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ABSTRACT

The visual pathways are essential for human vision, stretching from the
retinas of the eyes, via the anterior visual pathways and the optic radiations,
to the primary visual cortex in the occipital lobe. Injury to these structures
will lead to visual impairment — from small deficits to blindness. Diffusion
tensor imaging (DTI) can be used to assess nervous pathways in the brain,
non-invasively and in vivo. Diffusion properties, measured by DTI, have been
shown to correspond to pathology in nervous tissue and, furthermore, can be
used for visualization of white matter tracts through tractography.

Temporal lobe resection (TLR) may be indicated for medically refractory
temporal lobe epilepsy or tumors. During TLR the optic radiation (OR) may
be surgically injured, which may lead to significant visual field defects
(VFD). The aim of study I and II, was to assess the anatomical accuracy of
tractography of the OR and, ultimately, the use of tractography for surgical
guidance in order to reduce postoperative VFDs. Two different tractography
algorithms were assessed: deterministic (DTG) and probabilistic tractography
(PTG).

In Study I, PTG and DTG of the OR were performed in 23 DTI scans (46
ORs). The anterior extents of the OR tractographies were measured. Results
by PTG placed the OR more anteriorly and were the closest match to
dissection studies and to a histological atlas. The aim of Study II was to
validate the individual anatomical accuracy of OR tractographies from eight
patients who underwent TLR. The results showed that the postoperative
degree of VFD could be predicted based on the preoperative OR tractography
and the resection size.

In conclusion, PTG is a strong candidate for surgical guidance of TLR that
aims to minimize injury to the OR.

Pituitary adenomas may cause visual impairment by compression of the
anterior visual pathways. Early detection of injury is crucial in order to
initiate treatment while it is reversible. DTI may be used as a diagnostic tool
of early injury, however, the anterior visual pathways, including the optic
tracts, represent challenging structures for DTI analysis.

The aim of Study III was to assess different DTI-data extraction methods of
the optic tracts and to find a reliable method, defined as a method with low
method-dependent variability and high anatomical accuracy. Four region-of-
interest (ROI) methods were compared, out of which three could be found in



previous literature and one was new, based on the FA-skeleton algorithm of
tract-based spatial statistics (TBSS). DTI measures by the four methods were
significantly different and the semi-automatic method based on the FA-
skeleton proved to perform best.

The aim of Study IV was to assess the value of DTI as an objective
diagnostic tool for injury of the anterior visual pathways in patients with
pituitary adenomas. The FA-skeleton ROI method was applied on DTI scans
of 23 patients who underwent surgery for pituitary adenomas. DTI measures
proved to correlate with the degree of VFD and to differ significantly
between patients and controls, which may correspond to levels of
demyelination and axonal atrophy in the patient group.

In conclusion, DTI could detect pathology and degree of injury in the anterior
visual pathways and may be useful as an objective diagnostic tool for patients
with pituitary adenomas. Choice of ROI method was found to be highly
influential on DTI measures when the optic tracts were analyzed.
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Figure 1. The visual pathways of the brain. Copyleft at
http://thebrain.mcgill.ca.
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INTRODUCTION

The visual pathways are essential structures for human vision, linking the
eyes with the visual cortex in the brain. As the visual pathways extend
throughout the whole of the brain, in a front to back direction, they can be
subject to injury due to lesions with several different locations. Such
localized injury can for example be caused by tumors or trauma, including
surgical trauma. Injury of the visual pathways will lead to varying degrees of
visual impairment and, in the most severe cases, to complete loss of vision.

Reliable clinical diagnostic tools are crucial for a successful treatment.
Diffusion tensor imaging (DTI) is a magnetic resonance imaging (MRI)
technique with a unique ability to visualize and assess nervous pathways in
the brain, including the visual pathways. This thesis aims to explore the
ability of DTI to provide valuable information about the visual pathways in
two specific clinical conditions: first, patients planned for surgery in the
temporal lobes, with the aim to prevent visual impairment caused by surgical
trauma and, second, patients with large pituitary tumors, with the aim to
objectively diagnose injury to the visual pathways.

1.1 The visual pathways

The visual pathways are a complex circuitry that is part of the central nervous
system. The pathways convey and organize visual information from the eyes
to different centers in the brain that provide visual perception as well as
control several non-image photo-response functions.

The anterior visual pathways start at the retinas of the eyes and terminate in
nuclei of the thalamus and the midbrain (Figure 1). Axons from the ganglion
cells of the retinas pass through the wall of the eyeball at the optic papilla.
They then form the optic nerves, which pass through the orbits and enter the
cranial cavity. Here, the optic nerves cross over in the optic chiasm and
continue posteriorly as the optic tracts. A minority of the neurons of the optic
tracts project to the midbrain, which corresponds to the non-image photo-
response functions, such as control of the pupillary reflex and the circadian
rhythm. The majority of the optic tract neurons terminate in the lateral
geniculate nuclei (LGN) of the thalamus. From the LGN the visual pathways
continue as the optic radiations via the temporal and parietal lobes to the
cerebral cortex in the occipital lobe — the primary visual cortex '*.
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An optic nerve contains about 770 000 to 1.7 million myelinated axons >°.
The thickness of the axons varies, but the majority has a diameter of around
0.7 um. In other words, a cross section of an optic nerve consists of several
hundred thousand axons per mm”.

Throughout the visual pathways there is a strict organization of nerve fibers
corresponding to specific areas of the retinas, and thus specific parts of the
visual fields — i.e. a retinotopic organization. The optic nerves carry
information from each corresponding eye. In the optic chiasm there is a
reorganization: fibers corresponding to the lateral visual fields of each eye
cross over to the contralateral side while fibers corresponding to the nasal
visual fields do not cross over. As a result, each optic tract contains fibers
that carry information from the contralateral hemifield of both eyes. In other
words, from the optic tracts and onwards, visual information from the right
hemifields is conveyed by fibers of the left side of the pathways, and vice
versa.

The optic radiations first project out from the LGN as a compact bundle and
then quickly fan out in divisions, each representing different parts of the
hemifields ®. The superior bundles primarily contain fibers corresponding to
the lower half of the contralateral hemifield and the inferior bundles contain
fibers corresponding to the upper half of the contralateral hemifield.

Due to the retinotopic organization of the visual pathways, a localized injury
— such as a compressing tumor or a traumatic injury - will lead to a visual
field loss with a specific pattern. For example, tumor compression of the
central portion of the optic chiasm will eventually lead to a bitemporal
hemianopia (Figure 2), as the affected fibers carry information from the
lateral visual fields of both eyes. Also, a complete injury of the lower
projections of an optic radiation, for example as a complication to surgery,
will lead to a contralateral homonymous superior quadrantanopia (Figure 2).

Visual field examination

The visual field is the portion of space that is visible during steady fixation of
the gaze in one specific direction. Visual field examination, or perimetry, is
the systematic measurement of the visual field function.
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Figure 2. Two cases of visual field impairment.
The areas of the visual fields lost in each eye are
shown in black. Upper row: bitemporal

hemianopia. Lower row: right homonymous
superior quadrantanopia.

Perimetry can be manual or automated. Goldmann perimetry is the most
common manual test. With Goldmann perimetry, a trained operator moves a
stimulus into the visual field. The subject signals when the stimulus is visible
and thus the limits of the visual field can be mapped. With automated
perimetry, a computer program is used, which typically presents static stimuli
(or targets) at different locations within a subject’s expected visual field, and
the subject signals when a target is visible. High-pass resolution perimetry,
represented in this thesis, is one kind of static automated perimetry *.

Visual field examination is important in diagnosing diseases of the visual
pathways; the test is sensitive to early signs of pathology and specific
patterns of visual field loss can reveal specific pathology and/or locations of
injury. However, both manual and automated tests are dependent on the
cooperation and response of the patient and are thus both subjective with
relatively large reference intervals, which must be considered in their
interpretation.
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1.2 Diffusion tensor imaging

Brownian motion, or molecular diffusion is the random displacement of
molecules in a fluid, as the molecules are agitated by thermal energy. The
phenomenon is named after botanist Robert Brown who, in 1827, observed
and described the spontaneous motion of pollen grains dispersed in water .
In the early 20" century, Albert Einstein revisited the phenomenon and
published a paper that explained in detail how the motion that Brown had

observed was the result of pollen being moved by individual water molecules
35

In the human body, water is the dominating diffusing molecule and its
displacement is random as long as the medium is homogenous and there are
no barriers, such as in the ventricles in the brain. However, biological tissue
is often highly heterogeneous media consisting of boundaries that will hinder
the mobility of water molecules, such as cell membranes, organelles and
other macromolecular structures. Thus, the diffusivity is affected and the
displacement is no longer random — a fact that is exploited in diffusion MRI.

The image acquisition of diffusion MRI is based on a specific pulse sequence
called pulsed gradient spin echo, first introduced by Stejskal and Tanner in
1965 . The principle behind this sequence is the application of bipolar
magnetic gradients; the first gradient pulse dephases and the second pulse
rephases the magnetization of protons in a specific volume element (i.e.
voxel). For stationary elements, such as macromolecules, the pulses induced
by both gradients will cancel out. However, for non-stationary particles, such
as diffusing water molecules, some of them will have moved between the
pulses. As a consequence, the rephasing will be incomplete and signal will be
lost. The magnitude of signal loss is thus an indirect measure of water
diffusivity in the tissue.

For diffusion-weighted imaging (DWI), introduced in the 1980s, three
orthogonal diffusion gradients are applied. The result is images that can
visualize the mean diffusivity of tissues, which may be useful for the
detection of pathological conditions where the distribution of water is altered,
such as for early detection of stroke .

