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Abstract

Purpose To determine whether metabolite
changes at cellular level occur in vitreous
and lateral geniculate body (LGB) in patients
with glaucoma by magnetic resonance
spectroscopy (MRS).

Methods A total of 29 eyes of 29 patients
with glaucoma, no existing ocular pathology
and systemic disease (group 1), and 13 eyes
of 13 healthy individuals whose routine
ophthalmological examinations were normal
(group 2) were included in the study. Single-
voxel MRS examination was performed by
placing region of interest in vitreous and
LGB. Glutamate-glutamine (Glx)/creatin (Cr)
ratios and lactate peaks in the vitreous, and
the GIx/Cr, N-acetyl aspartate (NAA)/Cr,
choline (Cho)/Cr ratios in the ipsilateral area
of LGB were evaluated.

Results A statistically significant difference
was found between the two groups for the
GIx/Cr ratio in both the vitreous and LGB
(P=0.0001). There was no statistically
significant difference between the two
groups for the NAA/Cr, and Cho/Cr ratios in
the LGB (P =0.108). A lactate peak was
established in the vitreous of 11 glaucoma
patients.

Conclusion Determining increased GIx/Cr
ratios in both the vitreous and LGB of
glaucoma patients, supports the theory of
apoptosis in the etiopathogenesis of
glaucoma. The MRS method, which can
measure biochemical structures and
metabolites of tissues, and also shows on a
single spectrum, may be a new and non-
invasive method for confirming the diagnosis
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of glaucoma and the role of apoptosis in the
etiopathogenesis of glaucoma.
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Introduction

Glaucoma is a specific optic neuropathy
involving progressive damage to the optic nerve,
deterioration of the retinal ganglion cells, and
ultimately visual field loss. It is a leading cause of
blindness worldwide, and is also described as
one of the preventable causes of blindness if
diagnosed early.! The progressive damage in the
visual fields of some patients with normal or
controlled intraocular pressure (IOP) proves that
the IOP is not only the cause of glaucoma, but is
also an important risk factor for it.2

The importance of both the anterograde and
retrograde neurotransmitter passage between
the axons of the lateral geniculate body (LGB)
and the retinal ganglion cells in maintaining the
vital functions of the retinal ganglion cells is
well known. It is thought that this passage is
impeded reciprocally, especially in the
intraocular part of the optic nerve. The effects of
various growth factors, especially the brain-
derived neurotrophic factor on ganglion cells
have been studied, and reported that these
factors are produced in the superior colliculus
or geniculate nucleus in the brain, then move
retrogradely to the soma and work there to
maintain the cell functions.?
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Glutamate is an important transmitter existing widely
in the central nervous system (CNS) and is responsible
for excitatory transmission.#-¢ Its neurotoxic effect
(excitotoxicity) was first seen through experimental
studies on mice.* In further studies, it was determined
that glutamate may be effective in the pathogenesis of
some neurodegenerative diseases of CNS.# In the light of
the apoptosis theory indicated as a factor in glaucoma
pathophysiology, an increase in the level of glutamate
known for its neurotoxic effects, is expected on the optic
disc vitreous and LGB region. Research carried out on
glaucoma patients showed discrepancies in their
glutamate levels in the vitreous.” Some studies reported
an increase in the glutamate level,” while others claimed
no increase in glutamate.1 However, neuroexcitoxicity
was shown histopathologically in the experimental
glaucoma models.” Thus, recent studies have mainly
concentrated on searching for the remediation role of
antiexcitoxic agents, such as memantine, and most of
these studies have revealed that memantine is an
effective agent for the treatment of experimental
glaucoma.?? In relation to this topic, an unmasked, phase
III clinical trial, examining the safety and efficacy of oral
memantine as a neuroprotectan for the treatment of
glaucoma was announced a few years ago. The study
showed that there was no statistical difference about the
progression of the disease between the patients receiving
memantine and placebo. As a consequence, there was no
basis for the approval of memantine for use in
glaucoma.'” But perhaps, with better parameters to
define more precise endpoints and/or an extension of the
trial, the efficacy of memantine might have achieved
statistical significance as discussed in Osborne’s article.!!

