure
from beneath. The authors found the crossing angle was the most sig-
nificant parameter that affected the strain (Wang et al., 2016). The
findings from the simulated model match the data obtained from the ex
vivo human chiasm. In the post-mortem chiasm specimen, the crossing
fibers were found almost perpendicular to each other, supporting theTa
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selective vulnerability of these fibers (Jain et al., 2015). The estimated
pressures within the simulated chiasm were comparable to the pres-
sures measured in the ex vivo chiasmal compression model (Kosmorsky
et al., 2008). The simulated model explains why chiasmal compression
initially causes bitemporal hemianopia, but the model requires further
clinical validation. It is possible that both vascular and mechanical
insults have a role in bitemporal hemianopia.

The vascular theory is based on the observation from a detailed
autopsy study by Bergland (1969). The chiasm receives blood supply
from dorsal and ventral groups of blood vessels, but the central part of
the chiasm only receives blood supply from the ventral vessels
(Bergland, 1969). An infrasellar lesion may disturb the ventral blood
vessels, thereby selectively affecting the central crossed fibers. Their
hypothesis, however, requires an assumption that no anastomoses exist
between the dorsal and ventral circulations and does not explain bi-
temporal hemianopia caused by suprasellar lesions. An autopsy study
identified the central chiasm as the weak point of microcirculation due
to sparse capillary distribution, and a shared blood supply between the
inferior part of the chiasm and the pituitary gland (Lao et al., 1994).
The authors speculate that even in the absence of compression,
ischemia of the central chiasm may occur due to the pituitary tumor
“stealing blood” through the shared blood supply. This hypothesis is yet
to be validated and in our experience is unlikely to have clinical re-
levance.

2.4. Risk factors for pre-operative visual dysfunction

2.4.1. Size of tumor
Studies have evaluated the relationship between the degree of su-

prasellar extension on neuroimaging and impairment in visual acuity
(Ho et al., 2015; Schmalisch et al., 2012; Wang et al., 2008) and visual
field (Findlay et al., 1983; Ho et al., 2015; Ikeda and Yoshimoto, 1995;
Monteiro et al., 2010b; Schmalisch et al., 2012; Wang et al., 2008). In
these studies, the degree of suprasellar extension was measured on
magnetic resonance imaging (MRI) as the distance between the position
of the chiasm and a reference line joining the frontal base and posterior
clinoid process on sagittal views, or a reference line between the upper
surfaces of the internal carotid arteries on coronal views. Suprasellar
extension between 8 and 15mm above the sagittal reference line was
associated with visual impairment (Ikeda and Yoshimoto, 1995;
Schmalisch et al., 2012), with the greater the extension the more severe
the visual impairment. However, while this was a general trend, it was
not a consistent finding. Cross-sectional area of the chiasm has also
been studied and shown not to be a good predictor of visual field defect,
presumably because the chiasm can spread horizontally when com-
pressed and the cross-sectional area will remain unchanged (Carrim
et al., 2007).

Tumor volume showed less correlation with visual disturbance.
Whole tumor volume was poorly correlated with temporal visual field
loss (Hudson et al., 1991). The diameter of the pituitary adenoma was
weakly correlated with visual field defects (Kasputyte et al., 2013).
Others showed a close correlation between the tumor diameter and the

Fig. 4. a)Optical coherence tomography scan of a left optic nerve in a patient who had band atrophy from chiasmal compression. Note the preferential loss of retinal
nerve fiber layer nasally and temporally. b) Optic nerve photo of the same patient.
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visual field defect (Rivoal et al., 2000), between the tumor volume and
pattern standard deviation (Lee et al., 2011), and between the cranio-
caudal diameter greater than 30mm and mean deviation (Barzaghi
et al., 2012). The cranio-caudal diameter of the tumor was not corre-
lated with color vision defects or decreased visual acuity (Barzaghi
et al., 2012). The size or volume of a tumor does not consistently pre-
dict the extent of visual impairment because the tumor may grow lat-
erally or downward, without affecting the chiasm. The direction of
growth and site of compression may be more important in determining
visual impairment. Two investigators showed that the position of the
chiasm in relation to the pituitary tumor was important in determining
visual impairment (Eda et al., 2002; Schmalisch et al., 2012). A cor-
relation between visual field defect and the height of tumor only existed
if the chiasm was located superior to the pituitary tumor. No such re-
lationship was observed if the chiasm was anterior to the tumor. Prieto
et al. also demonstrated that the direction of the force of compression
and the pattern of distortion of the chiasm were important determinants
of the degree of impaired visual acuity (Prieto et al., 2015). In general,
it appears that the degree of visual impairment depends on how se-
verely the chiasm is compressed although it is recognized that excep-
tions to this trend are not uncommon.

2.4.2. Duration of symptoms
The duration of symptoms at presentation has been inconsistently

correlated with pre-operative vision loss. Several studies found a cor-
relation between the duration of visual symptoms and visual field de-
fects (Findlay et al., 1983; Gnanalingham et al., 2005). Duration of
symptoms greater than 12 months was associated with a worse mean
deviation, poorer visual acuity, more frequent reduction in color vision
and optic disc pallor (Barzaghi et al., 2012). Duration of six months or
longer was weakly correlated with visual acuity (Trobe et al., 1984). On
the other hand, other researchers reported no correlation between the
duration of symptoms and the degree of visual impairment (Goyal et al.,
2013; Sleep et al., 2003; Wang et al., 2008). In our experience, there is a
poor correlation between duration of symptoms and level of pre-op-
erative vision loss.

Pituitary apoplexy can cause substantial visual impairment, even
though the duration of symptoms may be as short as 24 h. Pituitary
apoplexy occurs in 1.6–21% of pituitary tumors (Moller-Goede et al.,
2011; Sanno et al., 2003), and is the result of spontaneous and large
infarction of pituitary tumors. Secondary hemorrhage and edema lead
to acute compression of surrounding structures, which in turn causes
rapid deterioration in visual field defects, ocular motor nerve palsies or
severe headaches (Randeva et al., 1999; Reid et al., 1985). Visual field
defects, reduced visual acuity and ocular motor palsies are observed in
up to 80% of patients with apoplexy (Ayuk et al., 2004; Moller-Goede
et al., 2011; Mou et al., 2009).

2.4.3. Optic atrophy
Chronic compression of the chiasm may lead to degeneration of

RGCs and its axons, or optic atrophy. With chronic compression, RGCs
originating from the retina nasal to the fovea are preferentially lost.
These include the fibers from the nasal macular RGCs which course
directly to the temporal disc, and axons from the peripheral RGCs
coursing into the nasal part of the disc. Hence, damage to these fibers
by compression at the chiasm leads to ‘bow-tie’ or ‘band atrophy’ (as
these fibers are located in the nasal and temporal sectors of the optic
disc). As the temporal retinal ganglion fibers do not decussate into the
chiasm, they are relatively spared by chiasmal compression, accounting
for the relative preservation of the fibers of the superior and inferior
optic disc (Fig. 4).

There are two available histopathologic examinations of the optic
nerve in patients with optic atrophy secondary to chiasmal compres-
sion. Unsold and Hoyt showed that the arrangement of fibers destined
to cross in the chiasm begins anterior to the optic canal in the in-
traorbital optic nerve (Unsold and Hoyt, 1980). Mikelberg

demonstrated profound preferential loss of the nasal fibers but only
approximately 50% loss of superior and inferior fibers. There was
variable loss of the temporal fibers in the temporal sectors, presumably
due to the distribution of the crossing fibers (Mikelberg and
Yidegiligne, 1993).

Our work quantified the distribution of retinal nerve fiber layer
(RNFL) loss at the optic nerve head when the site of damage is at the
chiasm. We quantified optic atrophy in patients with chiasmal com-
pression using OCT peri-papillary RNFL measurements (Danesh-Meyer
et al., 2006a). Our data demonstrated that loss of RNFL correlated with
the severity of visual field loss as measured by automated perimetry.
Furthermore, there was diffuse loss in all sectors even in patients with
strict bitemporal hemianopic defects with loss ranging from 20 to 35%
(Danesh-Meyer et al., 2006a). However, the temporal and nasal sectors
showed proportionally greater thinning which is consistent with the
clinical appearance of ‘band atrophy’ with loss ranging from 40 to 65%.
Three smaller studies using OCT and scanning laser polarimetry in
chiasmal compression, have also demonstrated diffuse thinning of the
RNFL in addition to preferential thinning of the temporal and nasal
sectors (Kanamori et al., 2004; Monteiro et al., 2003, 2004).

The clinical diagnosis of optic atrophy is based on pallor of the optic
disc, narrowing of the retinal vasculature, and loss of RNFL reflexes.
Early nerve fiber loss manifests as wedge defects, or dull and dark red
streaks in the supero- and inferotemporal arcuate nerve fiber layers
(Lundstrom and Frisen, 1976; Newman et al., 1982). In approximately
10% of cases, non-glaucomatous ‘cupping’ or excavation of the disc has
been documented to occur (Unsold and Hoyt, 1980). The evaluation of
optic disc color is subjective and variable as the clinical interpretation
of pallor does not necessarily correlate with the amount of measured
nerve fiber layer loss or the level of visual function. The reported in-
cidence of optic atrophy in patients undergoing chiasmal decompres-
sion varied widely from 16 to 71% (Carrim et al., 2007; Cohen et al.,
1985; Gnanalingham et al., 2005; Klauber et al., 1978; Poon et al.,
1995; Powell, 1995; Schmalisch et al., 2012; Sullivan et al., 1991; Trobe
et al., 1984), likely representing differences in patient cohort char-
acteristics, but also inconsistency in clinical grading of optic atrophy.
Disc appearances are graded using descriptive terms, such as slight,
diffuse or severe (Cohen et al., 1985; Klauber et al., 1978), or partial or
total (Lundstrom and Frisen, 1977). Grading of optic nerve pallor is
known to have high inter-observer variability and can be influenced by
media opacity, refractive error, individual anatomic variation and
pseudophakia (Abrams et al., 1994; Spry et al., 1999). In general, optic
atrophy is more likely to be associated with abnormal pre-operative
visual field, visual acuity and color vision (Lundstrom and Frisen, 1976;
Poon et al., 1995; Schmalisch et al., 2012; Trobe et al., 1984), but
clinical grades of optic atrophy are poorly correlated with the degree of
visual field defect (Lundstrom and Frisen, 1977).

Several investigators have evaluated methods for improving the
grading of optic pallor including enlarged high-contrast black and white
prints (Berkowitz and Balter, 1970; Schwartz et al., 1973), estimating
optic atrophy by color contrast, and quantifying the degree of atrophy
by microdensity in the blue (470 nm) and in the red (640 nm) regions
(Davies, 1970; Sorensen, 1979). However, these techniques require
methods unavailable in standard clinical practice and demand a high
degree of familiarity with the techniques.

3. Proposed mechanism of vision loss

Mechanisms of visual loss with long-standing compression of the
chiasm or optic nerve have not been completely characterized. The
original work by Clifford-Jones in a feline optic nerve compression
model in the 1980s suggests that the changes include overlapping
processes of demyelination, glial proliferation, remyelination and
Wallerian degeneration (Clifford-Jones et al., 1980, 1985). Other in-
vestigators have reported that conduction block and axoplasmic stasis
occur in the early stages. Finally, although the optic nerve is CNS and
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not peripheral nerve, the existing large body of work on peripheral
nerve compression may assist in providing further insights into the
mechanism of vision loss. The most notable feature of vision loss with
chiasmal compression is that decompression can result in immediate
improvement in visual function (within minutes to hours). Such rapid
recovery does not occur with other forms of optic nerve injury.

3.1. Conduction block

Compression of a nerve produces a conduction block where an ac-
tion potential fails to propagate past the compression point. Specific
electrophysiological abnormalities in chiasmal compression are de-
scribed in detail in section 5.5. Here, we review the underlying me-
chanism by which conduction block may impair optic nerve and
chiasmal function. Several different processes are thought to be in-
volved in reversible conduction block including mechanical deforma-
tion of nerve fibers, focal ischemia at the point of compression, changes
in ionic gradient across the axonal membranes and demyelination
(Halliday et al., 1976; Janaky and Benedek, 1992). Ionic gradient al-
terations include accumulation of potassium ions and entry of calcium
into the axoplasm. There is also suggestion of disruption to the axon
cytoskeleton (Cottee et al., 2003).