While examining the brain with DWI it was discovered that, in gray tissue,
the mean diffusivity was independent of the diffusion gradients’ directions
whilst it would differ depending on directions in white matter. Moseley et al.
(1990) carried out the first systemic study based on this observation and
concluded that the diffusion of water is isotropic in gray matter (i.e. equal in
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all directions), but anisotropic in white matter (i.e. expressing a principal
diffusion direction) '. The anisotropic diffusion in white matter is due to the
parallel organization of axons, where water diffusion is hindered
perpendicular to the axons but allowed to move more freely along the
direction of the axons. This finding lead to the development of DTI, which
measures the anisotropic diffusion in order to visualize and assess the
nervous pathways *°.

Since the introduction of DTI in the 1990s, there has been a great scientific
interest in the technique and its possibilities to further our knowledge of the
physiology and pathology of the brain. Clinical research is currently being
conducted alongside with continuous improvements of the DTI technique.
Some discoveries have lead to the introduction of DTI as a clinical tool, such

as the visualization of white matter pathways for neurosurgical guidance
69,72,75,76

Diffusion tensor imaging (DTI)

A non-invasive, in vivo MRI technique.
Detects the size and direction of water diffusion.

As diffusion is larger parallel to axons and hindered
perpendicular to axons...

...DTI can provide information about the location and integrity of
white matter pathways.

1.2.1 The tensor in DTI

In contrast to the three magnetic field gradient directions of DWI, six or more
gradient directions are required for DTI, which allows for the computation of
not only the mean diffusivity but also the magnitudes of diffusivities in
different directions. The diffusion pattern of a voxel is illustrated as a tensor,
based on three orthogonal principal eigenvectors that are ordered by the
magnitudes of their corresponding eigenvalues, i.e. A; > A, > A; (Figure 3).
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Isotropic diffusion Anisotropic diffusion

s W

¥

Figure 3. Diffusion. Left: Isotropic diffusion = equal
diffusion in all directions, illustrated as a sphere. Right:
Anisotropic diffusion = a principal diffusion direction (A;)
and smaller perpendicular diffusivities (A, and A;),
illustrated as a tensor.

The magnitude of the principal diffusion direction, A, corresponds to
diffusion parallel to the axons: A, = axial diffusivity.

The mean of A, and A3 corresponds to diffusion perpendicular to the axons: (A,
+A3)/2 = radial diffusivity.

The mean of all eigenvalues corresponds to the mean diffusivity: (A, + A, +
A3)/3 = mean diffusivity (MD)

Fractional anisotropy (FA) is a measure of the level of anisotropy on a scale
from O to 1:

R Y (A1 — MD)2 + (A2 — MD)? + (A3 — MD)?
VA + A5+ 25
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1.2.2 The biological basis of diffusion anisotropy

Following the observation that water diffusion is greater parallel to the
direction of white matter pathways, the question follows: Which microscopic
structures and/or physiological processes contribute to the anisotropy and
influence the specific DTI measures? Several studies have explored this by
examining the role of myelin, the axonal membranes and the structures of the
intracellular compartment (Figure 4).

Figure 4. Schematic illustration of sections of two axons: the myelin
sheaths (orange layers), the axonal walls (black cylinders) and the
cytoskeleton (inner lines and waves). The arrows indicate the
extracellular anisotropic diffusion. Long arrow = axial diffusivity,
short arrow = radial diffusivity.

The water impermeable lipid layers of myelin may initially be thought to be
an important source of anisotropic diffusion. However, studies on non-
myelinated nerves — naturally occurring in garfish and induced in mouse and
rat models - have shown that the external structural features of the axons, i.e.
the axonal membranes, are sufficient to give rise to anisotropy. The studies
further conclude that the radial diffusivity will increase with demyelination,
along with constant axial diffusivity and decreased, but still present
anisotropy. Thus, the degree of myelination will modulate the anisotropy.
Furthermore, the axial diffusivity has been shown to decrease with axonal
degeneration, along with little change in radial diffusivity **"*>!!,
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The parallel organization of the axonal cytoskeleton — the neurofilaments and
the microtubules — may be thought to affect the anisotropy, as well as the
longitudinally directed fast axonal transport. However, Beaulieu and Allen
(1994) studied the role of the cytoskeleton in garfish nerves with
depolymerized microtubules and inhibited fast axonal transport and could
observe a preserved anisotropy °. Furthermore, giant axons of squid and
lamprey enabled studies that measured diffusivity in the intracellular
compartment exclusively; it was observed that when water was restricted
only by the matrix of neurofilaments, the diffusion was essentially isotropic
9,96

In conclusion, by systematically assessing the role of intra- and extracellular
structures, it was confirmed that intact axonal membranes are the primary
determinant of anisotropic water diffusion in white matter pathways .

1.2.3 Diffusion tensor tractography

Tractography is the visualization of white matter tracts that can be derived
based on the tensor information provided by DTI “**. The underlying
assumption is that the principal diffusion direction is aligned with the
direction of the axons. By connecting voxels based on their principal
diffusion direction and their levels of anisotropy, images of white matter
pathways can be constructed. Tractography has important clinical
applications in neurosurgery, including preoperative planning and
intraoperative guidance ">’>’°. Furthermore, tractography can be used to
identify regions-of-interest in white matter, for subsequent extraction and
analysis of diffusion measures.

Tractography can be carried out through different mathematical algorithms
that consider and include the tensor information in different ways.
Advantages and disadvantages can be argued for most such algorithms as
tractography presents several challenges. First, the voxel size of a DTI scan is
much larger than the axons and the space between axons that is being studied;
a regular voxel of 1-2 mm in each dimension will contain several hundred
thousand axons. Thus, within a specific voxel there may be part of more than
one white matter pathway, with different directions (crossing or “kissing”
pathways), as well as change in direction (curving) of a specific pathway.
Tractography algorithms deal with these challenges to different extents and in
different ways. Methodological research is presently ongoing in this field,
with the aim to find models that fit the microstructural reality.
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1.3 Temporal lobe resection and visual deficits

1.3.1 Temporal lobe resection

Temporal lobe resection (TLR) may be indicated at several conditions,
including medically resistant epileptogenic foci and tumors in the temporal
lobe. In the case of temporal lobe epilepsy, more than one third of the
patients are resistant to drug therapy *. TLR is a well-established treatment
for this group, resulting in a high frequency of sustainable seizure freedom
with low morbidity '>'*®. However, 50 to 90 % of patients with temporal lobe
epilepsy who undergo TLR suffer a post-operative visual field defect (VFD),
due to injury to the most anterior part of the optic radiation, Meyer’s loop
373 A large enough VFD due to TLR can lead to ineligibility to drive, which
is reported to afflict 4 to 50% of patients despite of being seizure free
1450657 “Evaluations have shown that the ability to drive is one of the most
important life-quality goals for patients who consider epilepsy surgery '**.

Meyer’s loop is located in the anterior part of the temporal lobe, adjacent to
other white matter pathways. It cannot be visually separated from other white
matter structures by the surgeon’s eyes, or by conventional imaging
techniques. However, with advances in fiber tractography by DTI, Meyer’s
loop can be visualized in vivo. Accurate delineation of Meyer’s loop with
tractography may be used for TLR in order to assess the risk of a
postoperative VFD as well as for intraoperative guidance.

1.3.2 Meyer’s loop

The anterior bundle of the optic radiation that forms Meyer’s loop was first
identified in 1906 by Archambault and later described more in detail by
Meyer in 1907 % It extends anteriorly in the temporal lobe, spreading out in
a thin sheet of fibers and turning sharply in a bend around the roof of the
temporal horn of the lateral ventricle, before continuing posteriorly towards
the occipital lobe. The anterior bundle, including Meyer’s loop, represents the
superior quadrant of the contralateral visual field, and thus a complete injury
to the structure during surgery results in a superior contralateral
quadrantanopia (Figure 2)*7%.

10
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Figure 5. The optic radiation exposed (virtual
hospital). A brain seen from below, prepared
using Klingler's fiber dissection technique. The
arrows indicate Meyer's loop.

The architecture of the optic radiation has primarily been explored and
determined by dissection studies using Klingler’s fiber dissection technique
(Figure 5) ©. Ebeling and Reulen (1988) dissected 25 brains and presented a
distance between the temporal pole and the anterior limit of Meyer’s loop
(TP-ML) of 27 mm (range 22-37 mm) *. Other dissection studies have found
similar results and have also confirmed the considerable interindividual
variation of the anterior extent of Meyer’s loop (Table 1) *****_ Furthermore,
studies have shown an interhemispheric asymmetry of the anterior extent of
Meyer’s loop with a more anterior location in the left temporal lobe ***°. This
difference has been proposed to be due to expanding language areas in the
posterior part of the left temporal lobe, displacing Meyer’s loop forwards on
this side.

11
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Based on the variability in location of Meyer’s loop, a general safety limit for
avoiding injury to the structure during TLR is difficult to specify and
individualized methods are required in order to achieve this goal.

Meyer’s loop

The most anterior aspect of the optic radiation in the temporal
lobe.

Represents fibers of the superior quadrants of the contralateral
visual fields.

Significant interindividual and interhemispheric variation of the
anterior extent.

Bends around the roof of the temporal horn of the lateral
ventricle as a thin sheet of fibers.