Glaucoma is diagnosed when the characteristic optic
disc changes are seen along with corresponding visual
field defects by structure and function correlation.
Threshold standard achromatic perimetry (SAP) replaced
Kkinetic perimetry as the ‘gold standard’ for documenting
functional losses caused by glaucoma. And though SAP
is an excellent modality for documenting moderate-to-
advanced optic nerve head (ONH) and retinal nerve fibre
layer damage, it is widely accepted that by the time
threshold SAP reveals the first functional defects, nearly
50% of optic nerve axons have been lost. Namely, when
the glaucoma is diagnosed clinically, there has already
been a considerable damage in retinal ganglion cells.
Frequency doubling technology (FDT) perimetry and
short-wavelength automated perimetry (SWAP) offer
unique opportunities toward the goal of earlier detection
and diagnosis. Both of these technologies have been
evolving. Applying both FDT and SWAP can bolster the
functional glaucoma testing. Today neither of these
technologies is intended to replace the current gold
standard (threshold SAP). When one or both of these
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technologies are applied as adjuncts’ to threshold SAP,
we will be able to detect damage earlier than previously
possible.!?13 Currently, axonal cell loss may precede
perimetric evidence of such cell loss by years. For this
reason, addition to previous methods, novel diagnostic
methods are still required to establish the neuronal
damage at cellular level.

Magnetic resonance spectroscopy (MRS) is a diagnostic
method that is able to evaluate biochemical structure and
metabolites of tissues non-invasively.'* In our study, we
attempted to determine whether metabolite changes in
cellular level occur in both vitreous and LGB of patients
with glaucoma.

Materials and methods

In this study, 29 eyes of 29 glaucoma patients, suitable
for criteria for inclusion, and 13 eyes of 13 healthy
individuals, found normal in routine ocular examination,
were included in the study. All the patients were enrolled
from a single centre. The race of the participants was
Caucasian. The patients with glaucoma were classified
as group 1, and the healthy individuals were defined
as group 2. The total study period was 6 months.

Patient inclusion criteria for group 1 were
characterized by the presence of glaucomatous optic disc
damage (glaucomatous cupping and/or glaucomatous
ONH changes), and the presence of glaucomatous visual
field defects detected in the computerized visual field
examination. Individuals in group 2 were characterized
by IOP <21 mm Hg, normal optic disc, and normal
visual field examination.

The visual field examination was performed using
Humphrey (Carl Zeiss Meditec, Dublin, CA, USA) (30-2)
SITA-Fast (Swedish Interactive Thresholding Algorithm)
programme. The test was repeated under certain
circumstances such as low reliability indices (fixation loss
>20% and false positive, and false negatives >33%) and
poor cooperation. Visual field deficits in group 1 were
categorized according to Hodapp-Parrish-Anderson
classification.

Institutional Review Board approval was obtained
from the Human Research Ethics Committee at the Inonu
University School of Medicine. Informed consent was
obtained from all of the subjects, and the study was
conducted with the ethical standards outlined in the
Declaration of Helsinki.

Exclusion criteria included patients with at least one of
the following conditions; previous ocular surgery, laser
therapy and trauma history, corneal and lens pathologies
preventing ocular fundus examination, uveitis, and
posterior segment pathologies. The glaucoma patients in
group 1 were consulted to Neurology department. After
consultation, the patients who had neurodegenerative
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diseases of CNS and had systemic diseases such as
diabetes and hypertension were also excluded. A total of
11 patients were excluded; 8 were excluded before the
MRS examination because of diabetes (4 patients) and
hypertension (4 patients). A further three patients were
excluded during the MRS examination because of CNS
pathologies (two with suspected Alzheimer’s disease,
and one with suspected multiple sclerosis).

The glaucoma patients in group 1 had topical therapy
for glaucoma and their IOP values were underpressure
with topical antiglaucomatous therapy.

In all cases, the following tests were performed: visual
acuity tests with and without corrective lenses, IOP by
applanation tonometry, central corneal thickness
measurement by using the Pentacam-Scheimpflug
method, visual field examination using the (30-2) SITA-
Fast programme (Humphrey, Carl Zeiss Meditec), a
complete slit-lamp examination including gonioscopy,
anterior segment examination, and a detailed fundus
and optic disc examination by dilating the pupils.