Conduction block can be observed within minutes of nerve com-
pression. In experimental baboon and rodent studies, pneumatic cuff
compression of peroneal nerves achieved rapid conduction block that
was accompanied by mechanical displacement of the Nodes of Ranvier,
decreased fascicular area, compression of axoplasm, and stretching of
internodes (Dyck et al., 1990; Ochs and Hollingsworth, 1971). Reg-
ulation of node assembly and internode distance are crucial for effective
transmission of the action potentials and disruption of nodal archi-
tecture has been shown to slow down conduction markedly (Funch and
Faber, 1984; Seidl, 2014).

Nerve compression can also cause reversible conduction block via
disruption of the cytoskeleton (Cottee et al., 2003). In animal optic
nerve crush models, loss of neurofilament immunoreactivity and failure
of both anterograde and retrograde axonal transport of a fluorescent
dye have been demonstrated (Hanke and Sabel, 2002; Maxwell et al.,
1997). Pressure on nerves stretches the axonal plasma membrane,
leading to uncontrolled entry of calcium and the disruption of micro-
tubules (Maxwell et al., 1997). Disturbance to the retrograde supply of
neurotrophic factors from the superior colliculus has been shown to
lead to rapid reduction of pattern electroretinogram (PERG) amplitudes
in rat models (Chou et al., 2013). Reversible changes in visually evoked
potentials (VEPs) with acute compression of the intraorbital optic nerve
have suggested a role with alterations in axonal conduction and tran-
sient disruption of vascular supply (Janaky and Benedek, 1992). The
reversibility of conduction block is further discussed in Section 4.2.

3.2. Ischemic injury

Ischemic injury is considered to play a role both in acute com-
pression as well as long-term compression. Peripheral nerve compres-
sion has been shown to lead to disruption of perineural microcircula-
tion (Gao et al., 2013). In conditions where compression is position-
dependent and nerve dysfunction is intermittent, such as in carpal
tunnel syndrome, leg crossing peroneal nerve palsy, and tourniquet
paralysis, the altered nerve excitability properties are very similar to
those induced by ischemia, indicating focal ischemia as an underlying
mechanism for reversible conduction block (Campbell, 2008; Ikemoto
et al., 2009; Kuwabara, 2009; Yates et al., 1981). Anoxic condition and
blockage of oxidative metabolism have been closely associated with
rapidly reversible conduction block in animal peripheral nerves (Ochs
and Hollingsworth, 1971). It is thought that metabolic products of focal
ischemia interfere with the recovery of sodium channels without
structural damage, resulting in rapidly reversible conduction block
(Grosskreutz et al., 2000).

In terms of chiasmal compression, Hoyt postulated in 1970 that
collapse of the capillaries is unavoidable under compressive forces great
enough to distort and stretch the chiasm (Hoyt, 1970). Evidence for a
role for ischemia in compression can be extrapolated from cases of
gaze-evoked amaurosis. In gaze-evoked amaurosis, there is transient
decrease of vision as a result of compression of the optic nerve in the
orbit against a space-occupying lesion (such as tumor or foreign body)
with eccentric gaze. Vision is restored when gaze is returned to the
primary position. Evidence suggests that the loss of vision with eccen-
tricity is predominantly due to disruption of the optic nerve micro-
vasculature or compression of the central retinal artery compromising
circulation (Otto et al., 2003). Furthermore, gaze-evoked amaurosis
was shown to result in complete disappearance of the arterial waveform
in the central retinal artery with Doppler ultrasound imaging (Knapp
et al., 1992). Decrease in perfusion to the optic nerve head and sur-
rounding choroidal and retinal arterioles has also been demonstrated
with fluorescein angiography (Jakobiec et al., 1984). We have reported
a patient who demonstrated a complete loss of the VEP waveform on
eccentric gaze (without any corresponding changes in retinal vascu-
lature on clinical examination) which returned to normal in the primary
position (Danesh-Meyer et al., 2001). This finding suggests that the
underlying mechanism may also include a component of disruption of
axonal conduction.

(Lange et al., 1994).

3.3. Demyelination

Demyelination results in impaired function because the demyeli-
nated axon membrane lacks an adequate regenerative ionic mechanism
to efficiently transmit action potentials (Cottee et al., 2003; Kiernan and
Kaji, 2013; Ritchie and Rogart, 1977). Demyelination also has been
shown to expose voltage-gated potassium channels at the juxta-para-
nodal sites in ex vivo and in vivo spinal cord crush injury models
(Ouyang et al., 2010). In these models, activation of the potassium
channels inhibited action potential propagation, and the pharmacolo-
gical potassium channel blockade led to enhanced conduction. De-
myelinated axons eventually develop sodium channels, allowing low-
velocity conduction (Bostock and Sears, 1978).

In the seminal studies by Clifford-Jones et al. in an in vivo feline
chronic optic nerve compression model, histological loss of myelin was
observed after two days of inserting a silicone balloon into the orbit
(Clifford-Jones et al., 1980). Within one week, extensive demyelination
took place, along with anterograde (or Wallerian) degeneration and
astrocytosis. At five weeks, remyelination of the fibers was observed
despite the presence of the compression balloon. Both remyelinated
fibers and partially demyelinated fibers co-existed, although the new
myelin sheaths were abnormally thin and short (Clifford-Jones et al.,
1985).

In osteopetrotic mutant mice where stenosis of the optic canal
chronically compresses the optic nerve, decreased local blood volume
was demonstrated at the compression site, and this was correlated with
loss of glial cells, increased apoptotic marker expression, and localized
demyelination at postnatal day 30 (Kondo et al., 2013). At seven
months, there was partial recovery of nerve cross-sectional area and the
number of myelinated axons. This study also suggests that demyelina-
tion is part of the pathophysiology of optic nerve compression. Studies
of peripheral nerve compression injury suggest that both ischemic da-
mage and mechanical shear stress contribute to demyelination sec-
ondary to compression (Menorca et al., 2013).

In humans, anterograde demyelination of the optic tracts has been
demonstrated using DTI. DTI allows for the non-invasive quantification
of the restricted random motion (Brownian motion) of water molecules
in the human brain. The degree of directionality of diffusion, often
expressed as fractional anisotropy, depends primarily on the parallel
organization of the axonal membranes, which restricts diffusion.
Demyelination increases the radial diffusivity (diffusion perpendicular
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to the axons), and does not affect axial diffusivity (diffusion parallel to
the axons) (Song et al., 2003, 2005). Axonal degeneration, on the other
hand, decreases axial diffusivity and does not affect radial diffusivity.
An increase in radial diffusivity and/or a decrease in axial diffusivity
will result in a decrease in fractional anisotropy (Lilja et al., 2017).
Patients with pituitary adenomas had increased radial diffusivity and
axial diffusivity in the optic tracts, while healthy controls and those
with non-compressive tumors had normal radial diffusivity (Paul et al.,
2014).

3.4. Retrograde degeneration

Retrograde degeneration begins at the site of the injury and then
spreads towards the cell body. With chiasmal compression the cell body
lies in the retina. Numerous models of RGC axonal damage (such as
optic nerve crush, or elevation in intraocular pressure) have clearly
demonstrated retrograde degeneration. These injuries can trigger a
series of events locally, including accumulation of intracellular calcium
ions, destabilization of the transmembrane potential, depolymerization
of microtubules, activation of calcium-dependent proteases, pro-apop-
totic enzymes, self-destruct programme, and eventually local axonal
dissolution (Berkelaar et al., 1994; George et al., 1995; Ghaffarieh and
Levin, 2012; Knoferle et al., 2010; Raff et al., 2002). An important
cellular process disrupted by localized axon injury is axonal transport of
neurotrophic support to RGCs, which has been shown to activate
apoptotic pathways (Almasieh et al., 2012; Takihara et al., 2011). Once
apoptotic pathways have been activated, retrograde degeneration fol-
lows.

There are a few studies that have investigated retrograde degen-
eration with compressive lesion of the optic nerve or injury to the tract
or chiasm. Feline optic nerve electrolytic lesion (where direct electric
current was delivered to the optic tract midway between the optic
chiasm and the lateral geniculate nucleus) and axotomy both caused
retrograde degeneration (Lin and Ingram, 1974a, 1974b). In osteope-
trotic mutant mice, where the optic nerve is chronically compressed by
stenosed optic canal, increased apoptosis was detected in the ganglion
cell and inner nuclear layers, indicating retrograde spread of axon in-
jury (Kawamura et al., 2010).

A few researchers used in vivo imaging techniques to demonstrate
retrograde degeneration in real time. DTI in a mouse optic nerve crush
model showed decreased axial diffusivity (indicating axonal degen-
eration) at proximal sites 300–600 μm away from the crush injury as
early as 6 h post injury (Zhang et al., 2011). In humans, long-standing
chiasmal compression causes preferential retrograde degeneration of
crossing fibers although there is generalized loss of RGC as well. The
preferential retrograde degeneration manifests as band atrophy and
permanent visual field defects. Traditionally, the degree of RGC axon
loss could only be estimated by subjective grading of disc atrophy or
histological examination of post-mortem brain tissue (section 2.4.3.
Optic atrophy). The structural loss can now be objectively quantified in
vivo by optical coherence tomography (OCT) of the RNFL and macula.
The specific patterns of RNFL and GCC defects are discussed in detail in
section 5.6.

Two studies suggest optic nerve MRI signal abnormalities as evi-
dence of retrograde degeneration. Tokumaru et al. showed T2-signal
hyperintensity in the optic nerves at the site of compression in ap-
proximately half of patients with pituitary macroadenoma (Tokumaru
et al., 2006). The presence of signal intensity was associated with the
degree of compression, decreased pre-operative visual acuity, and re-
duced likelihood of post-operative visual acuity improvement. Wata-
nabe et al., using highly sensitive MRI contrast material-enhanced fast
imaging employing a steady-state acquisition (CE-FIESTA) technique,
showed signal hyperintensities along the optic nerve (Watanabe et al.,
2012). CE-FIESTA MRI can show fine anatomic details by increasing the
relative contrast between the cranial nerves and the tumor. The CE-
FIESTA hyperintense signals predicted persistent post-operative visual

impairment with a sensitivity of 75% and a specificity of 96%. The
authors suggest that the CE-FIESTA signal abnormalities represent ret-
rograde irreversible cell damage. The identity of the MRI signal ab-
normalities needs further characterization in future studies.

The process of retrograde degeneration appears to be linked with
demyelination. Paranodal demyelination and axonal degeneration have
been shown to occur simultaneously during compression (Dyck et al.,
1990).

3.5. Anterograde degeneration

Chiasmal compression may cause direct anterograde degeneration
(or Wallerian degeneration) of the optic tract. Lilja et al. investigated
changes in the optic tract with DTI in patients with chiasmal com-
pression and visual field deficits (and controls) prior to surgical
chiasmal decompression (Lilja et al., 2017). They found excellent cor-
relation between radial diffusivity and visual field defects suggesting an
anterograde demyelination in the optic tract caused by an increased
tumor effect. The low level of axial diffusivity may represent early
axonal degeneration in the optic tract (Lilja et al., 2017).

Transsynaptic anterograde degeneration will also lead to changes in
the lateral geniculate nucleus, optic radiations, and neurons in the vi-
sual cortex. We explored the correlation between retinal nerve fiber
thickness as measured by OCT and changes in the optic radiation and
visual cortex in 17 patients with chiasmal compression, 10 who had no
post-decompression visual field deficits and 7 with persistent visual
field abnormality and RNFL thinning (Phal et al., 2016). Anterograde
degeneration in the optic radiation was assessed using DTI and func-
tional MRI (fMRI). We assessed mean radial diffusivity, axial diffusivity,
mean diffusivity, and fractional anisotropy as well as fMRI BOLD signal.
We found that surgically irreversible visual field defects were sig-
nificantly associated with lower fractional anisotropy and higher dif-
fusivities in optic radiations and lower visual cortical activation on
fMRI. These changes suggest that both ischemic and demyelinating
changes occurring within the optic radiations and visual cortex in pa-
tients who have permanent deficits with chiasmal compression. These
findings suggest transsynaptic changes occur in the optic radiations and
visual cortex.

3.6. Other proposed mechanisms

Other possible theories have been proposed although they remain
speculative. One such theory is that local vasoconstrictor substances
could potentially play some role in chiasmal ischemia with chronic
compression. Pituitary tumors may cause local ischemia by elevating
levels of endothelin-1. Endothelin-1 is only detected in pituitary tu-
mors, and not in normal pituitary glands (Lange et al., 1994). It is a
potent vasoconstrictor which has been shown to cause focal ischemia
and RGC loss, leading to glaucoma-like optic neuropathies in animal
models (Cioffi, 2005; Salvatore and Vingolo, 2010). The role in
chiasmal compression, however, remains unsubstantiated. Frank
ischemia of the chiasm from compressive lesions is rare owing to the
rich collateral circulation and slow-growing nature of most peri-
chiasmal lesions.