1.3.3 Tractography of Meyer’s loop

Meyer’s loop is a challenging structure for tractography due to its location in
close vicinity to other white matter tracts and its thin and sharply bending
shape, leading to a high likelihood of voxels with kissing, crossing and
curving fibers. Nevertheless, several tractography studies have successfully
visualized Meyer’s loop (Table 1) 1162330314962748997HONLISIT CA Y] stydies
confirm the inter-individual difference of the anterior extent of Meyer’s loop
in the temporal lobe, also found in dissection studies. However, the mean and
range of the anterior extent differ between studies, as well as several of the
variables in the tractography acquisitions; some of which seem to have a
significant effect on the final tractography delineations.

12
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Figure 6. Sagittal image of a brain, including a tractography
of the optic radiation (red). TP-ML = the distance between
the temporal pole and the anterior limit of Meyer’s loop,
measured as demonstrated with arrow.

The measurement in focus of these studies is most often the distance between
the temporal pole and the anterior limit of Meyer’s loop (TP-ML) (Figure 6).
Although other shape and location qualities may be of interest, TP-ML may
be considered the most important measure intraoperatively, since the most
anterior part of Meyer’s loop is most prone to injury during TLR. Also, the
specific qualities of the anterior-most part makes it the most challenging for
tractogrpahy and it may thus be an indicator of success of the tractography as
a whole.

To this date, most clinical studies that have explored the accuracy of
Meyer’s-loop delineation by tractography have used either deterministic
(DTG) or probabilistic tractography (PTG).

In DTG, the orientation within a voxel is assumed to be precisely known. A
tract is produced by defining a start point and applying an algorithm linking
voxels with similar diffusion directions. The technique can be refined by
applying threshold criteria, such as a minimum FA-value and a maximum
angle of deviation of principal diffusion direction between voxels. Multiple
regions of interest are defined, to specify where the tract must pass, a
technique known as “virtual fiber dissection” *'. The advantages of DTG are
relatively fast and simple calculations with a clear delineation of fiber tracts.
The main limitations are operator-dependency, difficulties resolving curving,

13
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crossing or kissing tracts and no indication of the confidence that one can
assign to a reconstructed trajectory >*.

In contrast to DTG, PTG calculates the uncertainty of diffusion orientation
within each voxel. It then traces a large number of possible pathways
(typically >5000) from a set starting point >*. The result is a probability
distribution of connections and, by selecting an appropriate threshold below
which connections are discarded as unlikely, tracts can be outlined. PTG is
less likely to exclude voxels with low FA due to, for example, crossing fibers
or scan artifacts. However, PTG requires long calculation times, may lead to
false positive results ¥ and, furthermore, the algorithm is not as widely
supported by the MRI scanner manufacturers’ own software as is DTG. Thus,
third party software is required for PTG, which adds complexity to the
tractography process.

14
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1.4 Pituitary adenomas and the anterior visual
pathways

1.4.1 DTI of the anterior visual pathways

The anterior visual pathways are relatively small but easily distinguishable
structures in MR images, including DTI, as they are surrounded mostly by
CSF and the sphenoidal bone. Furthermore, both the macro- and
microstructural anatomy is well known, with the retinotopic organization of
axons including the crossing over of fibers in the optic chiasm.

Several clinical group-comparison studies have demonstrated the ability of
DTI to detect pathological microstructural changes in the anterior visual
pathways. The majority of these studies have focused on conditions where
the anatomy of the pathways remains largely unchanged, such as optic
neuritis and glaucoma BI0BIANE - poy example, Dasenbrock et al (2011)
compared DTI measures in the optic tracts of a control group and 23 patients
with multiple sclerosis. They found a higher radial diffusivity in the patient
group, which could correspond to demyelination, and that a lower optic-tract
FA was correlated to thinning of the retinal nerve fiber layer **. Zhang et al
(2012) assessed DTI measures of the optic nerves in patients with normal-
pressure glaucoma and an age-matched control group and found a

significantly lower FA in the glaucoma group ''®.

1.4.2 Challenges of DTI-data extraction

To this date, there is no consensus about normal values of DTI measures. A
group comparison may thus reveal differences in DTI measures, but DTI
measurements from a single individual are difficult to evaluate. Furthermore,
there is yet no consensus about the methodology of DTI-data acquisition,
although previous studies have reported a variability of DTI measures due to
several non-physiological factors, such as scanner-specific factors '"* 619,
parameters of the MRI protocol >’ selected method for raw data post
processing and of data extraction '>*****°. Previous work has also reported a
higher variability of DTI measures extracted from small structures, such as
the anterior visual pathways, compared to those of larger structures
17:45,3660.71.103 - A wareness of these methodological effects and differences due
to structure qualities are important in the design of DTI-acquisition protocols
and care should be taken when comparing results from differing DTI
acquisitions, as different results could be due to the imaging process itself.
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Although the anterior visual pathways can be clearly visualized by DTI, the
quantitative assessment of diffusion measures in these structures present
challenges. The normal dimensions are relatively small (height x width):
optic tracts 2.8 x 5.1 mm; nerves 3.0 x 5.9 mm; chiasm 3.5 x 15.0 mm 8
Pathological conditions in the structures, such as external compression, can
lead to even smaller dimensions. As the normal resolution of a clinical DTI
scan is around 2 mm per voxel side, there is a substantial risk of partial
volume effect, where inclusion of diffusion values from the surrounding CSF
will decrease the mean anisotropy of the voxels. Furthermore, due to the
crossing of axons in the chiasm, voxels in this region will include several
different fiber directions and the diffusivities in such voxels will thus be an
average of several fiber orientations. As a consequence, the standard second
order tensor model, which assumes one principal diffusion direction per
voxel, may be poorly suited for the chiasm, but, on the other hand, well
suited for the parallel organization of the optic nerves and tracts.

Regarding the final step in DTI analysis — the extraction of DTI measures —
different methods have been proposed and applied. The most common
methods in the literature so far are ROI methods where the voxels for
analysis are selected either manually, based on preexisting anatomical
knowledge, or by tractography. DTI measures can also be extracted and
assessed by group-comparison methods, such as voxel-based morphometry
(VBM) and tract-based spatial statistics (TBSS) ****°. Group-comparison
methods include a registration of all subjects’ scans to a common space. Such
registration may perform poorly for structures with certain anatomical
properties, for example structures that vary anatomically between subjects,
that are relatively small, and that are localized in areas prone to image
artifacts. The anterior visual pathways are located in such an area of the
brain, where the proximity to bone and air-filled cavities (the sinuses) causes
abundant susceptibility artifacts. This kind of artifacts arises due to
differences in the extent of magnetization of different tissue types, which
causes micro-gradients near the boundaries of tissues, reducing the signal
intensity of voxels in such areas. The resulting susceptibility artifacts
increase with increasing field strength.

Carefully hand-drawn ROIs in original diffusion space have the advantage of
adapting to changes between scans, but potentially suffer from
subjectivity/user-error. Smith et al (2006) compared inter-scan and inter-
subject variability between TBSS, VBM and manual ROIs and found that
TBSS resulted in the lowest variance for most structures while manual ROIs
had the lowest variance for some structures . However, the study by Smith
et al focused on white matter tracts that are relatively large, compared to the
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anterior visual pathways. In order to assess the effect of ROI method for DTI-
data extraction from the anterior visual pathways four different ROI methods
were compared in Study III of this thesis.

1.4.3 Pituitary adenomas and visual impairment

Figure 7. Cross-section of a normal pituitary
gland inside the bony sella, with the optic
chiasm located just superior. Printed with
permission from Mayfield Clinic.

Pituitary adenomas account for 12-15% of symptomatic intracranial
neoplasms ''°. While their prevalence in the general population is high — 15%
according to autopsy studies and 23% according to radiological studies ** —
only a minority will cause symptoms and require treatment. Small tumors
may be silent or cause symptoms caused by an over-production of hormones.
Larger tumors (> 10 mm), called macroadenomas, are most often non-
productive but may cause visual impairment as they grow and compress the
anterior visual pathways, specifically the optic chiasm, located just superior
of the pituitary gland (Figure 7). In most cases, the earliest symptom of visual
impairment is a visual field deficit **, where the upper temporal quadrants are
affected while the nasal quadrants are relatively spared. This pattern of VFD
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is in accordance with the known organization of fibers in the chiasm: the first
and major pressure site of the tumors is the central inferior part of the chiasm,
where fibers representing the upper lateral quadrants are located. As a tumor
grows the VFD will be more extensive, in addition to affected visual acuity
and nerve atrophy, eventually leading to complete loss of vision.
Macroadenomas may also cause hypopituitarism, by compression of the
normal pituitary tissue, and/or compress and affect other adjacent structures,
such as the oculomotor and abducens nerves.

Pituitary adenomas

Benign tumors of the pituitary gland.
Account for 12-15% of symptomatic intracranial neoplasms.
Symptoms (most common):

- Visual deficits, due to compression of the optic chiasm.

Underproduction of hormones, due to compression of
normal pituitary tissue.

- Overproduction of hormones.
Diagnosis by MRI and neuro-ophthalmological examination.

Treatment by transsphenoidal tumor resection.

Indication for surgery of pituitary macroadenomas

Surgery by transsphenoidal tumor resection is currently the standard
treatment for pituitary macroadenomas that affect the visual pathways. It is a
well-documented method that is associated with few complications and leads
to visual recovery in the majority of cases ***"***° Indication for surgery is
often 1) an already detected visual impairment or 2) a tumor of a size that is
deemed large enough to risk injury to adjacent structures, most often the
anterior visual pathways.