MRS technique

After classifying the patients as group 1 and group 2, they
were subjected to an MRS examination at the department
of Radiology. All of the patients were warned not to move
their eyes during the examination. Before the MRS, routine
conventional magnetic resonance imaging (MRI) sections
were obtained using MRI equipment (Gyroscan Intera
Master, Philips, Best, Holland, 1.5T, 0.33mT). In the
examination, axial plane T1A T1A (TR450ms, TE: 10 ms),
axial T2 A (TR 4366 ms, TE: 120ms), coronal FLAIR
(TR6000ms, TE: 110 ms, TI: 2000), and sagittal T2 A

Glx
>

(TR 4366 ms, TE: 120 ms) views were obtained. The section
thickness and number of slice acquisition were maintained
constant at 4 mm and 2 mm, respectively. The patients who
had CNS pathologies detected as a result of the
examination were excluded from the study. A single-voxel
MRS examination was performed by placing region of
interest (ROI) into the corpus vitreous and LGB on the
same side. When placing the ROI, any contact with bone,
vessels, air, and fat was avoided. A 13 x 13 mm (TE: 31 ms)
ROl in vitreous fluid and a 12 x 12 mm (TE: 136 ms) ROl in
LGB were placed using the point resolved spectroscopy)
technique. The ROI was placed by localizing the LGB
anatomically with three plain, thin section MRI views.
Before obtaining the spectrum, shimming was carried out
to achieve field homogeneity, followed by water
suppression, using a chemical-shift-selective saturation
pulse. A spectral scan interval of 1000 Hz and 1024 pixel
data size were used. After obtaining all the data, decoding
and an elaboration of the data were performed using the
software provided by the company. After obtaining the
spectral pattern, baseline and phase correction processes
were applied in all cases for which corrections are needed.
Glutamate—glutamine (Glx)/creatin (Cr) ratios
(Figure 1) and lactate peaks (Figure 2) in vitreous in each
case, and GIx/Cr, N-acetyl aspartate (NAA)/Cr and
choline (Cho)/Cr ratios in the ipsilateral area of LGB
were evaluated by the MRS method and the results were
exhibited in Figure 3.

Assessment of the data

After the completion of the MRI process, the spectrum
was evaluated by a radiologist based on the agreement

3.5 3.0 2.5 2.0 1.5
Chemical shift

1.0

Gix: Glutamate-glutamine, Cr: Creatine, ROI: Region of interest

Figure 1 Increased GIx/Cr ratio that was detected between 2.1 and 2.5 p.p.m. in a glaucoma patient’s vitreous by MRS.
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Figure 2 A lactate peak that was detected at 1.32 p.p.m. in left vitreous of a patient with glaucoma by MRS.
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Cho: Choline, Cr: Creatine, GIx: Glutamate-Glutamine, NAA: N-Acetylaspartate

Figure 3 NAA peaks were detected at 2.0 p.p.m., Glx peaks were detected at 2.1 —2.5p.p.m., Cr peaks were detected at 3.02 p.p.m.,
and Cho peaks were detected at 3.2 p.p.m. in the LGB region of a patient with glaucoma (group 1) by MRS.

principle. Resonance peaks in the spectrum was Statistical assessment

determined as NAA 2,0 p.p.m., Cr 3,02 p.p.m., Cho

32p.p.m, Glx 2,1-2,5p.p.m,, lactate 1,3 p.p.m.. The area For the statistical evaluation of the data of our study,
under the peaks was measured automatically by marking SPSS for Windows Version 11.0 (SPSS Inc., Chicago, IL,

the lower borders of the peaks. These values were placed USA) software was used. Measurable data of our study
on an Excel table and NAA/Cr, Cho/Cr, and Glx/Cr were presented as mean + SD. The data did not conform
ratios were calculated. to the normality assumption as evidenced by the
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Shapiro-Wilk test, (P> 0.05). Therefore, the Mann-
Whitney U-test with the Bonferroni correction was used
for the comparison of the groups. The P-value of <0.05
was taken to be statistically significant.