Another theory suggest that blockage of CSF circulation could have
a role. Pre-operative MRIs of patients with perichiasmal tumors in-
cluding craniopharyngioma, pituitary tumor, germ cell tumor and
lymphoma have shown edema-like T2 signal hyperintensities along the
optic tracts (Hirunpat et al., 2005; Nagahata et al., 1998; Saeki et al.,
2003). The edema-like signal was localized to the middle portion of the
optic tract where a large Virchow-Robin space is normally seen (Saeki
et al., 2003). Virchow-Robin spaces are the CSF-filled perivascular
outlet channels which drain interstitial fluid into the subarachnoid
space. In the post-operative MRIs the edema-like signals disappeared or
decreased, and the Virchow-Robin spaces reappeared (Nagahata et al.,
1998; Saeki et al., 2003). The edema-like signals seem to be more
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common in craniopharyngiomas, probably because they are frequently
located behind the chiasm near the outlets (Nagahata et al., 1998).

Whether the edema-like signals and dilated Virchow-Robin spaces
have a role in the pathogenesis of vision loss remains unanswered. The
edema-like signals were not correlated with tumor size or degree of
visual impairment (Nagahata et al., 1998; Saeki et al., 2003). However,
the appearance of this radiological sign coincided with the development
of visual symptoms in two patients with pituitary metastases (Saeki
et al., 2001). The relationship between the blockage of CSF and vision
loss requires further characterization and it remains unclear whether
this plays a role in visual loss.

4. Vision recovery following chiasmal decompression

4.1. Recovery occurs in stages

Post-operative recovery of vision can range from no improvement to
complete recovery. The rates of visual recovery reported following
treatment for chiasmal compression vary dramatically (from 23 to 81%)
based on the study population, visual parameters evaluated, treatment
technique and nature of the tumors (Cohen et al., 1985; Ebersold et al.,
1986; Findlay et al., 1983; Klauber et al., 1978; Laws et al., 1977;
Lennerstrand, 1983; Peter and De Tribolet, 1995; Powell, 1995;
Sullivan et al., 1991). A recent meta-analysis showed that the overall
prevalence was 40.4% for complete recovery (95% CI: 34.8–46.3%) and
80.5% (95% CI: 77.7–83.6%) for partial recovery (Muskens et al.,
2017).

Electrophysiological studies have demonstrated improvement in
VEP amplitude occurring as early as 10min (measured intra-opera-
tively) after surgical decompression in some patients (Feinsod et al.,
1976) (see section 5.5.4). Frisen reported a case of a patient who had an
instant subjective vision recovery by drainage of a recurrent cranio-
pharyngioma cyst (Frisen et al., 1976).

Improvement of visual function is most commonly reported within
the first two weeks. Findlay et al. found that 50% of maximal recovery
was achieved within ten days of surgical decompression, and 28% of
the patients attained maximal recovery during this period (Findlay
et al., 1983). Normalization of visual acuity and visual field was ob-
served in a small proportion of patients with perichiasmal tumors
within five to seven days (Gnanalingham et al., 2005; Kayan and Earl,
1975; Kerrison et al., 2000), and in 66% of patients with pituitary tu-
mors within two weeks (Yoneoka et al., 2015). Similar early recovery
has been reported in patients with pituitary apoplexy. Recovery in vi-
sual acuity and field began within 24 h of decompression in most cases,
if surgery was performed early (Agrawal and Mahapatra, 2005; Seuk
et al., 2011). Partial to complete recovery in visual field defect was
observed within an average of 8 days (range 1–42 days) (Zaidi et al.,
2016).

Retrospective observational studies where patient cohorts were
followed up at various time points showed that recovery in visual field
indices was continuous throughout the follow-up period (Dekkers et al.,
2007; Gnanalingham et al., 2005; Goyal et al., 2013; Kerrison et al.,
2000; Moon et al., 2011b). Kerrison et al. showed the greatest im-
provements in mean deviation occurred between visit 1 (surgery to
week 1) and visit 2 (one to four months post-operatively) (Kerrison
et al., 2000). Between visits 1 and 2, the overall mean deviation im-
proved by 33% in the left eye, and 30% in the right eye. At both visits 1
and 2, the inferotemporal quadrants showed most improvement. Gna-
nalingham et al. followed patients with pituitary adenomas for up to
five years (Gnanalingham et al., 2005). Although visual field recovery
occurred in all quadrants, the superotemporal quadrants showed the
greatest improvements, followed by inferotemporal and nasal quad-
rants. More than 50% of eventual recovery took place between three
and six months.

We showed gradual recovery in mean deviation and pattern stan-
dard deviation during 9–15 post-operative months (Danesh-Meyer

et al., 2015). In our study, 81% of eyes with normal RNFL thickness
achieved a final mean deviation of better than −2 dB, while only 37%
of eyes with thin RNFL (below the 5th percentile of normal values)
achieved normal mean deviation (Danesh-Meyer et al., 2015). Final
visual acuity was at least 6/12 in 98% of eyes with normal RNFL,
compared to 88% of eyes with thin RNFL (Danesh-Meyer et al., 2015).
Of the total amount of improvement approximately two-thirds of this
occurred between the first post-operative visit (6–10 weeks) and the
fifteen month time point. Modest and gradual improvement of visual
fields has been documented to continue to occur years after decom-
pression (Findlay et al., 1983; Gnanalingham et al., 2005; Kerrison
et al., 2000; Powell, 1995; Rivoal et al., 2000; Sleep et al., 2003; Stark
et al., 1999).

Prolactinomas are often decompressed using dopamine agonists,
such as bromocriptine or cabergoline, before considering surgery.
Dopamine agonists work by reducing the cell size and can shrink both
micro and macroadenomas (Schlechte, 2007). Reduction in tumor size
is relatively rapid with most reduction occurring in the first three
months of treatment (Bevan et al., 1992). In a meta-analysis of 271
macroprolactinomas, 79% of the tumors shrunk by at least 25% in size
with medical treatment (Bevan et al., 1992). Visual outcome following
medical therapy is comparable to the surgical outcome. In some cases,
dramatic improvement in visual field and/or acuity is seen within days
of initiating dopamine agonist (Ivan et al., 2005; Tasan et al., 2015;
Woodhouse et al., 1981). Within three months, normalization of visual
field has been reported in 33–86% of patients (Corsello et al., 2003;
Moraes et al., 2013; Shimon et al., 2007).

4.2. Proposed mechanism of recovery

Recovery of vision following chiasmal decompression is likely to
take place in distinct but overlapping stages (Kerrison et al., 2000;
McDonald, 1982). The temporal distinction between these stages of
vision recovery remains incompletely defined.

4.2.1. Immediate recovery
The first early stage begins as soon as the compression is removed.

Significant visual improvement often occurs at this early stage. The
mechanism of this initial improvement in visual function is thought to
be predominantly related to rapid reversal of conduction block. Only a
few studies have evaluated this early recovery. As discussed above,
detachment of the myelin loops at the paranodes has been shown to
occur with compression that impairs transmission (Waxman and
Swadlow, 1977). This detachment can be rapidly reversed following
decompression which may contribute to the initial recovery of vision
(Cottee et al., 2003).

A further explanation for early recovery of conduction is due to the
reorganization of microtubules disorganized by the pressure (Cottee
et al., 2003). In a rodent model of optic nerve compression, the pressure
caused disruption of heavy neurofilaments with failure of both ante-
rograde and retrograde axonal transport which was restituted at ap-
proximately two weeks (Hanke and Sabel, 2002). In a rat tibial nerve
compression model, compression caused a disruption of microtubules
that led to a functional deficit (Kitao et al., 1997). This resolved within
three days following release of pressure.

In a more recent study using DTI, Hajiabadi et al. utilized intra-
operative DTI to measure the distance between the optic tracts in pa-
tients undergoing decompression of pituitary adenomas (Hajiabadi
et al., 2016). As the chiasmal compression was released intra-opera-
tively, the DTI signals from the chiasmal crossing fibers appeared, re-
ducing the distance between the two optic tracts on a coronal view (as
measured by the fiber tractography images at a preset location). The
majority of visual improvement occurred within the first week and
slower and less improvement between one week and three months.
Decreased distance between optic tracts correlated significantly with
post-operative visual recovery. They concluded that the reduced
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distance between the two optic tracts reflects release of conduction
block with improved axoplasmic transportation.

4.2.2. The second stage of recovery
In the second stage, improved axoplasmic flow and remyelination

contribute to sustained recovery over weeks to months. In the feline
optic nerve compression model, remyelination coincided with the
second stage of conduction recovery, occurring between 6 and 11 weeks
after decompression. This was measured by electron microscopy mea-
surement of myelin thickness and axon diameter (Clifford-Jones et al.,
1985; Cottee et al., 2003). Remyelination continued up to 3 months
after decompression. Other models of optic nerve injury also demon-
strate this process of remyelination. In a rat model of optic nerve crush
which damages around 85% of RGCs, retrograde/anterograde axonal
transport and heavy neurofilament immunostaining reappeared 12 days
after the initial injury, which correlated in time with recovery of visual
performance and VEPs (Hanke and Sabel, 2002). Smith et al. studied
CNS demyelination following an acute micro-injection of lysopho-
sphatidyl choline in to the spinal cord (Smith et al., 1981). Their ob-
servations were that: demyelination occurred within 3 days and was
complete by day 7; glial proliferation occurred days 7–10; and re-
myelination began on day 10 and was complete in the surviving axons
by three months. Remyelination of damaged axons has also been ob-
served in feline models of optic nerve compression and chemically in-
duced demyelination (Clifford-Jones et al., 1980, 1985; Cottee et al.,
2003; Jacobson et al., 1979).

Further understanding of the process of remyelination with chronic
compression can be gained from considering experimental models of
spinal cord compression. Harrison and McDonald utilized an experi-
mental model of spinal cord compression in six cats at L1 level by
resting a smooth tipped brass screw on the unopened dura for 3 h while
monitoring somatosensory evoked responses (Harrison and McDonald,
1977). They demonstrated that even 3 h of transient spinal cord com-
pression produced demyelination. Remyelination was seen at their
earliest post-procedure time point of three weeks. The thickness of
myelin around remyelinated axons increased gradually over months
and even at their last time point of 18 months, many of the axons had
thin remyelinated sheaths.

Paul et al. demonstrated evidence of remyelination in the optic tract
within four weeks of surgical decompression of pituitary adenoma in
humans using DTI (Paul et al., 2014). Pre-operatively, there was uni-
form increase in radial diffusivity (indicating increased demyelination)
in the length of optic tract from the chiasm to the lateral geniculate
nucleus. The patients had reduced contrast sensitivity and mostly
temporal visual field defects which matched the fMRI-based retinotopic
map. At four weeks following decompression, fractional anisotropy
(measure of white matter tract integrity), mean diffusivity (measure of
axonal membrane permeability) and radial diffusivity significantly
improved in 93% of examined optic tracts, but did not fully recover to
the healthy control level. Decrease in axial diffusivity (indicating ax-
onal degeneration) was seen in the majority of the optic tracts post-
operatively, although this was statistically non-significant. The degree
of post-operative remyelination was positively correlated with visual
outcome and normalization of fMRI retinotopic maps. This suggests
that rapid regeneration of myelin in the human brain is a component of
the normalization of cortical activity, and ultimately the recovery of
sensory and cognitive function, after decompression (Paul et al., 2014).

4.2.3. The third stage of recovery
The third stage consists of a phase of delayed recovery occurring

months to years after chiasmal decompression. The physiological basis
of the third stage of recovery remains unknown. We postulate that it is
likely to be slow remyelination (Schultz et al., 2017).

5. Predictive factors for visual recovery following chiasmal
decompression

Visual dysfunction and recovery from chiasmal compression is a
complex and heterogeneous process. Prediction of post-operative visual
outcome requires knowledge of the quantity of irreversibly damaged
neurons of the visual pathway.

As yet, there is no in vivo test which can differentiate permanently
damaged axons from those with reversible injury, such as physiological
conduction block and demyelination. This section discusses the prog-
nostic strengths of various clinical parameters that have been tested as
predictive factors for post-operative vision recovery.