Today, the clinical assessment is based on conventional MRI and neuro-
ophthalmological examination, including visual field examination.
Conventional MRI will determine the size of the tumor and its relation to
surrounding structures, but cannot detect functionality and possible
microstructural injury of the visual pathways. The neuro-ophthalmological
test battery is sensitive to visual impairment, however, the majority of the
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tests, including the visual field examination, suffer from subjectivity as the
results are based on patient performance. The specific cause of visual
impairment may be difficult to determine in the presence of several
ophthalmological conditions; for example, visual impairment by a
macroadenoma may be difficult to detect and specify in the presence of
concurrent glaucoma or macular degeneration. Thus, the current diagnostic
tools suffer from subjectivity and a lack of specificity for injury caused by
macroadenomas. Furthermore, although most patients will experience visual
improvement after surgery, the visual function may not be completely

normalized, due to different extents of irreversibility of the injury .

Objective diagnostic tools that are sensitive to early injury in the anterior
visual pathways would thus be valuable, in order to identify candidates for
surgery at an early stage and save visual function. Previous studies have
explored methods for objective diagnostics, such as measurements of the
suprasellar tumor extension based on conventional MRI and optical
coherence tomography (OCT) of the retinal nerve fiber layer (RNFL)
2027418610 The suprasellar tumor extension has been shown to correlate with
the level of visual impairment, however, the inter-individual variability seems
to be large and the method is thus difficult to rely on in individual cases.
Preoperative OCT of the RNFL has been demonstrated to be predictive of the
postoperative visual outcome and may thus be considered for objective
diagnostics. However, it may not be optimal for diagnostics that aim to
identify early signs of injury in the visual pathways, as the RNFL can be
normal despite visual field deficits that are measurable with perimetry >,

In Study IV in this thesis we assess the ability of DTI to detect injury in the
anterior visual pathways, specifically the optic tracts, in patients with
pituitary macroadenomas.

1.4.4 Compression injury at the microstructural level

What is the nature of the microstructural injury in the anterior visual
pathways caused by tumor compression? In other words, what kind of injury
may DTI be able to detect? Several groups have studied and discussed the
specific pathology, either by clinical follow-up studies of patients after tumor
resection or by simulated tumor compression and decompression in animal
studies. The clinical studies have suggested at least two phases of visual
recovery after decompression: 1) an early phase that occurs within days after
surgery and 2) a later phase within 1 to 4 months after surgery ***’. A
proposed explanation for the early recovery phase has been removal of
conduction block and/or recovery of the cytoskeleton. The late recovery
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phase has been explained by remyelination. These proposed mechanisms of
recovery are in accordance with the simulated animal studies where chronic
compression of the cat optic nerve has been shown to lead to a gradual
demyelination, in combination with partial axotomy *°. Furthermore, by
monitoring nerve conduction after decompression by means of implanted
electrodes, an early and a late phase of recovery could be observed .
Microscopic analysis revealed a remyelination that followed the time course
of the late recovery phase. There was no recovery of the axons that had
undergone axotomy.
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AIMS

The purpose of Study I and II was to assess the ability of tractography to
visualize the optic radiations, with the ultimate goal to reduce visual deficits
caused by surgery in the temporal lobes.

Specific aim, Study I: To compare tractographies of Meyer’s loop by two
different tractography algorithms - deterministic and probabilistic — and to
determine which one produces the most anatomically accurate results.

Specific aim, Study II: To compare and validate the accuracy of
tractographies of Meyer’s loop by two different tractography algorithms —
deterministic and probabilistic — by correlating tractography results to
postoperative perimetry results, in patients who have undergone temporal
lobe resection.

The purpose of Study III and IV was to explore the ability of DTI to assess
the anterior visual pathways — specifically the optic tracts — with the ultimate
goal to assess DTI as an objective diagnostic tool for injury caused by
compression by pituitary adenomas.

Specific aim, Study III: To compare data extraction by different region-of-
interest methods in clinical DTI scans of the optic tracts, in order to identify
possible differences due to method as well as the most reliable method.

Specific aim, Study IV: To explore whether DTI can be used for objective

assessment of the optic tracts, in order to find and grade injury caused by
pituitary adenomas that compress the anterior visual pathways.
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SUBJECTS AND METHODS

Study design

Study I and III are methodological studies of an exploratory nature. Study II
and IV are prospective cohort studies. Power calculations were not possible
due to the limited number of eligible patients.

Ethical considerations

The studies of this thesis were approved by the regional ethical board of the
University of Gothenburg and performed according to statutes of the
Declaration of Helsinki. Informed oral and written consent was obtained from
all subjects prior to inclusion in the studies.

All studies included non-invasive MR imaging. In addition, Study III and IV
included study-specific neuro-ophthalmological examinations. Both
procedures were considered safe for the participants. All MRI scans, of
patients and controls, were clinically assessed by a neuroradiologist in order
to detect pathological findings.

1.5 Subjects

All subjects were included and assessed at the Sahlgrenska University
hospital, Gothenburg, Sweden.

In Study I, DTI was performed on eleven controls (mean age 34 years, range
23-62 years) without neurological or psychiatric disease and in seven patients
(mean age 36 years, range 15-58 years) with refractory temporal lobe
epilepsy before (five patients) and after temporal lobe resection (seven
patients).

For Study II, eight patients with temporal lobe epilepsy who were to undergo
TLR were included consecutively between 2007 and 2011 (age range, 15-38
years; median 34; 2 male). All patients had normal visual fields before
surgery. Five out of the eight patients were operated within the epilepsy
surgery program (also included in Study I). The main indication of surgery
for the remaining three patients was tumor resection.

For Study III and IV, 20 controls with normal vision (apart from refractive

errors) were included (age range 30-61 years, mean 44; 7 male). In addition,
23 patients with pituitary adenomas, scheduled for transsphenoidal tumor
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resection, were included for study IV (age range 28-70 years, mean 52; 14
male). A suprasellar tumor extension of grade 2-4 according to the SIPAP
grading system was required . The patients were included consecutively
between April 2012 and August 2015.

1.6 Methods

Imaging

For all studies, both DTI and conventional MRI were performed on a Philips
1.5 T scanner with some variations in associated software, hardware and
protocol settings (see respective article for more exhaustive descriptions). 1.5
T was selected instead of 3 T in order to decrease image distortion caused by
magnetic susceptibility, abundant in both the Meyer’s-loop and the optic-
chiasm areas. For the DTI acquisition, a single shot spin echo EPI pulse
sequence was used. In order to further prevent image distortion by magnetic
susceptibility, a relatively high sensitivity encoding (SENSE) factor (3.2) was
selected. However, both high SENSE factor and lower magnetic field
strength lead to reduction of the signal-to-noise ratio (SNR), why increased
signal averaging (NSA) was used as compensation. The number of NSA was
three to six, in combination with 15 (study I and II) or 32 diffusion-
sensitizing gradient directions (study III and IV) (b = 800 s/mm’).
Reconstructed pixel size was 1.9mmx1.9mm. DTI scan time was
approximately 13 to 16 minutes.

DTI-data post-processing

In all studies, FMRIB’s Diffusion Toolbox (FDT, part of FSL) was used for
motion and eddy current correction, preceding probabilistic tractography or
data extraction (http:/fsl.fmrib.ox.ac.uk/fsl/fslwiki) '". For Study I and II,
these corrections were carried out with another software preceding
deterministic tractography: the “FiberTrak™ package, part of the Extended
MR Workspace (EWS) by Philips. For Study III and IV, the voxels of the
diffusion images were interpolated to an isotropic size of 1 mm’, using a
sinc-like spline interpolation ', as the first step of the post-processing.

Tractography

Deterministic tractography was carried out by the FiberTrak package, part of
the EWS by Philips. This fiber tracking software is based on the “fiber
assignment by continuous tracking” (FACT) algorithm °***. Thresholds for
the tractography were: FA > 0.25, maximum angle change = 90 degrees and
minimum fiber length = 30 mm. Multiple ROIs were selected to dissect the
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optic radiation, as previously described ". Following the initial ROIs, the
tractography was calculated and visualized. Additional trimming” ROIs
were then defined in order to exclude apparently spurious fibers.
Computation time for diffusion registration, creation of FA maps and tensor
calculation was approximately 10 minutes. Computation time for
tractography of the optic radiation was 20-30 minutes per side.

Probabilistic tractography was carried out using the BEDPOSTX and the
PROBTRACKX tools in FSL (version 5.0.4), which allows modelling of
crossing fibers within voxels (i.e. ball and stick) '°. For Study I and II, the
maximum angle between voxels was set to 90 degrees; default angular
threshold in FSL is approximately 80 degrees, which was considered too
restrictive in the case of Meyer’s loop, due to its known curving course.

For Study I and II, tractographies, including ROI definition, and TP-ML
measures were carried out by two independent operators and repeated once
by one operator, for calculations of inter- and intra-rater agreement. TP-ML
was measured in axial slices, as the distance between the temporal pole and
the most anterior limit of the Meyer’s-loop tractography (Study I and II)
(Figure 6). The postoperative resection length was measured as the distance
between the former temporal pole and the posterior border of the resection
(Study II).

Region-of-interest methods

In Study III, four ROI methods were applied for DTI-data extraction from the
optic tracts: manual tracing was performed in 1) the b0 image and 2) a T1-
weighted image registered to the FA image and semi-automatic segmentation
was performed based on 3) tractography and 4) the FA-skeleton algorithm in
the tract-based spatial statistics framework (TBSS) *. For the latter method,
the skeleton algorithm was applied on each FA map, keeping the original
space of each individual FA map. Voxels with FA<0.2 were excluded in
order to exclude voxels with primarily gray matter or CSF. Voxel selection
was restricted to voxels included in the FA skeleton that represented the OT.
This FA-skeleton method was also used for data extraction in Study IV.