Results

The mean age was 65.8 £ 5.4 years in group 1, and

62.8 £ 4.2 years in group 2. No statistically significant
difference in age (P =0.064) and gender (in group 1:

13 female and 16 male patients, in group 2: 7 female
and 6 male individuals (P =0.588)) was found between
the groups.

The mean value of the best corrected visual acuity was
0.3+0.2 (logMAR) in group 1, and 0.0 (logMAR) in group 2
(P=0.001). The mean IOP value was 16.0 £ 1.8 mm Hg
in group 1 and 13.6 +2.4mm Hg in group 2 (P =0.003).
In group 1, all the patients were diagnosed with primary
open-angle glaucoma (POAG) by the gonioscopic
examination. In group 1, 11 patients were receiving both
prostaglandin analogue and brimonidine, 10 patients
were receiving prostaglandin analogue monotherapy,

5 patients were receiving both prostaglandin analogue and
dorzolamid/timolol maleat fixed combination, 2 patients
were receiving a combination of prostaglandin analogue,
dorzolamid/timolol fixed combination and brimonidine,
and only 1 patient was receiving the dorzolamid/timolol
maleat fixed combination. The mean duration time of the

treatment was 7.7 £ 2.8 months in group 1. When the
visual field defects in the patients belonging to group 1
were categorized according to Hodapp-Parrish-
Anderson classification, 2 of them had early visual field
loss, 18 of them had moderate visual field loss, and 9 of
them had severe visual field loss. The mean cup-to-disc
ratio was 0.7 £0.1 in group 1.

In the glaucoma group (group 1), the mean Glx/Cr
value was 10.87 £ 8.58 in the vitreous, and the mean Glx/
Cr, NAA/Cr and Cho/Cr values were 1.29 £1.21,
1.15£0.56, 1.36 +1.30, respectively, in the LGB region.
The mean Glx/Cr value was 2.24 +1.51 in the vitreous,
and the mean Glx/Cr, NAA/Cr, and Cho/Cr values
were 0.38+£0.35, 1.44 £0.57, 0.79 £ 0.32, respectively, in
the LGB region of healthy individuals (group 2). A lactate
peak was established in the vitreous of 11 glaucoma
patients in group 1 (Figure 2). A statistically significant
difference was found between the two groups for Glx/Cr
values in both vitreous and LGB regions (P =0. 0001;
Figure 4). There was no statistically significant difference
between their NAA /Cr (Figure 4) and Cho/Cr values in
LGB regions (P =0.108; Figure 4).

Discussion

The Apoptosis theory in glaucoma was first described by
Kerr and Wyllie in 1972.15 Apoptosis, in contrast to
necrosis, is a cell death programmed genetically and
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Figure 4 GlIx/Cr ratios, NAA/Cr ratios, and Cho/Cr in group 1 and group 2.
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shows no inflammation. With the effect of the
endonucleases generated intracellularly, the cell kills
itself by destroying its DNA and is phagocytized by the
adjacent cells.'®!7 Glutamate is a transmitter that exists
widely in the brain and medulla spinalis, and is
responsible for 75% of excitatory transmission.!#-
Glutamate triggers oxidative injury and free radical
injury. It is also able to stimulate nitric oxide formation,
which is an important free radical precursor, by
activating nitric oxide synthase (iNOS or NOS-2)
enzyme.'8 Nitric oxide is a neurotransmitter and is
involved in many pathological events. An increased
nitric oxide activity in the ONH of the patients with
open-angle glaucoma was reported.!® Free radicals are
also formed in normal oxidative phosphorylation steps,
as well as in glutamate receptor activation. Radicals,
especially formed in very metabolically active tissues
such as the retina, are inactivated by various enzymes.
Retinal ganglion cell death is clinically known as optic
neuropathy, whose most frequently encountered form is
glaucoma. It has been studied on many antiapoptotic and
neuroprotective mechanisms in glaucoma treatment.?
The first time in 1957; ganglion cell loss was shown in
internal retinal layers after subcutaneous administration of
glutamate to newborn mice.* Subsequent studies showed
that glutamate could also be effective in the pathogenesis
of neurodegenerative diseases.* However, antiexcitoxic
therapy has only recently been introduced into the
treatment of certain chronic neurological disorders.*

