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Abstract

Aim: Glaucoma is an optic neuropathy and glaucomateus damage proceeds from retinal ganglion cells to brain.
A better understanding of retrobulbar damage will enable us to develop more efficient strategies and a more
accurate understanding of glaucoma. We evaluated retrobulbar glaucomatous damage with favorable techniques for
1.5T MR imaging.

Material and methods: Five glaucoma cases and one healthy subject are included. Diffusion tensor MR imaging
and functional MR images were taken with 1.5T MR. Correlation of optic nerve and corpus geniculatum laterale
diffusion tensor MR parameters with eye findings were statistically evaluated.

Results: Optic nerve damage and cortical hypofunction were shown with diffusion tensor MR and functional MR
imaging, respectively. Correlations of the apparent diffusion coefficient with mean deviation, pattern standard
deviation, retinal nerve fiber layer thickness in distal optic nerve and fractional anisotropy with ganglion cell counting
in proximal optic nerves and correlations of retinal nerve fiber layer thickness with axial diffusivities in both ipsilateral
and contralateral corpus geniculatum laterales and with fractional anisotropy in ipsilateral corpus geniculatum
laterale were statistically significant.

Conclusion: The eye-brain connection in glaucoma can be evaluated with routine clinical instruments. Our
results also revealed the eye-to-visual-pathway integrity of glaucomatous neurodegeneration, which must be verified
in larger series.

Keywords: Corpus geniculatum laterale; Diffusion tensor MR; fMRI;
Glaucoma; Neurodegeneration; Optic nevre; Magnetic resonance
imaging

Introduction
Glaucoma represents a group of neurodegenerative diseases

characterized by structural damage to the optic nerve and the slow,
progressive death of retinal ganglion cells (RGCs). Although elevated
intraocular pressure (IOP) is traditionally considered the most
important risk factor for glaucoma, progressive visual field loss is still a
prevalent symptom in cases with well controlled IOPs [1]. Today,
areas beyond the retina and optic nerve are taken into consideration in
glaucoma as well. If we briefly recall the anatomy, it is as follows: the
retina, optic nerve, optic chiasm, optic tracts, corpus geniculatum
laterale (CGL) including lateral geniculate nuclei (LGN), optic
radiations and striate cortex. The lateral fibers originating from the
temporal side of the globe directly pass the optic chiasm, while medial
fibers originating from the nasal side cross over to the opposite
hemisphere [2]. Gupta and Yücel have provided primary
histopathological evidences –including degenerative and/or

neurochemical changes, which –are similar to those in
neurodegenerative diseases, in the LGN [3] and changes in metabolic
activity in both the LGN and visual cortex, in glaucoma patients [4].
Optic nerve and LGN shrinkage and cortical ribbon thickness
reduction in the postmortem specimens of a glaucomatous patient
have been reported by the same group [5].

In light of these findings, studies for in vivo demonstration of brain
damage in patients with glaucoma accelerate. For this purpose, the
most commonly used technology is magnetic resonance imaging
(MRI). Functional MRI (fMRI) is the technique that led to the first key
findings in the visual cortex have been obtained with is. Increase in
neuronal activity is accompanied by changes in blood oxygenation that
give rise to changes in the MR signal. The net reduction of
deoxyhemoglobin during brain activity manifests in an increase in the
MR signals known as blood oxygenation level dependent (BOLD)
signals. Duncan et al. managed to demonstrate the reflection of a
visual field (VF) defect in the cerebral cortex with this technique [6].
Another important technique for imaging visual pathways is
Diffusion-Tensor MRI (DTI). It is based on the movement principle of
fluids in the nerve. Such movement is known as anisotropic diffusion
which depends on the structural environment of white matter. λ1 and
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radial diffusivities [λ┴] form anisotropy and it is estimated as the
fractional anisotropy (FA) and apparent diffusion coefficient (ADC).
Radial diffusivities can be expressed as a single value, λ┴. A nerve can
be traced with anisotropy maps, a process referred to as
“Tractography” [7]. The optical tract in humans can be imaged from
CGL to the calcarine sulcus with this method [8]. It was shown for the
first time that in vivo 6T-DTI can be successfully applied to detect
axonal density changes occurring in a rat model of glaucoma [9].
Optic radiations and optic nerves of patients with glaucoma were also
evaluated with 3T MRI [10,11].