Visual field examination

For Study II, all patients underwent pre- and postoperative visual field
examination by Goldmann perimetry, part of the local clinical protocol for
TLR. The results were analyzed by two experienced senior neuro-
ophthalmologists and categorized as: no VFD (VFD=0), VFD smaller than
one quadrant (VFD<q), and VFD equal to one quadrant (VFD=q).
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For Study III and IV, patients and controls underwent visual field
examinations by HR perimetry, performed by an experienced perimetrist. HR
perimetry was selected for three reasons: 1) the method yields numerical
results making it more easily quantifiable, 2) there was a robust local
experience and 3) it has been shown to reveal chiasmal syndrome with a
sensitivity at least equal to more generally used methods .

Statistical analysis

Descriptive statistics was used for comparisons to dissection studies in
Study I and II. In Study III, the distribution of data was described by mean,
standard deviation (SD) and coefficient of variation (CV) of FA for each ROI
method.

For comparisons of differences between groups, Fisher’s non-parametric
permutation test for matched pairs was used in Study II. For comparison of
differences between more than two groups, covariance pattern models and
mixed models were used, in order to account for dependencies within
individuals (Study I, III and IV). Adjustments for multiple comparisons were
made by the Tukey-Kramer method.

For analysis of correlation between two variables, Spearman’s rank
correlation coefficient was used in Study II. Pearson’s correlation coefficient
was used in Study IV and, due to testing of several correlations on related
variables, a summarizing ANOVA-test was also conducted using a mixed
model. Correction for multiple testing was made by interpreting the
individual test as significant only if the corresponding summarizing test was
significant.

Inter- and intra-rater reliability was analyzed using Intraclass Correlation
Coefficient (Study I and II). Repeatability coefficients and limits of
agreement were used for the same purpose in Study III. Jaccard analysis was
used to test the level of overlapping voxels between the methods in Study III.

For Study IV, a prediction model based on logistic regression, with twelve
possible predictors, was constructed. Forward selection with Akaike’s
information criterion (AIC) was used in order to find the combination of
predictors with the best discriminative ability. Leave-one-out cross-validation
was performed to validate and compare models. The best model was selected
based on the cross-validation results, statistical significance of included
predictors as well as the lack of strong correlations between included
predictors
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Statisticians from Statistiska konsultgruppen, Gothenburg, were consulted for
all studies of the thesis.
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RESULTS

1.7 Study |

For controls and patients together, there were statistically significant
differences (p<0.01) for TP-ML between all methods thresholded at PTG
<1% compared to all methods thresholded at PTG >5% and DTG. There were
no statistically significant differences between PTG 0.2%, 0.5% and 1% or
between PTG 5%, 10% and DTG. For the controls and patients separately the
results were similar, except for one comparison: in the patient group there
was no significant difference between PTG 1% and DTG (p = 0.07).

The inter- and intra-rater variability tests, based on TP-ML measures of the
23 scans, showed good to excellent agreement (ICC 0.6-0.8 inter-rater, ICC
0.7-0.9 intra-rater) 37,

TP-ML measures of the eleven controls revealed a closer match to
dissection studies for PTG < 1% than PTG > 5% and DTG.

1.8 Study i

Post-operative perimetries were analyzed and degrees of VFD were
determined. Three patients had no VFD, two patients had a VFD of less than
one quadrant and three patients had a VFD equal to one quadrant.

The difference between preoperative TP-ML (by DTG and PTG separately)
and resection length could predict degree of postoperative VFD (DTG: r&=-
0.86, p<0.05; PTG: r=-0.76, p<0.05). Resection length alone could also
predict the degree of postoperative VFD (r=0.73, p<0.05). Neither
preoperative TP-ML nor the difference between pre- and postoperative TP-
ML could predict postoperative VFD.

The difference between DTG- and PTG-determined median TP-ML was 6 to
8 mm. Median pre-operative TP-ML distances for the non-operated sides
were 42 and 35 mm, as determined by DTG and PTG respectively and results
by PTG were thus a closer match to dissection studies (Table 1).

ICC for inter-rater reliability was 0.4 for DTG and 0.7 for PTG.
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1.9 Study I

The resulting FA values divided the ROI methods into two groups that
differed significantly: 1) the FA-skeleton and the b0 methods showed higher
FA values compared to 2) the tractography and the T1-weighted methods.
The latter relationship was true for all sections but section 1 (the most
anterior 5 mm) where the tractography and the manual T1W methods also
differed significantly.

The mean difference between measurements from the two raters (inter-rater)
was found to be close to zero for all methods and positions. The intra- and
inter-rater variabilities were similar for all methods, except for the
tractography method where the inter-rater variability was higher. The inter-
scan variability was found to be slightly higher than the inter- and intra-rater
variabilities for all methods. The FA-skeleton method had a better overall
reproducibility than the other methods.

When comparing ROI methods the Jaccard indices were in general low
(~0.3). The highest Jaccard index between methods was found between the
FA-skeleton and the manual b0 method.

1.10 Study IV

Eleven out of the 23 patients had pathological visual fields before surgery.
All patients with VFD improved after surgery, although four patients had
remaining VFD at the evaluation six month after surgery. Three patients
showed clinical signs of optic nerve atrophy, which remained unchanged
after surgery.

None of the statistical analyses lead to significant results when DTI measures
from the most anterior ROI (ROI 1) were included; the paragraphs below
regard results from ROI 2 and 3.

Both the degree of VFD and chiasmal lift were significantly correlated with
the radial diffusivity (r = 0.55, p < 0.05 and r = 0.48, p < 0.05, respectively)
and the fractional anisotropy (FA) (r=-0.58, p < 0.05 and r =-0.47: p < 0.05,
respectively). There were no correlations with axial diffusivity, for neither
VFD nor chiasmal lift.

The axial diffusivity differed significantly between controls and patients with

VFD, both before and after surgery (p < 0.05), however no significant
differences were found between patients with and without VFD nor between
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controls and patients without VFD. There were significant differences in FA
between controls and patients with VFD before surgery (ROIs 2 and 3), but
only a trend towards such a difference after surgery (p = 0.058, ROI 3).
Before surgery, the patients with VFD had lower FA than all other groups,
although this difference was only significant compared to the controls.
Before surgery there was a trend towards higher radial diffusivity in the
patient group with VFD compared to the controls (p = 0.073, ROI 3).

The selected prediction model was based on axial diffusivity from ROI 2 and
3 and FA from ROI 3. The model classified all patients with VFD correctly
(sensitivity = 1), whereas 17 out of 20 controls were classified as controls
(specificity = 0.85). Nine out of twelve patients without VFD were classified
as patients (sensitivity = 0.75) (Figure 9).
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DISCUSSION

1.11 Discussion — Study | and I

Study I and II both aimed to validate the anatomical accuracy of tractography
of Meyer’s loop. Study I did so by comparison to results of dissection studies
and Study II, by prediction of postoperative visual outcome based on
preoperative tractography. In addition, the studies included two commonly
used tractogrpahy algorithms — DTG and PTG — with the aim to reveal
possible differences in their delineation of Meyer’s loop.

Meyer’s loop could successfully be visualized by tractography in all subjects
in both studies — controls and patients, by DTG and by PTG. The anterior
extent differed significantly between the algorithms: PTG placed Meyer’s
loop almost 1 ¢cm more anteriorly than DTG. Furthermore, PTG was the
closest match to dissection studies, although results by PTG systematically
placed Meyer’s loop more posteriorly than dissection studies. PTG proved to
be the more robust algorithm with respect to reproducibility. Despite
significant differences between the algorithms, both DTG and PTG could
predict the degree of postoperative VFD based on preoperative tractography.

1111 The tractography algorithm and Meyer’s
loop

Several factors may affect the end result of tractography delineation, from the
scanning procedure and MRI protocol to the variables of the tractography
generation, including selected tractography algorithm ». Awareness of these
factors and their effects is crucial in the interpretation and comparison of
tractography studies, and indeed for the clinical application.

As revealed by Table 1, the TP-ML results of Study I and II are similar to
other tractography studies of Meyer’s loop, including the differences between
DTG and PTG, where results by PTG are closer to those of dissection
studies. This may be explained by an ability of PTG to better cope with the
crossing and kissing fibers in the Meyer’s-loop region than deterministic
models, as PTG allows for an uncertainty of diffusion orientation which
makes it less likely to exclude voxels with low FA and interrupt tracking at
such voxels **''. As Meyer’s loop has a curving shape and the optic
radiation is adjacent to several other white matter tracts, DTG may be
suboptimal for tractography in this region.
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Table 1. The anterior extent of Meyer’s loop — results as reported from

cadaver dissection and tractography studies.