The growth factor for ganglion cells is the neurotrophic
factor. According to novel theories, the blockage of the
neurotrophic factor initiates apoptosis. Therefore, it is
argued that the neuroprotective agents can be used in the
therapy of glaucoma. A study, conducted by Yucel et al?!
on nine monkeys with experimentally created glaucoma,
showed that the use of memantine, which is a NMDA
receptor blocker, gave better statistically significant
results when compared with controls in neuronal
damage and neuron atrophy in the LGB region.

In 1994, MRS was introduced to use in the area of
ophthalmology by Berkowitz et al?? by investigating the
lactate concentrations in rabbit vitreous. Subsequently,
Rucker et al*® analysed lactate concentration using MRS
in the vitreous of four healthy individuals, and one
patient with optic neuropathy. This study was the first to
apply the MRS method to the human eye for the
evaluation of the retina and optic nerve metabolism in
healthy individuals.

In our study, we investigated the changes in Glx that is
known for its neurotoxic effects in the vitreous and LGB
regions of the patients with glaucoma using MRS
imaging. There were two limitations that need to be
acknowledged and addressed regarding this study.

The first and the main limitation was related to
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non-consecutive patient selection owing to the MRS
technique that requires high-tech, high cost as well as
patient compliance. The second limitation was related to
incompatibility of the patients to the visual field
examination (SITA-Fast strategy) in particular patients
with severe glaucomatous defects.

In the light of apoptosis theory, it can be expected that
the level of glutamate, which is known for its neurotoxic
effects, may lead to an increase in the ONH, vitreous, and
LGB. Honkanen et al' compared glutamate and other
amino-acid values in the vitreous of glaucoma patients
undergoing a vitrectomy with the amino-acid values to
the vitreous of the patients undergoing a vitrectomy for
various reasons other than glaucoma. They did not
determine any significant changes between the glutamate
and other amino-acid values of the two groups. In some
other studies, an increase of glutamate was found in the
vitreous fluids in the glaucoma patients undergoing a
pars plana vitrectomy,” whereas some studies claimed
that glutamate increases were not observed.! In the study
conducted by Honkanen et al, patients included in the
study were not a homogenous group. Although only
three of the total eight patients had POAG, others had a
different type of glaucoma (two of them had primer
angle closure glaucoma (PACG), two of them had uveitis
with secondary PACG, and one of them had Axenfeld-
Rieger syndrome). And also these populations were
undergoing surgery because of various reasons,
including epiretinal membrane, retinal detachment,
aqueous misdirection, and uveitis. We think that these
two distinct points were the possible reasons for the
negative outcomes of Honkanen’s study. However,
neuroexcitoxicity shows histopathologically in the
experimental glaucoma models and in the human trials
with clinical glaucoma. It was found that glutamate
levels in the vitreous and LGB region were comparable
higher for the glaucoma group than the control group.
These findings are in favour of the apoptosis theory
charged in the etiopathogenesis of glaucoma.

The MRS provides information regarding the tissues,
creating graphics with numeric values. Every peak in the
spectrum is proportionate to the amount of chemical
metabolites found; it is mainly based on determining the
percentage of metabolite. The metabolites obtained in the
spectrum are mainly NAA, Cr, Cho, and GIx. NAA is
produced in neuronal mitochondria that move
throughout the axon. It varies in proportion in different
regions of the brain. Its proportion may be influenced by
age and gender. It is accepted as a neuronal and axonal
indicator. It has the largest peak in the adult brain
spectrum. It provides data regarding the amount of live
neurons in the area of examination. It is reduced in
numerous pathologies that cause neuronal and axonal
damage, such as a tumour, infarct, MS, and many
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leukoencephalopathies, epilepsy, and dementia. It does
not exist outside of the CNS.2426 In this study, no
statistically significant difference was found, although
NAA/Cr ratios in the spectra obtained from the LGB
in the patients with glaucoma were reduced when
compared with healthy individuals. We think that the
NAA decrease representing neuron loss in the LGB can
be demonstrated by MRS in a larger patient series.