5.1. Clinical examination

Clinical examination findings and patient characteristics are easily
accessible but provide limited information about irreversible damage to
the visual pathway.

5.1.1. Duration of symptoms
There are conflicting reports on the predictive power of pre-opera-

tive duration of symptoms in regards to post-operative visual outcome.
Some studies found significant correlation between post-operative vi-
sual acuity or visual field, and the duration of symptoms (Cohen et al.,
1985; Dutta et al., 2016; Grkovic and Davidovic, 2016; Jacob et al.,
2009; Prieto et al., 2015; Sun et al., 2017a; Tokumaru et al., 2006),
while others did not (Barzaghi et al., 2012; Findlay et al., 1983;
Gnanalingham et al., 2005; Lennerstrand, 1983; Peter and De Tribolet,
1995; Powell, 1995; Rivoal et al., 2000; Sleep et al., 2003; Trobe et al.,
1984). This is most likely related to a combination of factors including
patient recall, whether visual impairment impacts central visual acuity,
presence of hormonal symptoms and position of the tumor.

Individuals with pituitary apoplexy have a short duration of
symptoms from hours to days, but do not always have a favourable
visual outcome. The proportion of apoplexy patients who achieve full
visual recovery varies from 31% to 100% (Barzaghi et al., 2012;
Choudhry et al., 2012; Dutta et al., 2016; Randeva et al., 1999; Takeda
et al., 2010). In general, recovery was more likely in those with mild
pre-operative visual impairment, although there is significant varia-
bility (Agrawal and Mahapatra, 2005; Barzaghi et al., 2012; Dutta et al.,
2016; Muthukumar et al., 2008; Parent, 1990). Some patients already
showing evidence of improvement at presentation completely re-
covered without surgery (Ayuk et al., 2004). Taken together, duration
of symptoms may influence, but cannot independently predict the final
post-surgical visual outcome.

It has been suggested that the duration of symptoms may affect the
rate of recovery, rather than the final visual outcome. Dutta et al. found
that a short duration of symptoms was associated with increased like-
lihood of visual recovery in the early post-operative periods (Dutta
et al., 2016). They found that 33.2% of patients with symptom duration
less than 6 months showed visual acuity improvement at the immediate
post-operative follow-up, while only 1.4% of those with symptom
duration more than 1 year showed improvement during the same
period. Those with symptom duration of more than 1 year showed
gradual recovery over 12 months. In their study, the final visual out-
come at 1 year was good irrespective of the duration of symptoms.
Similarly, a recent large-scale observational study showed that pro-
longed duration of symptoms was correlated with decreased rate of
recovery (Anik et al., 2018). Presumably, visual dysfunction sustained
over a short period is more likely to be caused by reversible conduction
block, and therefore recovers faster. Demyelination and axon degen-
eration sustained over a longer period may recover more slowly.
However, patients are asymptomatic for an unknown and variable
length of time. Furthermore, many factors influence whether patients
notice visual impairment and accurately determining the duration of
symptoms is not reliable.
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5.1.2. Optic disc pallor
Since optic atrophy indicates RGC death, it is expected to be a strong

negative prognostic factor for vision recovery. However, the studies
that have evaluated the prognostic strength of optic nerve head pallor
showed inconsistent findings. While many studies showed significant
negative correlation between the degree of optic atrophy and post-op-
erative improvement in visual acuity or visual field (Ho et al., 2015;
Klauber et al., 1978; Lennerstrand, 1983; Monteiro et al., 2010b; Prieto
et al., 2015; Trobe et al., 1984); other studies showed no or weak
correlation (Gnanalingham et al., 2005; Peter and De Tribolet, 1995;
Powell, 1995; Sullivan et al., 1991). Marcus et al. showed optic atrophy
carried a poor prognosis only if the pre-operative visual acuity was
worse than 6/12 (Marcus et al., 1991). This inconsistency may be ex-
plained by the highly subjective nature of grading of disc pallor and
atrophy (see section 2.4.3. Optic atrophy).

5.1.3. Age, sex and endocrine status
Although one would expect young age to be a positive prognostic

indicator, this is not clearly reflected in the studies to date. Some stu-
dies identified increased age as an independent negative prognostic
factor for recovery (Barzaghi et al., 2012; Jacob et al., 2009; Rivoal
et al., 2000; Sun et al., 2017a). A meta-analysis found a weighted mean
difference of 12.32 years (95% Cl: −18.42 to −6.22, p < 0.0001)
between groups which showed visual field improvements and those
who did not (Sun et al., 2017a). Other studies, however, failed to show
correlation between age and post-operative outcome (Dutta et al., 2016;
Findlay et al., 1983; Gnanalingham et al., 2005; Grkovic and Davidovic,
2016; Lee et al., 2016; Marcus et al., 1991; Monteiro et al., 2010b;
Sullivan et al., 1991). Sex and endocrine status of patients did not
predict post-operative visual outcome (Barzaghi et al., 2012; Cohen
et al., 1985; Lee et al., 2016; Monteiro et al., 2010b; Rivoal et al.,
2000).

5.2. Visual acuity

There does not seem to be a consistent relationship between pre-
and post-operative visual acuities amongst different studies. Patients
with 6/6 vision pre-operatively are more likely to retain normal vision
(Lennerstrand, 1983; Marcus et al., 1991; Prieto et al., 2015); better
pre-operative visual acuities are correlated with increased likelihood of
post-operative improvement (Barzaghi et al., 2012; Cohen et al., 1985;
Dutta et al., 2016; Gnanalingham et al., 2005; Grkovic and Davidovic,
2016; Klauber et al., 1978; Trobe et al., 1984), and those with severely
decreased visual acuity are less likely to improve although there is
marked variability amongst studies (Dutta et al., 2016; Monteiro et al.,
2010b; Peter and De Tribolet, 1995). Other studies showed that pre-
operative visual acuity was not related to post-operative visual acuity or
visual field (Powell, 1995; Sleep et al., 2003; Sullivan et al., 1991).
Even patients with no-light perception vision achieved some improve-
ment following decompression (Dutta et al., 2016). No multivariate
analysis identified visual acuity as an independent predictive factor.

5.3. Perimetry

Pre-operative mean deviation has been positively correlated with
recovery (Barzaghi et al., 2012; Findlay et al., 1983; Gnanalingham
et al., 2005; Lee et al., 2016; Prieto et al., 2015; Sun et al., 2017a). Less
than two quadrant involvement (any two quadrants) was a predictive
factor for visual field recovery (Klauber et al., 1978). A multivariate
analysis showed less than two quadrant involvement (any two quad-
rants) was an independent predictor of visual field recovery with an
odds ratios of 8.244 (p=0.016) (Yoneoka et al., 2015); on the other
hand, other studies showed no correlation (Jacob et al., 2009; Powell,
1995; Sullivan et al., 1991). The post-operative outcome becomes un-
predictable in the presence of extensive visual field loss, as some pa-
tients with severe visual field defects show marked improvement

(Findlay et al., 1983). The likely reason that perimetry and visual acuity
are variable predictive markers is that these functional tests do not
differentiate between reversible and irreversible injury to the visual
pathway.

5.4. Neuroimaging

A consistent finding among studies of chiasmal pathology is that
larger tumors are associated with greater visual field loss pre-opera-
tively (Ho et al., 2015; Lee et al., 2016; Monteiro et al., 2010b). While
tumor size is associated with pre-operative visual morbidity, the re-
lationship between tumor size and post-operative visual recovery is less
clear.

A number of recent MRI-based studies have found a general trend
that larger tumor size was predictive of poorer visual recovery (Anik
et al., 2018; Barzaghi et al., 2012; Grkovic and Davidovic, 2016; Ho
et al., 2015; Lee et al., 2016; Monteiro et al., 2010b). The assumption is
that the size of the tumor may be a surrogate for other markers, such as
time the tumor has been compressing the chiasm and the amount of
axonal degeneration (Lee et al., 2016; Monteiro et al., 2010b). A further
study measuring meningioma size using a mix of CT and MRI found that
the bigger the tumor, the smaller the chance that the visual acuity
would return to normal (Grkovic and Davidovic, 2016). Another study
of 78 patients with pituitary adenomas found that the final visual
outcome in patients with larger adenomas was poorer than that of pa-
tients with adenomas less than 20mm in size (Ho et al., 2015).

In contrast, there are reports of poor association of tumor size with
visual recovery, but for the most part these were older studies that did
not employ modern imaging techniques. A study of patients with ac-
romegaly and visual field defects identified 38 such patients between
1951 and 1996 (Rivoal et al., 2000). They found that the presence of
suprasellar extension was unrelated to visual field at the final follow-up.
Similarly, older studies using CT imaging in the 1970s and 80s to es-
timate tumor size, failed to find an association with post-operative vi-
sual outcome (Findlay et al., 1983; Hudson et al., 1991; Lennerstrand,
1983).

More recently, a study of 38 patients with pituitary tumors found no
statistically significant difference in visual outcome related to size, but
there was a trend to worse visual outcomes with larger tumors, raising
the possibility the study was underpowered to detect a difference
(Chabot et al., 2015). Finally, a study only looking at patients with
giant pituitary adenomas, did not find an association with increasing
size and worse visual prognosis (Chohan et al., 2016).

A limitation of reporting in this area relates to how studies report
improvement. Although worse initial visual acuity may be associated
with greater acuity improvement, in part this can be explained by the
fact that a greater visual deficit provides a bigger opportunity for the
vision to improve. An alternative method of reporting is to note per-
centages of recovery to a pre-set threshold, which provides information
on rate of reaching a functional level of visual function, which is not
biased by the original level of visual impairment. Finally, the length of
follow up is critical; insufficiently long follow up will underestimate the
true amount of recovery given late phase recovery is well documented.

Recently CE-FIESTA (contrast-enhanced fast imaging employing
steady-state acquisition) MRI has been employed to predict visual
outcome. The technique uses the T2 steady-state coherent imaging se-
quences. FIESTA signal is related to the ratio of T2 to T1, rather than
T1-or T2-weighted MRI. CE-FIESTA provides high spatial and contrast
resolution between CSF and solid structures, and is able to demonstrate
fine anatomic details of cranial nerves (Sheth et al., 2009). CE-FIESTA
hyperintense signals along the optic nerve have been associated with
persistent visual impairment after decompression (Hisanaga et al.,
2017; Watanabe et al., 2012). CE-FIESTA MRI also demonstrated
kinking of the optic nerve at the optic canal orifice in patients with
pituitary macroadenoma (Hisanaga et al., 2017). The angle of optic
nerve kinking was an independent predictor of short-term post-
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operative improvement in visual acuity and visual field, while other
imaging parameters, such as tumor height, severity of chiasmal com-
pression and signal hyperintensity, were not. The long-term con-
sequences of CE-FIESTA abnormalities await confirmation in future
larger-scale studies.

Several studies showed good results using DTI to predict the extent
of vision recovery following decompression. DTI can be used as an in
vivo measure of demyelination, axonal degeneration and fiber integrity.
In a study by Paul et al., low pre-operative radial diffusivities (in-
dicating a low degree of demyelination) in the optic tract correlated
significantly with visual field improvement at four weeks, while axial
diffusivities (measure of axonal degeneration) correlated weakly (Paul
et al., 2014). The radial diffusivities decreased to normal values four
weeks after decompression, further supporting that the high pre-op-
erative radial diffusivities represented reversible demyelination. Anik
et al. showed that low pre-operative fractional anisotropies (measure of
white matter tract integrity) and high mean diffusivities (measure of
axonal membrane permeability) were significantly correlated with poor
visual outcome at six months (Anik et al., 2011). The patients with
abnormal pre-operative DTI parameters had significantly longer dura-
tion of symptoms, compared to those with normal parameters. In a
subsequent follow up study they assessed 200 patients and followed
them up for three years with serial DTI. They found that the DTI
parameters provided a good differentiation for which patients were
likely to improve and those who were not (Anik et al., 2018). These
findings indicate that DTI has the potential to detect reversible and
irreversible changes in the visual pathway and therefore could be a
reliable predictive indicator for vision recovery.

The variable predictive power of pre-operative neuroimaging may
in part be explained by the poor correlation between macroscopic
structural changes and functional loss. As described in section 2.4.1.,
tumors of equal size can produce varying degrees of visual impairment.
One explanation for this is that the optic nerves may adapt to chronic
compression by remyelination, giving rise to varying ratios of demye-
linated and remyelinated fibers within a compressed nerve. In a feline
model of optic nerve compression, remyelination occurred in the pre-
sence of the causative compressive lesion, restoring conduction to some
extent (Clifford-Jones et al., 1980, 1985). In their model, the com-
pressed nerves were composed of a mixture of demyelinated, partially
demyelinated and remyelinated fibers after three weeks of compression.
Anatomical parameters measured on CT or MRI scans do not provide
information about the number of axons that will recover once decom-
pressed.