Author/Year Study Method TP-ML (mm):
population mean (range)
Peuskens et al. 17 controls Cadaver 27 (15-30)
2004% dissection
Ebelin2g and Reulen 25 controls Cadaver 27 (22-37)
1988° dissection
Chowdhury and Khan 11 hemispheres Cadaver 26 (23-31)
2010% dissection
Rubino et al. 2005 20 controls Cadaver 25 (22-30)
dissection
Yamamoto et al. 5 controls DTG 37 (33-40)
2005""°
Nilsson et al. 2007"* 7 controls DTG 44 (34-51):
2 patients controls
46 (40-51):
patients
Taoka et al. 2008°" 14 patients DTG 37 (30-43)
Chen et al. 2009%° 48 patients DTG 32 (21-51)
Dreessen de 20 controls DTG 43 (28-54)
Gervai et al. 2014%°
Sherbondy et al. 8 controls PTG 28 (25-31)
2008%
Yogarey’ah etal. 21 controls PTG 35 (24-47):
2009"" 20 patients controls
34 (24-43):
patients
James et al. 2015 75 controls PTG 37.44 (32.2-46.6):
left
39.08 (34.3-49.7):
right
Anastasopoulos et al. 10 patients DTG 41 (39-43): DTG,
2014' PTG depicted in 3/10
patients
34 (23-40): PTG,
depicted in 9/10
patients
Liljia et al. 2014%" 11 controls DTG 44 (34-51): DTG
PTG 33 (25-48): PTG
Borius et al. 2014"° 13 controls DTG 26: DTG
18 patients PTG 30: PTG
Lim et al. 2015% 20 controls PTG 35 (23-45): PTG
CSD 30 (20-34): CSD

DTG = Deterministic tractography; PTG = Probabilistic tractography; CSD =
Constrained spherical deconvolution
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The region-of-interest (ROI) selection for tractography may also affect the
end result. The ROIs define the start and end points, and sometimes also
waypoints and exclusion points, for tractography. Study II found a lower
inter-rater reproducibility for DTG than for PTG. In the DTG process several
additional “trimming” ROIs have to be added to the standardized ones in
order to exclude aberrant fibers — a step that is not required in the PTG
process. The additional ROIs for DTG are selected by the operator,
differently in each individual scan, resulting in several operator- and scan-
specific ROIs. Subjectivity thus becomes a major issue for DTG of Meyer’s
loop, and could explain the lower reproducibility (Figure 8).

Before surgery After surgery

PTG

Figure 8. Case example of a patient who suffered a visual field defect after TLR.
Tractography by PTG showed a significant increase of TP-ML after surgery,
consistent with the visual defect, while no such change could be seen using DTG
in this case.

Upper row.: PTG before (left) and after (right) TLR. Middle row: DTG before
(left) and after (right) TLR. Blue arrows indicate the distance between the
temporal pole and the anterior limit of Meyer’s loop (TP-ML). Lower row: Post-
operative T1 (left) and perimetry (vight).
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In the majority of tractography studies of Meyer’s loop, the ROIs are
manually drawn based on the operators’ prior anatomical knowledge.
Attempts to automate this step have been made but have not yet proven to be
as successful as the manual method '"*. The reason may be important
individual anatomical differences as well as anatomical distortions in brains
with pathology, which automated methods cannot adjust to.

Similar to Study I and II, other studies have compared DTG and PTG from
the same data set '°. Anastasopoulos et al. (2014) arrived at similar TP-ML
measures as the studies in this thesis, however, the DTG measurements were
based on few subjects (n=3) as DTG failed to depict Meyer’s loop in most
subjects in their group. Borius et al. (2014), on the other hand, arrived at TP-
ML measurements of the opposite relation as Study I and II: DTG placed
Meyer’s loop more anteriorly than PTG. However, the threshold for
maximum angle between principal diffusion directions of two tracking steps
for PTG was unusually small in the latter study — approximately 37 degrees —
whereas most studies use an angle of around 90 degrees. Similarly, James et
al (2015) used PTG and a maximum angle of 30 degrees, in 75 controls, and
arrived at longer TP-ML measures than most equivalent PTG studies (Table
1) * Thus, the angle threshold most likely has a significant effect on the
tracking in the sharply bending region of Meyer’s loop.

The implication of the angle threshold highlights the importance of threshold
settings and possible effects on tractography of Meyer’s loop. The effect of
the FA threshold (used to determine below which FA value tracking should
be stopped) has been discussed and assessed. Chen et al. explored the
location of Meyer’s loop using DTG with an FA threshold of 0.15; such a
low FA threshold could increase the sensitivity of finding the most anterior
fibers in a region where partial volume effects will occur *. Indeed, the
resulting TP-ML measures were as close to dissection studies as most PTG
studies. Thus, it could be argued that the deterministic technique could
produce similar results as the probabilistic one if performed by experts in
white matter anatomy (for an adequate trimming procedure) and using low
enough FA-threshold settings.

1.11.2 Validation of tractography

Validation of the anatomical accuracy of human in vivo tractography is a
challenge as there is no ”ground truth” for comparison. Nevertheless, several
methods have been proposed and assessed.
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Dissection studies based on Klingler’s fiber dissection technique® have often
been used as a gold standard. Such comparisons in Study I and II showed that
PTG was a closer match to dissection results, although TP-ML by PTG was
systematically longer (i.e. Meyer’s loop more posteriorly located) than the
measures of dissection studies (Table 1). However, this does not necessarily
mean that the probabilistic algorithm is insufficient, as the accuracy of
dissection results have been questioned. A certain deformation level has been
seen to occur during the dissection, possibly due to the extraction of the brain
from the cranium, shrinking of the tissue during fixation by formalin and
fissuring of the tissue due to freezing. The deformation level has been shown
to vary between different brain structures and regions but the specific
deformation of the Meyer’s-loop region is unknown. However, global brain
volume shrinkage of 8.1% has been reported®’ and the TP-ML measures from
dissection studies may thus be artificially shorter than those of a living brain,
which should be taken into account when evaluating the systematic
difference seen in comparison to tractography.

Other methods for validation have been suggested, such as MRI-detectable
neuronal tracers in animal studies, where a tracer, such as manganese, is
injected into a tract of interest. Dyrby et al. compared results from
manganese-enhanced imaging to probabilistic tractography, and concluded
that the latter reliably detected specific pathways, including the optic
radiation *'. To ensure the absence of most of the sources known to degrade
the accuracy of in vivo DTI tractography, they performed their experiments
on post mortem porcine brains. Although these results are promising for the
validation of tractography, the accuracy of tractography in in vivo human
brains still remains to be determined.

A few groups have attempted in vivo validation of tractography by prediction
of postoperative visual outcome in patients who undergo TLR, using either
DTG or PTG 2871017 The prediction models have all been successful,
however, to different degrees. Several of the studies have been able to predict
postoperative VFD when combining tractography and resection length
measurements, similar to Study II herein. Taoka et al., using DTG in a study
of 14 TLR patients, found that preoperative TP-ML and resection length
together could divide their cohort into two groups: those with no or small
visual field defects and those with larger visual field defects *’. In a PTG
study based on 20 TLR patients, Winston et al. found similar correlations and
were able to predict degree of postoperative visual field defect, comparing

resection length and preoperative TP-ML ''°.
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These prediction studies provide a certain confirmation of the anatomical
accuracy of tractography in live human brains. However, a variety of
tractography methodologies are represented in the prediction studies,
including different tractography algorithms. As there are known differences
in the ability of different tractography algorithms to depict the anterior extent
of Meyer’s loop, one could assume that these studies validate the accuracy of
tractography with a certain margin of error. This assumption is reinforced by
the results of Study II, where the degree of postoperative VFD can be
predicted using both DTG and PTG.

1.11.3 Tractography during temporal lobe
resection

Although validation of the anatomical accuracy of tractography is of interest,
the ultimate goal of tractography of Meyer’s loop for TLR is not a perfect
delineation but rather a method that can reduce postoperative visual deficits.
Thus, as yet another means of validation, tractography may be integrated in
the TLR process and the frequency and degree of postoperative VFD may be
assessed.

To this date, two scientific articles have reported results of pre- and
intraoperative tractography during TLR and the effect on postoperative visual
outcome. Thudium et al. (2010) applied preoperative tractography in a
surgical neuronavigation system in 12 patients, attempting to plan safe
surgical trajectories of resection to avoid injury to Meyer’s loop 1% There
was no control group in this study, however, 75% of the patients had no
postoperative VFD, compared to 53% in a previous study from the same
group. Winston et al. (2014) displayed preoperative tractography on a
neuronavigation system intraoperatively as well as in the operation
microscope '''. None of their 21 patients had a postoperative VFD large
enough to preclude driving, which was the case for 13% of the patients in a
previous cohort of 44 patients. They concluded that intraoperative
tractography guidance for the surgeon reduces severity of visual outcome,
while preserving level of seizure outcome. Further randomized prospective
studies with control groups, and larger cohorts, are needed to confirm these
findings.

1114 Improving tractography algorithms

Modeling the diffusion distribution in each voxel as a 3x3 symmetric tensor,
as for DTG, is the most common approach in clinical DTI practice today.
However, it seems this modeling is not able to resolve complex intra-voxel
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microstructures (e.g. crossing fibers), which are deemed to exist in at least
one third of all white matter '°. In order to address this problem a wide
variety of multi-fiber diffusion models have been proposed, including the
‘ball and stick’ model used for PTG herein ', analytical q-ball imaging * and
non-negativity constrained spherical deconvolution (CSD) '®. A comparison
of different multi-fiber models, in terms of false-positive and false-negative
fiber detection rates, reported that the “ball and stick” and the CSD models
were superior for most tracts, and that the CSD model was superior when it
came to voxels including more than two fiber directions '*. CSD has also
been shown to successfully visualize the optic radiation including Meyer’s

loop "

Similarly, two studies compared the sensitivity and specificity of different
tractography models, by comparison to results of manganese tracing in
animals **”. They both found that a model will either yield high sensitivity
and low specificity or vice versa, especially in regions of crossing fibers.
Thomas et al (2014) concluded that diffusion tensor tractography has
fundamental limitations when it comes to accurately mapping brain
connectivity and that those limitations are unlikely to be overcome by
improvements in data acquisition and analysis. While this judgment may be
true when it comes to accurately mapping the human connectome,
tractography may still be highly useful clinically. Based on the knowledge of
the limitation of different models, specific tractography models may be
selected for specific clinical needs. For example, if the objective is to reduce
the risk of including false-positive pathways, a stricter model such as DTG or
probabilistic ball and stick model with conservative thresholds may be used.
On the other hand, if it is important not to miss any pathways of a tract, for
example in order to safely prevent surgical injury, a model with higher
sensitivity may be used, such as CSD or ball and stick with liberal
thresholdings.