Cho is a metabolite providing important clinical data
in spectroscopic trials. Total Cho consists of the sum of
phosphorylcholine and glycerophosphorylcholine. Cho
is involved in the metabolism of the cell membrane
phospholipids. In the proliferation of the cell membrane,
free Cho is generated by phosphatidylcholine
destruction. Cho is liberated from myelin, cell
membranes, and other complex brain lipids as a result of
several pathological processes, and becomes visible in
the MRS. It increases with tumours, multiple sclerosis,
head trauma, strokes, hypoxia, brain death, radiation,
inflammation, diabetes, liver and kidney failure, dialysis,
osmotic events, and liver transplantation. In
demyelinising occurrences in the brain especially, Cho
prominently increases. It reduces with infections and
hepatic encephalopathy.2628 Although in our study, the
Cho/Cr in LGB region was higher in the patients with
glaucoma than in normal cases, no statistically significant
difference was found between the two groups.

Lactate is the final product of glycolysis and
accumulates when the oxidative metabolism is not able
to meet the energy requirement. Lactate peaks in MRS at
1.32 p.p.m.. It also makes a second peak at 4.1 p.p.m., but
this peak is usually suppressed as it is near the water
peak. Lactate is very low in a normal brain.

Lactate is present in the human vitreous at a higher
concentration than in other tissues, likely reflecting
substantial normal retinal aerobic and anaerobic glucose
metabolism.?>% Although its concentration is high in the
vitreous, it is not high enough to be detected by the MRS.
The proximity of the vitreous to the optic nerve and
retina allows the diffusion of lactate into the vitreous.
Elevated lactate concentration in the optic nerve and/or
retina is generally reflected in the vitreous.?3

First, Buchi and subsequently Joo et alP132 studied
microscopically the retinal ganglion cells that are about
to die histopathologically in an experimental ischaemic
glaucoma model developed by increasing the IOP of
rabbits, and determined that some cells showed necrotic
morphology, and some in apoptotic morphology.
Although the reason for ganglion cell death in glaucoma
is hard to be explained by a single mechanism, many
authors named this situation as cell death forms such as
‘cell death secondary to necrosis’, ‘cell death between
apoptosis and necrosis’, ‘sequential apoptosis/necrosis’,
or ‘necrosis developed above apoptosis’.3? The lactate

Eye

peak observed in 11 of the patients with glaucoma,
but not in the control group in our study suggests
different and sophisticated mechanisms including
necrotic cell death as well as apoptotic cell death.

Gupta et al® studied bilateral LGB regions of 10
patients with glaucoma with the MRI method. They
determined that LGB regions of the glaucoma patients
became smaller in volume when compared with controls,
and they concluded that atrophy occurred in the LGB
regions of the patients with glaucoma. Weber et al®®
in a study on monkeys with glaucoma experimentally
created, found a decline in the neuronal volume and
atrophy in the LGB region. Gupta et al® identified
degenerative changes neuroradiologically in the optic
nerve, the LGB region and the visual cortex of a 79-year-
old patient followed-up for glaucoma with visual field
loss. Yucel et al*” demonstrated atrophy
histopathologically in magnocellular and parvocellular
cell layers of the LGB regions of monkeys with
experimentally formed glaucoma. All of these studies
show that glaucoma leads to neuronal loss in the optic
nerve and LGB region. It is a natural consequence that
these changes occurring in LGB alter some metabolites.
Our study has demonstrated that the MRS method
reveals these changes.

In conclusion, we think that the MRS method, which is
able to measure biochemical structure and metabolites of
tissues non-invasively, may move the diagnosis of
glaucoma one-step forward and open new horizons in
the understanding and diagnosing of glaucoma at
cellular level.

Summary

What was known before
® Only invasive procedures and cellular changes were
known before.

What this study adds
e It adds a new method confirming the diagnosis of
glaucoma and the role of apoptosis in etiopathogenesis
of glaucoma.
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