5.5. Electrophysiological studies

5.5.1. VEP abnormalities in chiasmal compression
VEPs are electrical signals generated at the occipital cortex in re-

sponse to visual stimuli, and reflect the integrity of the visual pathway.
Chiasmal compression gives rise to the characteristic asymmetric dis-
tribution of VEPs in response to full-field stimuli (Holder, 1978).
Chiasmal compression produces crossed asymmetry where the P100 is
lateralized over the right hemisphere to the left eye stimulation, and
lateralized over the left hemisphere to the right eye stimulation. Oc-
casionally, post-chiasmal compression can give rise to uncrossed
asymmetry where stimulation of either eye produces similar asymme-
trical distribution across the two hemispheres. Brecelj et al. showed that
almost all patients with chiasmal compression had abnormal VEP re-
sponses to temporal half-field stimulation (Brecelj, 1992; Brecelj et al.,
1989, 1992). In chiasmal compression, non-recordable P100, sig-
nificantly attenuated P100 waveforms, or delayed P100 are observed
more commonly during temporal rather than nasal field stimulation
(Brecelj, 1992; Brecelj et al., 1989, 1992). Large tumors are more likely
to affect VEP recordings from both crossed and uncrossed fibers,
whereas small tumors with mild compression mostly affect recordings
from crossed fibers only (Brecelj et al., 1992).

VEPs are correlated with perimetry findings. The majority of pa-
tients with abnormal temporal half-field (crossed fibers) VEPs had
temporal hemianopia, while those with abnormalities in the nasal and
temporal half-field VEPs (crossed and uncrossed fibers) had more ex-
tensive visual field defects (Brecelj et al., 1992). All patients with ab-
solute central visual field defects detected on Goldmann perimetry had
reduction of the P100 amplitude (less than 1 μV) to full-field or half-
field stimuli (Strucl et al., 1997).

We used multifocal VEPs to enable a more detailed spatial corre-
lation between VEPs and areas of visual field defects. During multifocal
VEP measurements, individual VEP responses from all areas of up to
central 32° radius of the visual field are simultaneously recorded. The
recorded multifocal VEPs can be topographically mapped and directly
compared with visual field defects. In a cohort of patients with peri-
chiasmal tumors, 87% of patients had abnormal visual field with an
average mean deviation of −6.54 ± 7.43 dB, and 88% had abnormal
multifocal VEP with a mean Accumap Severity Index of 81 ± 7.4
(Danesh-Meyer et al., 2006b). The mean deviation and the Accumap
Severity Index were significantly correlated, and the most significant
correlation was seen in the superotemporal quadrant (r=0.73). Simi-
larly, Qiao et al. showed that agreement between abnormal perimetry
results and multifocal VEPs was 89% (Qiao et al., 2015); the agreement
was highest in the temporal quadrant. In patients with bitemporal
hemianopia, the multifocal VEP amplitudes were significantly reduced
in regions corresponding to areas of visual field loss, and latency was
unmeasurable in areas of severe visual field defect (Jayaraman et al.,
2010). In eyes with post-decompression band atrophy, the temporal
multifocal VEP P1 and N2 amplitudes were significantly reduced, but
the latencies were preserved, indicating absence of active optic nerve
compression (Sousa et al., 2017). Significant correlation was found
between temporal visual field sensitivity loss and multifocal VEP N2
amplitudes. The most significant correlation was found between in-
ferotemporal N2 amplitude and visual field sensitivity loss in the in-
ferotemporal or superotemporal quadrants (both p < 0.001).

5.5.2. Electroretinography abnormalities in chiasmal compression
PERG reflects the function of RGCs. Optic nerve compression from

perichiasmal tumors led to a reduction in the amplitudes of PERG N95
or b-wave (Holder, 1997; Kaufmann et al., 1986). Abnormal PERG in
chiasmal compression indicates loss of functional RGCs, and PERG
changes are more severe in eyes with band atrophy where irreversible
retrograde RGC deaths have occurred. Pre-operatively, PERG is normal
in over 70% of patients (Goyal et al., 2013; Kaufmann et al., 1986).

Early full-field or half-field PERG studies demonstrated significantly
reduced P50 and N95 amplitudes in eyes with band atrophy, but failed
to show correlation between temporal PERG amplitudes and temporal
visual field loss (Cunha et al., 2008; Monteiro et al., 2009). In contrast,
full-field or nasal hemifield PERG amplitudes correlated well with
central or central-temporal visual field sensitivity (Monteiro et al.,
2009), suggesting that the relationship between PERG and visual field
sensitivity may be weak if visual field loss is severe. Multifocal PERG,
however, has been shown to have a more consistent correlation be-
tween PERG and visual field loss in the temporal quadrants (Monteiro
et al., 2012, 2013). In multifocal PERG, localized PERG responses are
simultaneously recorded from multiple areas of the retina, and pre-
sented in a topographical map. All the P1 multifocal PERG amplitudes
in the temporal sectors were significantly lower than those in the nasal
sectors. The P1 multifocal PERG amplitudes in temporal sectors were
significantly correlated with global visual field sensitivity and sensi-
tivity in inferotemporal or superotemporal quadrants (Monteiro et al.,
2012).

The photopic negative response (PhNR) of the light-adapted full-
field electroretinogram is a negative wave that occurs after the photopic
b-wave. The PhNR is thought to arise from the activity of RGCs. Patients
with chiasmal compression had significantly reduced PhNR:b-wave
ratio pre-operatively, and the ratio was correlated with the mean
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deviation (R2= 0.110, p=0.026) and the temporal visual field sensi-
tivity (R2= 0.286, p=0.000) (Moon et al., 2011a).

De Araujo et al. investigated the dysfunction of inner and outer
retina layers in chiasmal compression using multifocal electro-
retinography (de Araujo et al., 2017). The main components of multi-
focal electroretinography reflect the activities of photoreceptors and
bipolar cells, while the oscillatory potentials acquired by slow flash
multifocal electroretinography represent inner and intermediate retinal
layer function. The mean oscillatory potentials were significantly re-
duced in temporal and nasal hemiretinas, indicating functional ab-
normality at the level of the inner nuclear layer. The authors found an
isolated reduction in multifocal electroretinography N1 amplitude in
the inferonasal macula, suggesting photoreceptor dysfunction in that
area.

5.5.3. Sensitivity of electrophysiological studies
The relationship between electrophysiological and perimetric

changes in chiasmal compression is not straightforward. Many in-
vestigators reported abnormal VEP or PERG in the absence of mea-
surable visual field loss or apparent chiasmal compression, with up to
45% of patients with normal visual fields having abnormal VEP re-
cordings (Brecelj et al., 1989, 1992; Sadowski et al., 1995; Strucl et al.,
1997). In 6 out of 8 eyes in patients with pituitary adenoma, retinotopic
areas with normal VEP amplitudes and normal visual field showed
prolonged latencies (Jayaraman et al., 2010). There have been case
reports of suspected glaucoma with normal visual acuity, intraocular
pressure, perimetry and RNFL thickness, but a rapid decline in PERG
amplitudes, where the patient was then found to have a chiasmal tumor
(Ventura et al., 2009). Furthermore, a small proportion of patients with
only mild compression shown on CT had abnormal VEPs involving both
crossed and uncrossed fibers (Brecelj et al., 1992).

On the other hand, normal VEPs have been reported in patients with
clear visual field defects. A patient with superotemporal quad-
rantanopia showed normal symmetric VEP responses over the two
hemispheres to full-field stimulation (Maitland et al., 1982). In our
study, one-fifth of patients with abnormal visual fields had normal or
borderline multifocal VEP (Danesh-Meyer et al., 2006b). Furthermore,
PERG P50 amplitudes were still recordable in a patient with no light
perception from long-standing chiasmal compression (Holder, 1997).
The reason for this discrepancy is unknown but could be partially ex-
plained by inter-individual variation in VEP or PERG amplitudes
(Hoffmann and Flechner, 2008).

5.5.4. Electrophysiological changes during post-operative recovery
Rapid electrophysiological recovery following chiasmal decom-

pression has been described in several case reports. Feinsod et al. re-
ported the results of intra-operative VEP monitoring in a patient with
pituitary adenoma, 6/60 vision in the left eye, junctional scotoma and
reduced color vision (Feinsod et al., 1976). Delayed latency and re-
duced amplitude of the N35 component were seen prior to surgical
resection. These parameters improved 10min after decompression, and
returned to normal after 20min. A day later, normalization of visual
acuity, visual field and color vision was demonstrated. A patient with
cystic craniopharyngioma who had loss of waveform morphology,
markedly reduced VEP amplitudes and unrecordable latencies, showed
a substantial improvement of VEP parameters within 3 h of relieving
suprasellar pressure by aspiration of cystic fluid (Gutin et al., 1980).
Moreover, in patients with intraorbital tumors where changes in gaze
direction increased the degree of compression, immediate changes in
both P100 amplitude and latency were observed depending on gaze
position (Janaky and Benedek, 1992). These examples demonstrated
conduction block which was rapidly reversible upon relief of com-
pression.

In the early to intermediate post-operative stages, a varying degree
of electrophysiological recovery has been reported. Patients with
macroprolactinoma showed improvement in waveform morphology,

increased temporal:nasal P100 amplitude ratio and development of
previously absent temporal half-field waveforms within weeks of
commencing bromocriptine therapy (Pullan et al., 1985). In a pro-
spective study of 20 patients with perichiasmal tumors, the proportion
of patients with normal PERG N2:P1 ratios increased from 77.5% pre-
operatively, to 85% one week after surgery, and to 87.5% six weeks
after surgery (Goyal et al., 2013). The changes in mean N2:P1 ratio
throughout the follow-up period, however, were non-significant. In
another study, the PhNR:b-wave ratio remained reduced at one and
three months after surgery, and then improved at six months, but these
changes were again non-significant (Moon et al., 2011b). Lennerstrand
showed VEPs remained impaired despite complete recovery of visual
acuity and visual field during the six-month post-operative follow-up
(Lennerstrand, 1983).

A delayed recovery in PERG and VEP has been observed in a few
case reports of compressive optic neuropathy. In a young patient with
optic nerve compression from contusion injury and severe loss of visual
acuity, visual field, color vision and VEP, all parameters except for VEP
normalized within three months (Janaky and Benedek, 1992). VEP did
not return to normal until after one year. In a patient who had in-
complete pituitary tumor resection, PERG amplitudes remained de-
pressed for over three years despite normalization of RNFL thickness
and visual field within four months (Ventura et al., 2009). A repeat MRI
showed regrowth, not compressing the chiasm. After re-excision of the
tumor, PERG amplitudes returned close to the baseline values. These
findings raise a possibility of an unknown pathological process which
causes reversible retrograde deterioration in RGC function, prior to the
development of neuroimaging or visual field abnormalities.

5.5.5. Prognostic strength of electrophysiological studies
Some electrophysiological recordings have been shown to be pre-

dictive of post-operative visual recovery. The studies to date have been
small, and the results somewhat variable. Goyal found no significant
correlation between pre-operative PERG parameters and post-operative
visual acuity and visual field (Goyal et al., 2013). In contrast, Parma
found no association with acuity, but a good association with visual
field parameters; an improvement in visual field defect was seen in 65%
of patients with normal pre-operative N95:P50 ratio, and 27% of those
with abnormal N95:P50 ratios (Parmar et al., 2000). Sadowski et al.
identified reduced amplitude of pre-operative N95 as a negative pre-
dictor of visual field recovery (Sadowski et al., 1995). There is some
preliminary work that suggests there may be a critical electro-
physiological measure in order for functional recovery to occur (Raz
et al., 2015; Ruther et al., 1998). Ruther et al. showed that PERG P50
amplitude greater than 2.5 μV and N95 amplitude greater than 3.5 μV
were always associated with stable or improved visual field at post-
operative days 5–10 (Ruther et al., 1998). Raz et al. reported a patient
with chiasmal compression, bitemporal hemianopia, generalized RNFL
thinning, decreased fractional anisotropy along the optic tract on DTI,
and severely decreased amplitudes of multifocal VEP and prolonged
latencies (Raz et al., 2015). Visual field recovery was only seen in
quadrants where more than 50% of normally conducting fibers were
identified, characterized by intact multifocal VEP latencies. This critical
mass of normally conducting fibers was the best prognostic indicator for
visual outcome two years after decompression.