1.12 Discussion — Study lll and IV
1.12.1 Choice of ROl method matters (Study lil)

Choice of ROI method for DTI-data extraction was found to significantly
affect the FA values when the OTs were analyzed. The results of Study III
highlight the importance of carefully considering the methodology of DTI
analysis, for small structures of interest in particular. The optimal
methodology may differ depending on the specific qualities of a structure of
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interest, including its dimensions, the fiber organization, the location and
surrounding structures, etc.

For the analysis of the OTs there are several structure-specific qualities to
consider.

First, the OTs are small in comparison to standard DTI voxel dimensions. An
appropriate ROI method should thus be able to accurately identify the OTs,
while avoiding border-zone voxels and voxels that are outside of the tracts, as
inclusion of such voxels would have a significant influence on the resulting
mean diffusivities. Tractography may be used for ROI definition; however, in
Study III, tractography performed poorly for analysis of the OTs, mainly due
to inclusion of non-optic tract and border-zone voxels.

Second, the OTs are located in an area prone to image distortion due to
magnetic susceptibility artifacts, affecting the image quality and geometry.
ROI methods based on registration between diffusion space and other
images, such as T1-weighted and/or standard-space images, may thus result
in insufficient overlap of voxels. This was the case for the ROI method that
involved registration between T1-weighed images and diffusion space in
Study III; the result was spuriously low FA values, similar to those of the
tractography ROIs. The registered images were off by one or two voxels at
several locations along the OTs, which proved sufficient to significantly
affect the results.

Third, for analysis of voxels of the optic chiasm, the crossing of fibers within
voxels should be considered, as DTI measures from a single voxel will be an
average of several fiber directions. In Study III, the results from ROI 1,
which included chiasmal voxels, differed from results from the more
posterior ROIs, which included only OT voxels.

The ROI method based on the FA-skeleton algorithm of TBSS performed the
best *°, defined as a comparatively high anatomical accuracy and
reproducibility. Standard TBSS includes a registration step, which was
deliberately excluded for the ROI method herein due to the expected
difficulties of registration discussed above. The manually drawn ROIs
performed similarly to the FA-skeleton method, however, the reproducibility
was slightly poorer, most likely due to the difficulty for the human eye to
accurately identify all sections of the small OTs. In contrast to the
subjectivity of the manually drawn ROIs, the FA-skeleton method is semi-
automatic, as the algorithm selects the voxels to be included, and thus less
sensitive to user error.
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While the ROI method based on the FA-skeleton performed well for the OTs,
this may not be the case for other structures. The FA-skeleton normally
defines two voxels per cross section, which is similar to the dimensions of the
OT without including border-zone voxels. A larger tract will have a wider
center, where some of the voxels may be affected by pathology with
decreased FA and some not. In such a case, the FA-skeleton ROI method
would miss the pathologically affected voxels by centering on the ones with
the highest FA.

In conclusion, several structure-specific qualities will affect the suitability of
a ROI method. The method proposed herein may be considered for structures
with similar qualities as the OTs.

1.12.2 DTI as a diagnostic tool (Study IV)

The results of study IV demonstrated that DTI can detect pathology and
degree of injury in the anterior visual pathways, affected by compression by
pituitary adenomas. These findings are promising in the quest for an
objective diagnostic tool that can assist in the treatment-decision process for
patients with pituitary adenomas. The specific variations of diffusivities that
were detected may reflect specific pathologies: the positive correlation of
radial diffusivity and degree of VFD may stand for a gradual demyelination
concurrent with a worsening visual function and the low level of axial
diffusivity in the patient group may stand for a degree of axonal atrophy in
the OTs that are affected by external pressure.

A prediction model could successively separate patients from controls, based
on a combination of DTI measures (Figure 9). The model was primarily
based on axial diffusivity and, secondarily, on FA. According to the animal-
model studies referred to in Section 1.2.2, a decrease in axial diffusivity may
be a marker for axonal degeneration. The prediction model could thus reflect
considerable differences in the level of axonal degeneration between the
groups, in combination with more unspecific conditions affecting the
anisotropy (i.e. the FA values). A certain level of axonal degeneration is
likely in the group of patients with VFD, which could explain why the model
classified all patients with VFD as patients. Local, less extensive axonal
degeneration, in combination with demyelination, may be present in the
group of patients without VFD, which may explain that nine out of the twelve
patients without VFD could be classified as patients. A prediction model such
as the one presented in Study IV may be used in the preoperative assessment
of injury to the anterior visual pathways and contribute in the treatment-
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Prediction Model
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Figure 9. Prediction model based on three predictors: axial diffusivity (AD)
from ROI 2 and 3, FA from ROI 3. Linear predictor: 50 -16*ADgoy; -
22%FAgoy; -6.1%ADpops (AD in units of um*/ms). ROC AUC (95% CI): 0.91

0.81; 1).

decision process. The current model should be tested on a larger cohort in
order to be confirmed and/or modified.

Paul et al (2014) analyzed DTI measures in the OTs in a study including nine
patients with compressive pituitary adenomas and, similar to Study IV, were
able to find significant results based on DTI measures **. While both studies
resulted in positive correlations between radial diffusivity and degree of
visual impairment, they differed in some aspect. In contrast to Study 1V, Paul
et al. (2014) reported significant differences in radial diffusivity, and no
differences in axial diffusivity between patients and controls and,
furthermore, they also reported a normalization of radial diffusivity after
surgery for the compressive tumor patients. These inconsistencies between
the two studies may be due to differences in statistical methods and the fact
that both studies were based on relatively few patients, who may differ in
level and type of OT injury.

Although the group comparisons in Study IV revealed no significant

differences in radial diffusivity between any of the groups, a trend could be
observed between controls and patients with VFD before surgery. This trend
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disappeared after surgery, along with significant differences in FA before
surgery between the same two groups. The difference in FA before surgery
may be the result of a combination of affected axial and radial diffusivity.
The changes in radial diffusivity and FA after decompressive surgery may be
due to a remyelination and thus a normalization of the radial diffusivity
postoperatively, however, larger study samples are needed to confirm this
hypothesis.

Similarly, there were no significant differences in DTI measures for the
patient group with preoperative VFD before compared to after decompressive
surgery, although all patients improved postoperatively with regard to visual
field. However, although not statistically significant, some differences could
be seen: after surgery radial diffusivity was lower and FA higher while there
was almost no change in axial diffusivity. Due to a limited study power, these
results can neither confirm nor renounce a postoperative difference for
patients with preoperative VFD.

The FA-skeleton ROI method, which was the most successful in the
methodological Study III, was applied in study IV, including the definition of
three separate ROIs covering the anterior portion of the OTs in an anterior-
posterior direction. The purpose of the three ROIs at different distances from
the optic chiasm was to explore the possibility of varying microstructural
changes, and thus diffusivities, along the OTs. Such variations could be
expected, based on the results of Study III and the study by Paul et al (2014),
which both revealed a pattern of varying DTI-measure values along the
length of the OTs: for example, lower FA close to the chiasm and an increase
in FA more posteriorly *. Furthermore, ROI 1 (closest to the chiasm) was
expected to differ from the other ROIs due to inclusion of chiasmal voxels,
which would affect the DTI measures due to crossing fibers. The more
anterior ROIs would also be directly affected and flattened by tumor
compression. The results of Study IV revealed that the different ROIs indeed
provided unique information as, for example, AD from both section 2 and 3
were selected for inclusion in the prediction model. In the group comparisons
no differences could be seen for ROI 1 and ROI 1 did not contribute to the
prediction model. Thus, the optimal ROI location for assessment of injury
due to external chiasmal compression may be one or several ROIs across the
anterior sections of the OTs, while excluding the chiasm.
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1.13 Strengths and limitations

The MRI protocol that was used for DTI acquisition in all four studies may
be discussed in this section, as it may be argued to imply strengths, primarily,
but also limitations. The Meyer’s-loop and the OT areas both risk image
distortion due to susceptibility artifacts and, furthermore, the common aim of
the studies was to depict relatively small structures with precision, especially
in the OT region. The magnetic field strength in combination with the
protocol settings were selected in order to optimize imaging for these
conditions.

The DTI acquisition may have limitations. More recent techniques for
reduction of image distortions and increased resolution, such as zoomed
acquisitions, were not available at the time of the scanning but may be an
option for the small structures that are the anterior visual pathways. Other
groups have presented probabilistic tractography results of Meyer’s loop
equivalent to those of Study I and II, although data has been acquired on 3 T
scanners “>'"". Higher field strength has advantages such as higher SNR and
shorter scan times and may be preferable if image distortion factors can be
suppressed.

1131  StudylandIi

A major strength of Study I and II was the comparison of DTG and PTG
based on the same set of DTI scans. While differences between the two
algorithms could be observed by comparison of results from different studies,
several other differing factors between those studies may have affected the
end tractography results, why such comparisons are insufficient.