Above, we mentioned the possibilities provided by recent medicine
to assess retrobulbar glaucomatous damage. In current practice,
however, we most frequently use optical coherences tomography
[OCT] and VF, to structurally and functionally examine glaucomatous
damage in the eye [12].

In our study, we aimed to develop methods convenient for 1.5 T
MRI device, in order to use both in the diagnosis and follow-up of
glaucoma and in studies with large case series, and finally to establish a
reference for studies on the pathogenesis, follow-up, and treatment of
glaucoma. Moreover, we examined those techniques with OCT and
VF, in order to demonstrate the eye-brain connection in patients with
glaucoma –in a small case series.

Methods
Five patients with asymmetrical primary open angle glaucoma and

one healthy subject are included in this study. Baseline demographic
and ophthalmic information of the study participants were recorded

(Table 1). All the subjects were over 45 years of age and without any
known additional ocular, neurological or systemic diseases. A
complete ophthalmological examination was performed. IOPs and
OCT data were taken with the Pascal Dynamic Contour tonometry
(Nidek Inc.) and RTVue-100 fourier domain OCT (Optovue Inc.),
respectively. Central 30-2 threshold SITA-Standard visual fields were
taken with the Humphrey Field Analyzer Model 740i (Zeiss Inc.).
Glaucomatous asymmetries are defined according to the VF Mean
Deviation (MD), Pattern Standard Deviation (PSD) and OCT RNFL,
GCC values; along with other clinical findings including best corrected
visual acuities, IOPs, optic nerve head cupping ratios (c/d). The
research adhered to the tenets of the Declaration of Helsinki. Approval
from Bakırköy Education and Research Hospital, Ethics Committee,
and informed consent from the subjects were obtained. Color Doppler
ultrasonography was performed in the carotid, ophthalmic, posterior
ciliary and central retinal arteries in order to eliminate ischemic
pathology. While the VF, MD and PSD values of the patient were
recorded for functional analysis, thereby hemodynamic activity
assessment in the primary visual cortex was performed with fMRI.
Structural analyses were completed by comparing, c/d, RNFL and
GCC values with DTI findings. All the measurements are completed
on the same week for each subject. Only average RNFL and GCC
parameters were used. While the bilateral eyes of the patients were
compared with each other and with the control, compatibility between
structural and functional analyses of global and optic pathways was
also evaluated. Correlations of clinical findings of each eye were
analyzed not only with ipsilateral optic nerve and fMRI findings, but
CGLs on both sides as well. DTI and fMRI procedures were performed
with a 1.5T (Avanto Siemens Erlangen, Germany) MRI device.

Age Eye c/d RNFL (µm) GCC (µm) PSD (dB) MD (dB)

Control (Male) 47 Right 0.02 102.90 94.30 1.33 1,12

Left 0 102.94 97.09 1.56 0.04

Patient 1 (Male) 64 Right 0.18 102.80 109.25 2.18 -2.75

Left 0.45 71.04 82.16 11.13 -22.15

Patient 2 (Male) 76 Right 0.89 71.57 76.63 7.14 -12.97

Left 0.54 80.09 79.70 9.52 -13.5

Patient 3 (Male) 39 Right 0.98 64.52 81.15 14.23 -10.90

Left 0.93 69.81 78.5 7.10 -19.55

Patient 4 (Male) 56 Right 0.71 111.26 101.88 6.75 -6.23

Left 0.63 108.77 104.07 4.94 -5.57

Patient 5

(Female)

15 Right 0.18 110.36 105.14 1.73 -1.52

Left 0.22 114.86 107.68 6.81 -3.90

c/d: Optic nerve head cupping ratios; RNFL: Retinal Nerve Fiber Layer Analysis; GCC: Ganglion Cell Counting; PSD: Pattern Standard Deviation; MD: Mean Deviation

Table 1: Baseline demographic and ophthalmic information of the study participants.