Electrophysiological studies are sensitive measures of functionality
of the anterior visual pathway and have shown potential in detecting
subclinical changes when visual acuity and visual fields are normal. The
existing evidence that electrophysiological studies are useful in pre-
dicting post-surgical visual outcome remains thin. An abnormal PERG
or VEP recording can be due to either rapidly reversible conduction
block or irreversible retrograde degeneration. We cannot yet accurately
estimate the number of viable RGCs from PERG or VEP alone, and
hence their prognostic value remains poor. There has been some evi-
dence that PERG or VEP can provide a threshold value above which
vision recovery will occur (Raz et al., 2015; Ruther et al., 1998), but
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these studies were based on a very small number of patients. Further
studies are required to validate the presence of threshold PERG or VEP
value for visual recovery.

5.6. OCT

5.6.1. OCT of RNFL: correlation with functional studies
The first study to compare RNFL thickness with visual recovery

post-operatively in patients with chiasmal compression was in 2006
(Danesh-Meyer et al., 2006a). Our study evaluated patients who had
undergone surgery for chiasmal decompression and correlated the
outcome of visual function (as measured by standard automated peri-
metry using Humphrey visual field analyzer) with post-operative RNFL
thickness. We observed that pre-operative RNFL thickness correlated
with post-operative visual function. Moreover, the correlation between
RNFL and visual function strengthened as the time from surgical in-
tervention increased (Danesh-Meyer et al., 2006a).

Our understanding of the mechanisms of visual loss in compressive
optic neuropathies can explain the strengthening of the structure-
function relationship as time from surgical intervention is increased. As
discussed above, the mechanisms for visual loss include axoplasmic
stasis, conduction block, demyelination and axonal destruction. Only
the latter is thought to have an impact on the measured thickness of the
RNFL. Axoplasmic stasis, conduction block and demyelination will
contribute to the decrease in visual function but will not be measured
by structural parameters such as RNFL thickness. Hence, during the
early post-operative phases, the structure-function relationship is ex-
pected to be weaker as OCT will measure all surviving RGC axons re-
gardless of their functional status. Immediate recovery is postulated to
result from the removal of physiologic conduction block and restoration
of signal conduction (Kayan and Earl, 1975).

Delayed recovery of visual function after compression of the optic
nerve has been attributed to progressive remyelination of previously
compressed axons that have undergone demyelination, or re-estab-
lishment of a vascular supply hampered by stretching by the tumor and
consequent improvement of RGC function (Clifford-Jones et al., 1980;
Jacobson et al., 1979; Kerrison et al., 2000; McDonald, 1982). As the
interval from intervention increases, it is likely that the fate of the RGC
is determined: either the dysfunctional RGCs recover, or they die. The

relationship between structure and function strengthens as the pro-
portion of RGCs that are damaged but not dead decreases. In other
words, visual field testing measures defects produced by both dead and
dysfunctional RGCs, whereas RNFL thickness is a measure of the sur-
viving RGCs only. After the compression is relieved by surgical inter-
vention, the visual field improves for those axons that were non-func-
tional, and the anatomic measurements reflect the surviving axons. This
suggests that visual sensitivity losses likely precede RGC death in
compression syndromes, and psychophysical measures in this setting
include a component of cell dysfunction as well as cell death. We de-
monstrated that OCT of RNFL predicts patients likely to demonstrate
improvement of visual function if chiasmal compression is relieved
(Danesh-Meyer et al., 2006a).

5.6.2. Prognostic strength of OCT of RNFL
To test the hypothesis that pre-operative RNFL thickness is pre-

dictive of post-operative recovery we undertook a prospective multi-
center study (Danesh-Meyer et al., 2008). We observed that patients
undergoing decompression for perichiasmal tumors display a variable
range of pre-operative RNFL thickness ranging from normal (or slightly
thicker) to dramatic loss of RNFL. Other investigators subsequently
observed similar findings (Moon et al., 2011a, 2011b; Park et al., 2015;
Yoneoka et al., 2015). The key observation was that pre-operative RNFL
layer thickness has a variable correlation with pre-operative visual
parameters such as visual acuity and visual field.

In contrast, the degree of reversibility of visual dysfunction with
compression of the anterior visual pathway is related to the pre-op-
erative RNFL thickness. In patients with normal RNFL thickness, visual
function shows large improvements even in the presence of profound
pre-operative visual field or acuity loss, whereas patients with thin
RNFL and advanced visual field defect demonstrate significantly less
improvement. We found that there is an increasing probability of im-
provement to near normal visual function (visual acuity better than 6/
12 or mean deviation within 2 dB of normal) with increasing RNFL
thickness up to approximately 85 μm, after which there is no additional
benefit from thicker RNFL (Danesh-Meyer et al., 2008) (Fig. 5a and b).
Eyes with ‘thin’ RNFL may still show some recovery, but the magnitude
of the recovery is limited (Fig. 6).

In a subsequent study with a larger sample size, we reported the
relationship between pre-operative RNFL thickness and visual outcome
over a follow-up period of up to 15 months (Danesh-Meyer et al., 2015).
Final visual acuity was shown to be well preserved in patients with
pituitary adenomas, with only a minority demonstrating significant

Fig. 5. Difference in RNFL thickness between the eyes in which MD improved
by at least 2 dB (A) and at least 10 dB (B) from preoperative to postoperative
assessments, among the eyes with the severe baseline VF defect of 10 dB or
worse (Danesh-Meyer, 2008).

Fig. 6. Comparison of the magnitude of MD change from pre-op to post-op
assessment in the Thin nerve group and Normal nerve group amongst the eyes
with baseline MD ≤ −10dB (Danesh-Meyer, 2008).
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visual impairment. Acuity of 6/9 or better at the final visit was achieved
in 96% of eyes with normal RNFL thickness, and 90% of eyes with RNFL
thinning. The majority of patients showed some improvement in their
visual field defects following surgery, even those with thin pre-opera-
tive RNFL thickness. However, patients with a normal pre-operative
OCT of the RNFL (> 80 μm in this study) improved to near normal
visual field with a mean deviation of 0.9 dB. Those with normal RNFL
thickness had significantly greater visual field improvement with 77.6%
of eyes with normal RNFL compared to 21.7% of those with thin RNFL
achieving a mean deviation of> 2.00 dB by six weeks after surgery
(visit 2). This is useful information to provide counselling to patients

regarding their potential visual field recovery following decompressive
surgery.

The patients with normal RNFL thickness showed most improve-
ment during the early post-operative stage (between surgery and 6 to
10 post-operative weeks), while those with RNFL thickness below the
5th percentile of normal values showed most improvement during the
intermediate post-operative stage (between post-operative weeks 6–10
and post-operative months 9–15). At the last visit, 81% of eyes with
normal RNFL thickness and 37.1% of eyes with thin RNFL achieved a
mean deviation greater than −2 dB; 97.5% of eyes with normal RNFL
thickness and 88.2% of eyes with thin RNFL achieved visual acuity of

Fig. 7. a- Regression lines comparing change in MD between pre-operative baseline and final postoperative assessment (after 6 months) in the eyes belonging to the
thin and normal nerve groups according to their baseline MD. p < 0.001. b - Regression lines comparing change in MD between immediate post-op (visit 2) and
greater than six months (visit 3) assessments in the eyes belonging to the thin and normal nerve groups according to their baseline MD. p < 0.001.
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6/12 or above. Patients with severe visual field defects with mean de-
viation worse than −10 dB showed a mean post-operative recovery of
12.4 ± 5.7 dB if they had normal RNFL thickness. Fig. 7 demonstrates
that those with ‘thick’ RNFL continue to show improvement not only in
the immediate post-operative phase (less than six weeks) but also be-
yond six months. While those with thin RNFL show some immediate
improvement within six weeks, they are less likely to have ongoing
improvement after six weeks.

Other investigators have made observations that have corroborated
and extended our initial findings. Jacob et al. found that with follow-up
duration of at least three months, a greater RNFL thickness increased
the probability of complete recovery of the visual field defect, with the
odds of complete recovery being multiplied by 1.29 for each increase in
1 μm of RNFL thickness. The effect was independent of age or duration
of symptoms (Jacob et al., 2009). In the study by Park et al., patients
with parachiasmal meningioma did not achieve visual improvement at
all if the average RNFL thickness was below the 5th percentile of
normal values (pre-operative mean deviation of −18.1 dB to
−21.2 dB at six months, and −19.1 dB at one year; pre-operative visual
acuity of 0.3 at six months and 0.4 at one year) (Park et al., 2015). More
than 95% of patients with normal average RNFL thickness, however,
showed post-operative improvement (pre-operative mean deviation of
−5.9 dB to −2.8 dB at six months, and −1.1 dB at one year; pre-op-
erative visual acuity of 0.6–0.9 at six months and one year). Loo et al.
evaluated patients who had either surgery and/or radiation therapy for
anterior pathway meningioma and found that patients with a thin RNFL
were less likely to experience significant visual improvement after
treatment (Loo et al., 2013).

A number of studies have published odds ratios of vision recovery
based on OCT RNFL measurements. A recent meta-analysis showed a
pooled odds ratio of 15.61 (95% CI: 4.09–59.61) for vision recovery in
patients with normal RNFL thickness, compared to those with thin
RNFL (Zhang et al., 2017). A multivariate analysis identified normal
RNFL as an independent predictor of visual field recovery with an odds
ratio of 62.137 (p < 0.001) (Yoneoka et al., 2015). In a cohort of
Korean patients with pituitary adenoma, multiple logistic regression
analysis showed that worse pre-operative visual field defect
(p=0.018), more severe MRI compression (p=0.009), and inferior
RNFL thinning (p=0.011) were significantly associated with poorer
visual outcome (Lee et al., 2016). The authors used these parameters to
construct a nomogram which allowed prediction of visual field re-
covery. The area beneath the receiver operating characteristics curve
was 0.84. RNFL parameters have also been used to predict macroscopic
structural restoration of the optic chiasm (Yoneoka et al., 2015). Pre-
served RNFL thickness was associated with increased likelihood of re-
storing chiasmal symmetry after decompression. This implies that the
compressed chiasm can restore morphological symmetry if the RNFL
thickness is intact.

5.6.3. Comparison of OCT RNFL to electrophysiological tests
Electrophysiological tests have been shown to have some prognostic

value. Both amplitude and the velocity of VEP are decreased in com-
pressive optic neuropathies. Even patients with profound decreases in
VEP may show complete recovery of VEP within minutes of decom-
pression, suggesting that one mechanism for the depressed VEP is nerve
conduction block relieved by surgical intervention (Feinsod et al., 1976;
Gutin et al., 1980; Lewis et al., 1931). However, electrophysiology does
not differentiate between decrease in visual function due to reversible
factors, such as conduction block, and irreversible factors, such as ret-
rograde RGC degeneration (Brecelj, 1992; Janaky and Benedek, 1992;
Pizzorusso et al., 1997; Siliprandi et al., 1988). In addition, delays in
latency in the VEP recording may occur in retinal dysfunction and
cannot be considered pathognomonic of optic nerve disease (Holder,
2004). The PERG, another objective test of retinal function, originates
from the inner retinal layers and provides an assessment of RGC func-
tion (Holder, 1987; Maffei et al., 1985; Ruther et al., 1998). Like the

VEP, it requires complex equipment, electrodes that are placed on the
eye, and a relatively time-consuming test procedure. PERG has also
been investigated as a prognostic indicator (Parmar et al., 2000). Al-
though the chance of visual field improvement after surgery is greater
in those eyes with a normal PERG, 34% of such eyes showed dete-
rioration or no change in visual field, indicating that PERG was not able
to predict vision recovery.

5.6.4. Degree and pattern of thinning in chiasmal compression
Clinically, patients with chiasmal compression display the classic

band (or bowtie) atrophy with horizontal pallor and preservation of the
RNFL at the superior and inferior poles of the optic nerve head. This is
because the RGC axons from the nasal hemiretinas (which cross at the
chiasm) enter the disc temporally (papillomacular bundle) and nasally,
while the uncrossed fibers which originate in the temporal hemiretina
enter the optic nerve through the superior and inferior arcuate fiber
bundles. Therefore, on ophthalmoscopy, pallor appears predominantly
on the nasal and temporal sides of the optic disc. This pattern has been
corroborated on OCT by RNFL assessment at the disc with temporal and
nasal RNFL showing significant thinning.