A limitation of Study I and II was that, although the goal was to compare
tractography algorithms alone, some other factors in the comparisons did
indeed vary: software, ROI selection procedure and number of tensors per
voxel (DTG used a one-tensor model and PTG allowed crossing fibers within
voxels). However, the comparisons can be described as clinically relevant
since the specific implementations of DTG and PTG in Study I and II are
commonly seen in clinical practice and studies.

The reproducibility tests in Study I and II strengthen the credibility of the
study results, as certain subjective steps are present in the tractography
procedure (eg. ROI definition). Furthermore, the reproducibility of PTG was
stronger than that of DTG, which contributes important information about
differences between the algorithms.
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In Study I, results of both controls and patients were analyzed together.
Although the aim of the study was to compare methods rather than to achieve
normal anatomy, this lead to a reduction of the homogeneity within the study

group.

In Study II, a clinical grading system based on Goldmann perimetry with
three categories of VFD was used. Other studies have used more categories,
for example by including calculated percentages of visual field loss '
Study-specific perimetry and a more detailed visual field scale could have
revealed more details in the results.

1.13.2 Study Il and IV

The main strength of Study III was the methodological comparison based on
the same set of DTI scans. As argued for Study I and II, many factors affect
the end results of DTI imaging; methodological studies, changing one
parameter at a time, are important to further the understanding and usefulness
of DTL

The focus of Study IIl may be considered to be narrow as it was limited to
the OTs alone. However, the results are likely to be generalizable to white
matter pathways similar to the OTs, especially regarding size, although not to
pathways with considerably wider cross sections.

The main strength of study IV is the prospective design including an
adequate time span between decompressive surgery and follow-up, sufficient
for most visual recovery to occur.

Study III and IV both use the same ROI methodology where the most
anterior ROI covers a section of the optic chiasm. Due to the fiber
organization of the chiasm the second order tensor model that was used may
be poorly suited for chiasmal voxels (discussed in section 1.4.2, paragraph 2).
DTI of the optic chiasm requires a considerably higher resolution and/or a
more advanced tensor model. However, the second order tensor model is well
suited for the parallel organization of the OTs and thus for the more posterior
ROIs of the studies.

A limitation of study IV was the small study group, which became apparent

when the group was divided into subgroups of patients; some important
differences between the groups may be lost due to lack of statistical power.
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CONCLUSION

» Preoperative tractography by both the deterministic and probabilistic
algorithms could predict the degree of postoperative visual field
defects in patients who underwent TLR. Due to significant
differences in the visualizations of the anterior extents of Meyer’s
loop by the two algorithms, it can be concluded that the prediction
model provides a validation of the anatomical accuracy, although
with a certain margin of error.

» Delineation of Meyer’s loop by probabilistic tractography was the
closest match to data from dissection studies and the most robust in
terms of inter-rater reproducibility. Probabilistic tractography may be
recommended for visualization of Meyer’s loop, preceding temporal
lobe resection, with the goal to avoid injury that leads to
postoperative visual deficits.

» Choice of ROI method for DTI-data extraction from the optic tracts
significantly affected the resulting DTI measures. A semi-automated
method based on the FA skeleton proved to perform the best, in
terms of anatomical accuracy and repeatability. The choice of
methodology for DTI-data extraction of relatively small white matter
pathways should be carefully considered.

» DTI data revealed pathological changes as well as degree of injury in
the anterior visual pathways, affected by compression by pituitary
adenomas. DTI may provide objective data, detect early signs of
injury and become an additional diagnostic tool for determining
indication for surgery in the case of pituitary adenomas.
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FUTURE PERSPECTIVES

Recent studies have shown that tractography algorithms such as the
probabilistic ball and stick model or CSD may be suitable choices for
tractography of Meyer’s loop as they produce the best matches to known
anatomy. The downside of both models, however, is the risk of producing a
false positive pathway extent. Even so, with the goal to depict Meyer’s loop
in order to avoid injury during surgery, these models may be preferred to
others that are likely to produce false negative results; a false positive
pathway extent may be considered a safety margin. Either way, the surgeon’s
knowledge of white matter anatomy and awareness of the sources of error of
the selected tractography technique is crucial for optimal and safe clinical
employment.

Further methodological studies may improve tractography of Meyer’s loop,
however, studies that evaluate the ultimate goal — reduction of postoperative
visual deficits — may be more clinically relevant at this stage. While
promising results recently have been published (Winston et al., 2014)'"",
these results need to be reproduced based on larger cohorts and, preferably, at
different study sites.

Future improvements of the DTI protocol may yield higher resolution and
reduction of image distortion of clinical scans. Such improvements would
facilitate DTI analysis of small structures especially, such as the anterior
visual pathways. Zoomed acquisitions may be such a technique, provided it is
realistic to perform in clinical settings.

To this date, there is no consensus about the DTI acquisition procedure, from
scanner to data analysis, although several methodological factors clearly
affect the end results. More knowledge about methodological effects is
needed in order to further introduce DTI as a clinical tool, including for the
definition of reference intervals.

Study IV presented promising results about DTI as a possible objective
diagnostic tool for injury of the anterior visual pathways in patients with
pituitary adenomas. The predictive model based on a combination of DTI
measures should be repeated, confirmed and possibly modified based on a
larger patient cohort. Possibly, other objective indices such as OCT or tumor
extension may be added to the model in order to reinforce its predictive
value.
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SAMMANFATTNING PA SVENSKA

Synbanorna i hjirnan bestar av nervceller som leder information fran dgats
nithinnor till priméra syncentrum i bakre delen av storhjdrnan. En skada pa
synbanan leder ofta till ett synféltsbortfall, som ar specifikt for den del av
banan som skadats. Synfiltsbortfall &r handikappande for individen i olika
grad och kan till exempel leda till kdrkortsforbud.

Diffusion tensor imaging (DTI) dr i dagsldget den enda teknik som kan
avbilda nervbanor i hjdrnan, inklusive synbanan. DTI méter vattenmolekylers
diffusionsrorelse, vilken begrinsas och riktas beroende pa omkringliggande
strukturer, sdsom nervernas cellmembran. Nervbanors anatomi och eventuella
skadegrad kan pa sa vis berdknas och avbildas — sé kallad traktografi. Olika
diffusionsegenskaper kan dessutom korreleras till olika typer av skada, sdsom
nedbrytning av nervceller eller forlust av det isolerande fettlagret runtom
nervtradar (demyelinisering).

Operation i tinningloben (femporallobsresektion) kan vara indicerat for att
avldgsna vivnad som innehdller tumor eller drrbildning som utloser
epileptiska anfall (temporallobsepilepsi). En del av synbanan -
synstrdlningen - passerar genom tinningloben och kan litt skadas vid
temporallobsresektion och leda till férlust av % av synfiltet.

Studie I och II syftar till att underséka om traktografi kan avbilda
synstralningen i temporalloberna korrekt, s att denna bildinformation kan
anvédndas infor och under operation for att undvika kirurgisk skada. I studie I
jamfordes resultaten av tva olika traktografialgoritmer — deterministisk och
probabilistisk. Avbildning med probabilistisk traktografi placerade
synstrélningen lédngre fram, vilket stimde béttre dverens med resultat fran
dissektionsstudier. Studie II baserades pé traktografi och synféltsméitningar
av atta patienter som genomgatt temporallobsresektion. Uppskattad
skadegrad av synstralningen efter operation, baserat pa traktografi,
korrelerade vl till grad av synfiltsskada. Sammanfattningsvis visar studie I
och II att traktografi — sérskilt den probabilistika varianten — kan avbilda
synstrdlningen med en acceptabel anatomisk felmarginal och dérmed vara
anvandbar for temporallobsresektion.

Hypofystumorer ar oftast godartade men kan leda till uttalade synstdrningar
nér de tillvaxer och trycker pa den ovanliggande synnervskorsningen, som &r
en del av frimre synbanan. Den gingse behandlingen &r Kkirurgiskt
avldgsnande av tumoren vilket i de flesta fall forbéttrar synen utan allvarliga

45



Ylva Lilja

komplikationer. Idag anvénds synundersdkning inkluderande
synféltsundersokning och konventionell bildteknik for diagnos och
behandlingsunderlag. Synundersokning dr dock beroende av patientens
medverkan och innebér en subjektiv bedomning av synpaverkan. Det finns
idag ingen objektiv metod fOr att midta och kvantifiera skada i framre
synbanan.

I studie III jdmfordes fyra olika metoder att extrahera data fran DTI-bilder av
frimre synbanan, med syftet att identifiera en stabil metod. Maitningar
utfordes pa 20 friska individer. Resultaten skiljde sig signifikant mellan
metoder och en metod utmérkte sig avseende anatomisk dverensstimmelse
och reproducerbarhet. I studie IV inkluderades 23 patienter som skulle
genomgé kirurgiskt avldgsnande av synbanekomprimerande hypofystumorer.
DTI och synfiltsmétning utfordes fore och efter operation. DTI-data
extraherades fran frimre synbanan med hjélp av metoden som framtagits i
studie III. Resultaten visade att grad av synfiltsnedséttning korrelerade till
DTI-vdrden och att DTI-vdrden skiljde sig mellan patienter och friska
individer. De skillnader som kunde ses i de specifika diffusionsegenskaperna
tyder pa att DTI kan identifiera demyelinisering och cellnedbrytning samt att
DTI kan detektera skada tidigare &n konventionella metoder. DTI skulle i
framtiden kunna anvindas for objektiv diagnostik av frimre synbanan, vid
missténkt skada orsakad av hypofystumorer.
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