However, several investigators have demonstrated that RNFL thin-
ning actually occurs diffusely in all sectors, even in patients who had
strict bitemporal hemianopic visual field loss (Danesh-Meyer et al.,
2006a; Kanamori et al., 2004; Mikelberg and Yidegiligne, 1993;
Monteiro et al., 2004; Moon et al., 2011b). The generalized thinning of
the RNFL may be explained by the fact that every clock hour of the
optic disc receives crossing fibers; even the temporal side of the disc
receives fibers from the retina between the vertical meridian through
the fovea and the disc. Mikelberg suggested that some RGC axons from
the nasal retina penetrate the superior and inferior sectors of the disc
(Mikelberg and Yidegiligne, 1993). They found that although the loss of
nerve fibers in eyes with band atrophy occurs predominantly in the
nasal and temporal segments, the superior and inferior areas of the
optic disc lose approximately 50% of their fibers. This suggests that
although compressive lesions of the chiasm primarily affect the crossing
fibers, they also affect noncrossing fibers.

In terms of sectoral changes, the strongest correlations are found
between temporal disc sectors and temporal visual field mean deviation
(Danesh-Meyer et al., 2006a, 2015; Jacob et al., 2009; Moon et al.,
2011b). The temporal RNFL also shows the strongest correlation with
the corresponding central visual field as well as with central visual
acuity and color vision. The nasal RNFL thickness does not seem to
show as strong a correlation to the corresponding temporal visual field
defect (Danesh-Meyer et al., 2006a; Johansson and Lindblom, 2009).
The nasal hemiretina may have structural redundancy, or the fibers
entering the disc at the temporal quadrant may be more vulnerable to
compressive injury than those from the nasal retina.

In terms of prognostic value, temporal RNFL thickness shows the
strongest correlation to baseline mean deviation (Danesh-Meyer et al.,
2008, 2015; Moon et al., 2011a). In our studies, patients with normal
pre-operative visual field had thicker temporal RNFL at visit 3 than
those who had pre-operative visual field defect but who improved to
within normal limits after surgery. This suggests that there is some loss
of temporal RNFL even in patients who achieve complete recovery of
mean deviation (Danesh-Meyer et al., 2015).

It is intriguing that some relationships that would have been ex-
pected to be strong were not. For example, the nasal RNFL did not show
a strong correlation to the corresponding temporal sectors. This finding
may be due in part to the smaller range of visual field defects in these
sectors, as they all tended to be significantly abnormal. Also, the nasal
visual field sectors did not show any significant correlation to the
corresponding temporal optic disc sectors. Although we identified
thinning in the superior and inferior RNFL of approximately 33%, the
SITA-standard visual field test identified only mild abnormalities in the
corresponding nasal sectors with no nasal sector showing a mean de-
viation of greater than 4.8 dB. This poor correlation may be due to the
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limitation of white-on-white perimetry to identify early abnormalities
in the visual field. Studies have shown that short-wavelength auto-
mated perimetry and frequency doubling technology have shown closer
agreement with structural assessments in glaucomatous optic neuro-
pathy. Further research comparing structural parameters with other
psychophysical tests of visual function may demonstrate stronger cor-
relations for compressive optic neuropathies.

5.6.4.1. Atypical results
5.6.4.1.1. Poor recovery despite normal RNFL. There is a cohort of

patients with relatively normal RNFL who do not recover normal vision
and have no history of intra-operative complications. There are several
possible explanations. One possibility is incomplete or faulty
remyelination following surgery. Experimental chronic compression
of the optic nerve in cats demonstrated evidence of demyelination
within a week of compression and subsequent remyelination. However,
the reconstructed myelin sheaths were thinner than normal, with
reduced intranodal distances (Harrison and McDonald, 1977). Even at
18 months after spinal cord compression, remyelinated fibers exhibited
inappropriately thin myelin sheaths. Hence, although such
remyelination may be associated with restored conduction of action
potentials and recovery of visual function it remains unknown whether
remyelination is capable of restoring the ability of previously
demyelinated central fibers to impulse at physiological frequencies
(Clifford-Jones et al., 1980; Kaufmann et al., 1986). Alternatively,
microsurgical trauma may result in damage to the axons and influence
visual recovery, which clearly would have not been detected by the pre-
operative RNFL measurement. In our long-term follow-up study, we
observed that generally patients who showed minimal improvement
within the first six weeks did not show significant improvement (greater
than 5 dB from pre-operative baseline) in the following months,
although there was a small subset of patients who showed delayed
recovery. However, generally, this recovery was less than 5 dB
(unpublished data). This small subset would support the hypothesis of
delayed remyelination.

5.6.4.1.2. Increase in RNFL thickness following surgery. We found
there was a modest (1%) increase in average RNFL thickness after
surgery, and that it was more marked in patients who had pre-
operatively thin RNFL (below 5th percentile, average RNFL thickness
67.4 μm) (Danesh-Meyer et al., 2008). This study was the first to

suggest an anatomically reversible injury that parallels the functional
reversibility in chiasmal compression. This was corroborated in our
2015 study with the average RNFL thickness initially showing a slight
decrease (4.1%) within the first six weeks following surgery but then
increased (4.4%) between visits after three months. Conversely,
patients who made good visual field recoveries tended to show
greater (12.5%) increase in RNFL thickness (Danesh-Meyer et al.,
2015). This anatomic recovery has also been described as occurring
in the late post-operative stages (Moon et al., 2011b). It may be that
RGCs whose axons are injured at the chiasmal area undergo an initial
phase of reversible injury before axon and cell body loss that involves
individual axon thinning. After removal of the chiasmal lesions, the
slight thickening of the RNFL may result from restoration of normal
axon diameter in these RGCs.

5.6.4.1.3. Normal visual field despite a significantly thin RNFL. A
small cohort (15%) of our patients show normal standard automated
visual field test results with thin RNFLs (below 5th percentile, average
RNFL thickness 67.4 μm). This may be analogous to the well-known
pre-perimetric glaucoma. Our study was the first to suggest that
damage to the RGC axons may occur before identifiable visual field
loss in patients with compressive optic neuropathy (pre-perimetric
compressive optic neuropathy) (Danesh-Meyer et al., 2008). This is an
area that requires further study and verification.

5.6.4.2. long-term changes in RNFL. Following decompression surgery,
the RNFL may continue to thin despite recovery in visual field. In one
study, the average, superior and inferior RNFL thicknesses (but not the
nasal quadrant thickness) showed ongoing reduction during the first six
months after decompression (Lee et al., 2016). In another cohort of
patients, RNFL thinning progressed in all quadrants during the first
three post-operative months (Moon et al., 2011b). The difference from
the pre-operative RNFL was statistically significant in all quadrants
except the temporal quadrant. Of note, the average RNFL thickness
increased from 74.78 μm to 76.89 μm (p=0.03) after three months of
follow-up. Our 2015 study revealed a similar trend; we found that the
average RNFL thickness decreased by 4.1% between pre-operative and
first post-operative visits (6–10 weeks), and then increased by 4.4%
between first and second post-operative visits (9–15 months) (Danesh-
Meyer et al., 2015).

The post-operative loss of RNFL thickness does not parallel the

Fig. 8. Comparison of RNFL thickness of the CON and OAG groups when compared to normal according to clock hours (Danesh-Meyer, 2014).
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changes in function observed following surgery. Recovery in visual
function starts immediately after decompression. This difference may
be explained by the status of function of the RGCs: the population of
unaffected RGC axons will maintain stable RNFL thickness; those that
have undergone atrophy are also stable, but the population of cells that
are dysfunctional still have an undetermined fate. There will be a po-
pulation of this latter cell type that will recover complete or near
complete function. These RGCs explain the recovery of visual acuity
and visual function that is observed. The RGC axons of this population
may explain the increased thickness that is observed to occur weeks to
months after surgery. One possibility is restoration of the original ax-
onal diameter upon removal of compression. Axonal shrinkage has been
observed during initial phases of reversible injury in experimental
glaucoma models (Morgan, 2002). In chiasmal compression, similar
axonal shrinkage may occur and then recover following decompression.
On the other hand, there will be a population of RGC axons that are
dysfunctional but will continue to die despite decompression, either as
a result of surgical trauma or because the cells were already committed
to death. These axons with irreversible injury may continue to show
retrograde degeneration, thereby reducing the RNFL thickness.

5.6.5. Comparison of compressive optic neuropathy to glaucoma
Although compressive optic neuropathy produces characteristic

changes in the optic nerve head, there is often a significant overlap with
the appearance of other optic neuropathies, in particular glaucoma.
One of the challenging clinical dilemmas is differentiating between
glaucomatous and non-glaucomatous ‘cupping’ in relation to compres-
sive lesions. The similarities that have been observed between com-
pressive and glaucomatous optic neuropathies include enlargement of
the cup and thinning of the RNFL. Bianchi-Marzoli et al. measured the
cup:disc ratio from fundus photographs and showed that the median
cup:disc area in patients with compressive lesions is significantly
greater than in age-matched controls (Bianchi-Marzoli et al., 1995). A
large retrospective study using fundus color photography, identified
that patients with perisellar tumors showed changes in the optic nerve
head that consisted of abnormal rim shape and failure to obey the ISNT

rule (Qu et al., 2011). However, their findings were subtle; for example,
a vertical cup:disc ratio of 0.47 ± 0.14 compared with normal discs of
0.44 ± 0.12. This suggests that there is a significant overlap in the
optic nerve head morphology between glaucomatous patients and those
with chiasmal compression.

However, despite this significant overlap, there are identifiable
differences between ‘cupping’ or excavation of the optic nerve head in
glaucoma and chiasmal compression. We have shown that OCT may
assist in differentiating the pattern of optic nerve morphology between
these two conditions. Although both compressive optic neuropathy and
open angle glaucoma discs show enlargement of the cup and thinning of
the RNFL, compressive optic neuropathies demonstrate proportionally
more thinning nasally and temporally compared with open angle
glaucoma, whereas the inferior RNFL was thinner in glaucomatous eyes
when the level of visual field sensitivity damage was adjusted (Fig. 8).
The OCT 3 o'clock hour seems to have a good discriminating power
between glaucomatous and compressive optic neuropathies (Fig. 9). In
terms of cup volume and depth, both optic neuropathies result in larger
and deeper cups than normal discs. However, the cup depth in com-
pressive discs is significantly shallower than in open angle glaucoma
discs. Likewise, we identified that mean vertical cup:disc ratio was 0.48
for compressive patients while controls were 0.44 using the Heidelberg
Retinal Tomograph, and 0.6 for compressive optic neuropathy com-
pared with 0.4 for controls with spectral domain OCT (Danesh-Meyer
et al., 2014). The preferential thinning of the nasal and temporal RNFL
with compressive lesions has also been demonstrated with OCT as-
sessments by other investigators (Danesh-Meyer et al., 2006a; Monteiro
et al., 2010a).

The differences in RNFL thinning between glaucoma and chiasmal
syndromes derive from the location of injury, the type of injury, and/or
its chronicity. Current evidence suggests that the major site of damage
in glaucoma is at the level of the optic nerve head/lamina cribrosa with
the superior and inferior poles being the most susceptible sites. In
chiasmal compression, the axons that are closest to the expanding mass
are those crossing from the nasal hemiretina. The temporal hemiretinal
fibers become involved when the tumor enlarges and affects the

Fig. 9. Receiver operator curves for OCT clock hours demonstrates that the Area Under the Curve of the OCT 3 o'clock hour has very good sensitivity and specificty
for discriminating OAG discs from chiasmal compression (Danesh-Meyer, 2014).
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noncrossing fibers as discussed above.
Several theories have been postulated to explain the morphologic

changes of the optic nerve head in compressive optic neuropathy. Qu
et al. proposed that excavation in compressive lesions may occur when
the trans-lamina cribrosa pressure gradient increases (Qu et al., 2011).
A tumor that occludes the optic canal results in collapse of the CSF
space, decreasing the CSF pressure and consequently increasing the
pressure gradient. Other studies have supported the potential differ-
ences in CSF gradient as a mechanism for excavation of the optic nerve
head (Morgan et al., 1995; Ren et al., 2010). Histopathologic assess-
ment of a patient with excavation of the optic disc cup that resembled
glaucoma demonstrated that change was caused by axonal loss, with
anterograde degeneration, and secondary collapse of glial support
tissue resembling glaucomatous changes (Portney and Roth, 1977).

5.6.6. OCT of macula
Macular OCT has been explored as a means of quantifying neuronal

loss, as the RGC layer is thickest at the macula, making up of more than
a third of total macular thickness (Galetta et al., 2011), and the RGC cell
bodies are 10–20 times larger than the diameter of their axons
(Ishikawa et al., 2005). The ganglion cell complex (GCC) includes the
RNFL, cell bodies of macular ganglion cells, and axons and dendrites
within the inner plexiform layer. GCC thickness measured by OCT is the
distance from the internal limiting membrane to the outer boundary of
the inner plexiform layer (Tan et al., 2009).

The pre-operative average GCC thickness has been found to be
significantly reduced compared to healthy normal eyes (Danesh-Meyer
et al., 2015; Moon et al., 2011a, 2011b; Ohkubo et al., 2012; Sun et al.,
2017b; Tieger et al., 2017; Yoneoka et al., 2015). In addition, the
thicknesses of total macula, macular RNFL and GCC were all sig-
nificantly reduced in eyes with long-standing temporal hemianopia and
band atrophy, compared to healthy normal eyes (Monteiro et al., 2009,

2010a, 2013, 2014; Moura et al., 2007; Sousa et al., 2017). Most studies
identified the nasal macula as the most severely affected area. In the
presence of visual field defect other than bitemporal hemianopia, dif-
ferent patterns of GCC thinning were observed. For example, a patient
with a junctional scotoma showed generalized GCC thinning, and a
patient with an inferior altitudinal defect showed superior GCC thin-
ning (Tieger et al., 2017).

Binasal GCC thinning has been identified to occur in the presence of
bitemporal visual field defects but normal RNFL thickness (Fig. 10).
Tieger et al. identified in their study population that macular OCT de-
monstrated binasal loss in patients with mild or no visual field defects
(Tieger et al., 2017). This suggests that GCC analysis may detect early
or mild chiasmal compression and may have relatively more sensitivity
than RNFL analysis. Furthermore, it also has been reported that GCC
analysis may demonstrate thinning when the visual field is relatively
stable suggesting that structural changes may precede functional
change in compressive lesions. This concept requires further in-
vestigation (Monteiro, 2018).

Pre-operatively, the GCC parameters were significantly correlated
with the PhNR:b-wave ratio, mean deviation and temporal visual field
sensitivity, and this correlation was maintained until six months after
surgery (Moon et al., 2011b). The inferotemporal macula quadrant was
spared, which correlated with preserved nasal visual field (Tieger et al.,
2017).

Similar to the post-operative peripapillary RNFL thickness changes,
there was a significant post-operative reduction in the GCC areas three
months after decompression; 0.223 to 0.208mm2 in horizontal scans
(p=0.019), and 0.234 to 0.219mm2 of average values (p=0.012)
(Moon et al., 2011b). The average values improved at six months
(0.209–0.215mm2, p=0.024) in a subset of patients.

The limitation of RNFL quadrant analysis is that all disc segments
except for the nasal quadrant receive fibers from both temporal and

Fig. 10. Patient wit normal appearing optic nerves and OCT RNFL thickness. However, visual field test demonstrates a bitemporal hemianopia and ganglion cell layer
thickness shows corresponding binasal loss.
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nasal hemiretinas. The RNFLs in superior, inferior and temporal
quadrants are likely composed of fibers from multiple areas of the re-
tina. The macular quadrants, on the other hand, correspond directly to
areas of visual field, and GCC thinning is expected to match the pattern
of visual field defects more consistently than RNFL thinning. Indeed, a
number of studies found a strong statistically significant correlation
between the thickness of nasal macular quadrants and functional loss in
the temporal visual field in patients with band atrophy. The inferonasal
macula quadrant showed the strongest correlation with superotemporal
visual field sensitivity (de Araujo et al., 2017; Monteiro et al., 2010a).
Moura et al. found the strongest correlation between total macular
thickness at the superonasal quadrant and inferotemporal visual field
defect measured in both decibels and 1/Lambert (Molitch, 2002; Moura
et al., 2007, 2010). The temporal multifocal VEP amplitudes (Sousa
et al., 2017), multifocal PERG P1 amplitudes (Monteiro et al., 2013),
multifocal electroretinography N1 amplitudes and oscillatory potentials
(de Araujo et al., 2017) were significantly reduced in the thinned nasal
macula.

Using the high resolution Fourier Domain OCT, two investigators
found that the outer retina layers were significantly thickened in eyes
with band atrophy (de Araujo et al., 2017; Monteiro et al., 2014).
Monteiro et al. found that inner nuclear layers were significantly
thickened compared to controls, and there were inner nuclear layer
microcysts in 21.2% of the eyes (Monteiro et al., 2014). De Araujo et al.
also found increased thicknesses of the inner nuclear layer, outer
plexiform layer and photoreceptor layer in the nasal macula (de Araujo
et al., 2017). In their study, the thicknesses of the nasal outer retina
layers were negatively correlated with temporal visual field sensitivity.
Furthermore, the inner nuclear layer thickness in the superonasal
quadrant showed positive correlation with the amplitudes of oscillatory
potentials (which represent the function of inner and intermediate
retinal layers). However, Montiero et al. interestingly observed that the
microcysts were limited to the nasal side of the macula, corresponding
to the area of the worse visual field defect (temporal). Interestingly, the
same investigators also demonstrated that the inner nuclear layer
thickness was greatest in the nasal macula with the most axonal loss.
The cause of microcyst formation and inner nuclear layer thickening in
the nasal macula is unknown. It may represent a reactive process in
response to retrograde axon degeneration (Abegg et al., 2014). Alter-
natively, it may represent retrograde transsynaptic degeneration
(Monteiro et al., 2014).

5.6.7. Prognostic strength of OCT of macula
GCC thinning is thought to reflect the loss of RGCs. Some studies

found OCT macular parameters a better predictor of post-operative
visual field recovery than RNFL thicknesses (Moon et al., 2011a, 2011b;
Tieger et al., 2017). Pre-operative average GCC thickness was sig-
nificantly correlated with post-operative visual field mean deviation
(Ohkubo et al., 2012; Tieger et al., 2017). Ohkubo et al. found that focal
loss volume (the sum of losses in regions where there was significant
focal loss) was significantly correlated with post-operative visual field
loss (Ohkubo et al., 2012). Even if there was profound visual field loss,
complete or near complete visual recovery occurred if GCC thickness
was intact (Moon et al., 2011b; Ohkubo et al., 2012). This implies that
profound visual field deficits occurred via reversible conduction block
in the affected patients. Conversely, GCC analysis revealed significant
thinning in the absence of obvious functional loss (Cennamo et al.,
2015; Tieger et al., 2017; Yum et al., 2016). Post-operative normal-
ization of visual field has been observed despite persistent GCC thinning
(Tieger et al., 2017).

A few studies reported cases of subclinical macular involvement not
detected on routine clinical examination. Gutowski et al. demonstrated
reduced chromatic, luminance and temporal sensitivities in response to
foveally-presented flash stimuli (Gutowski et al., 1997). All 11 patients
had suprasellar extension of the tumor on neuroimaging and normal
visual acuity and visual fields. Porciati et al. showed that contrast

sensitivity to parvocellular pathway stimuli were frequently reduced in
asymptomatic patients with normal visual acuity and field and pituitary
adenomas not involving the chiasm (Porciatti et al., 1999). A case re-
port by Romano et al. described a patient with pituitary adenoma with
suprasellar extension, peripheral visual field defects and intact central
vision (Romano et al., 2010). Microperimetry subtending a radius of 6°
(white stimuli, Goldmann III, 200ms) demonstrated loss of sensitivity
in the right eye respecting the vertical meridian (visual field sensitivity
3.4 dB in the right eye versus 19.42 dB in the left eye). These studies
indicate there may be an unknown mechanism other than mechanical
compression leading to the subclinical functional abnormalities in the
macula. It remains to be answered whether this subclinical functional
loss can be correlated with GCC thinning.

5.6.8. OCT angiography
OCT angiography allows evaluation of perfusion of both the macula

and peripapillary retinal capillaries. In a small group of four patients
with persistent post-decompression visual field defects, reduced peri-
papillary vessel density has been demonstrated in the areas corre-
sponding to visual field defects (Higashiyama et al., 2016). The reduced
peripapillary vessel density measured by OCT angiography likely re-
presents atrophic changes and loss of tissue perfusion following per-
manent loss of RGCs. This is an area that requires further study.

5.6.9. Limitations of OCT
The prognostic power of OCT relies on how well it can estimate the

number of viable RGCs or their axons. Several factors can affect the
accuracy of OCT parameters.

First, OCT is subject to segmentation error. Segmentation within the
retina can be affected by structural abnormalities in the retina, tilted
disc, optic nerve edema, axial length, refractive errors, media opacity or
cyclotorsion (Chen and Kardon, 2016; Subei and Eggenberger, 2009).
The measurement of RNFL or GCC thicknesses in these cases will be
unreliable, precluding a significant portion of patients from having high
quality OCT.

Second, OCT measures all structures within the segmented area. In
patients with long-standing no light perception vision and marked optic
atrophy where there was no measurable visual function, OCT still
measured 45 μm of RNFL (Chan and Miller, 2007). OCT is inherently a
structural measure, and therefore does not distinguish healthy from
dysfunctional cellular structures and includes all RGC bodies, axons of
dysfunctional cells, sheaths of dead axons, blood vessels and glial cells.

Thirdly, OCT devices compare measurements to a normative re-
ference range and provide statistical abnormalities compared to the
reference population. There is considerable variation in the amplitude
and shape of the individual RNFL profiles, and functionally normal eyes
can have RNFL measurements outside the range of normative data. This
can lead to functionally normal eyes being classified as having ‘ab-
normal’ RNFL or GCC (Ghadiali et al., 2008). This variability will affect
the sensitivity and specificity of any prognostic analysis of RNFL or GCC
thinning, making studies with small sample sizes less reliable.

6. Post-decompression deterioration

Vision deteriorates in 1.5–12% of patients after decompression
surgery (Cohen et al., 1985; Gnanalingham et al., 2005; Mortini et al.,
2005; Powell, 1995; Salmi et al., 1982). Post-operative complications
such as prolapse of the optic chiasm into an empty sella, intrasellar
hematoma, ischemia, fracture of orbit, direct injury to the optic nerves,
excessive fat packing and cerebral vasospasm are thought to be the
main cause of early deterioration in vision (Barrow and Tindall, 1990;
Chowdhury et al., 2014). Complication rates appear to be higher with
large and invasive intracranial tumors (Sleep et al., 2003). Delayed
visual deterioration usually indicates tumor recurrence or radiation
necrosis in those who receive radiation therapy (Rivoal et al., 2000). .
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7. Future directions and conclusion

The vision loss and recovery in chiasmal compression follows a
complicated and highly variable path. Compression of the chiasm
causes visual dysfunction via conduction block, demyelination and
retrograde/anterograde degeneration. Theoretically, recovery takes
place in three stages from the early post-operative phase where con-
duction begins to return, the intermediate phase where axons undergo
remyelination and restoration of intracellular infrastructures, and the
late phase where the neural network undergoes reorganization and
collateral sprouting. Evidence suggests that localized chronic chiasmal
compression evokes molecular and physiological changes in the entire
visual system from the retina to the visual cortices. The neurobiology of
this phenomenon requires much more investigation.

Prediction of post-decompression visual outcome is challenging
because a compressed optic nerve consists of a mixed population of
axons, each with variable functional and structural status and potential
for recovery. Clinical variables, including patient age, duration of
symptoms prior to surgery, tumor size, endocrine characteristics of
tumors, optic disc pallor, pre-operative visual acuity and visual field
loss have not been reported to predict visual recovery following de-
compression. More time-consuming and invasive modalities, such as
electrophysiology, multifocal VEPs and neuroimaging, have also been
trialled with variable results. A method which allows estimation of the
quantity of viable RGCs and their functional capacity will give the best
predictive power for visual outcome (Raz et al., 2015). At present, the
OCT of RNFL and the GCC gives the most reliable measure of RGC
damage (structural change), although it has its own limitations. The
future challenge is to develop an in vivo, non-invasive and cost-effective
test that can accurately measure the number and distribution of viable
RGCs, while allowing distinction between reversible conduction block
and permanent vision loss. Until then, a combination of clinical ex-
amination and multiple ancillary tests gives the best visual prognosis
for patients undergoing chiasmal decompression.
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