DTI imaging
Imaging protocol consisted of obtaining a high resolution T1

weighed (1×1×1 mm] MPRAGE sequence, as well as fMRI time series
images and diffusion weighed images. Diffusion weighed images in 30
different directions and with two different b values (b=0.1000) were

obtained. Imaging parameters were determined as TR=8200 ms,
TE=90 ms, 2 mean, 3×3×3 isotropic voxel dimensions, a total of 60
slices, and an imaging duration of approximately eight minutes.
Diffusion weighed images were first separated from non-brain sections
using FSL software. Using MedINRIA software on those images,
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diffusion tensor maps and fiber tractographs were created. Moreover,
magnification was applied on b0 coronal plane images obtained from
the same region and optic nerve morphologies were also evaluated on
this plane.

DTI data analysis
In three planes, proximal and distal regions of interest (ROI)s were

selected on the optic nerve at about 3 mm and 8 mm distances from
the globe, respectively (Figure 1A). DTI parametric values FA, ADC,
λ1, λ2, λ3 of the optic nerves were calculated. Parameters were also
calculated in CGL areas with a semiautomatic marking technique.
DTImaps obtained from the control and the patients were overlapped
with a standard DTIimage described in MNI152 space by order of in
linear (FLIRT) and nonlinear (FNIRT) fashions [13,14]. Each CGL was
marked with the help of Jülich Histological atlas [15] in the same
standard space [16]. Those regions were selected -and retouched when
necessary, by experienced radiologists (Figure 1B).

Figure 1: ROI determination from proximal and distal optic nerves
(in four colors) (A), ipsilateral and contalateral corpus geniculatum
laterales (in blue) (B) for diffusion analysis with DTI.

fMRI imaging
An anatomic image was obtained in 128 slices in 1×1×1 mm

resolution with a high resolution T1 weighed 3D GRE sequence.
Functional MRI images were obtained with a T2 weighted GE-EPI
sequence. In a 64×64 data collection matrix, 29 axial slices covering the
visual cortex were obtained at resolution of 3×3×3 mm voxel

dimensions. TR was 2800 ms, TE was 30 ms and the flip angle was 90
degrees. Two consecutive recording sessions were performed for the
left and right eyes of the patients with glaucoma. Thus, 544 volumes,
including 272 volumes for each eye, were obtained from each
individual.

Stimulation
The left and right eyes were stimulated separately in each session.

Visual stimuli –from the programmed- OpenGL library were
displayed by reflecting images onto a mirror inside the MRI machine
via an LCD projector and transparent curtain during the experiment.
The visual field angle was measured as 40° on a horizontal plane and
25° on a vertical plane. The visual field was divided into five rings,
each consisting of 12 sectors, and small spaces were left in order to
differentiate each sector from the other. During the experiment,
subjects were asked to focus on the center point of the stimulation.
Half of the selected 60 regions in the visual field along 67 blocks were
flashed at a frequency of 8 Hz in the form of 4×4 chess boards (Figure
2) [17].

Figure 2: The first block of the stimulation.

fMRI data analyses
Functional analyses were performed with SPM5 (Wellcome

Department of Imaging Neuroscience, London, England). Following
standard movement correction and slice time correction procedures,
all functional images were blurred using a Gausian spatial filter with
FWHM of 5 mm. To model the fMRI signal, we used a regressor for
each of 60 regions and after convolving with hemodynamic response
function these regressors were used in general linear model.

For each of the 60 regions divided on the visual field, SPM(t) maps
were created that provided information on the activation in relevant
regions. Those maps were masked in the form of (t>3.12, p<0.001). In
order to compare activations occurring in the visual cortex, the visual
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field regions most heavily influenced by glaucoma were determined in
each patient, and activations occurring in the stimulation of those
regions were calculated. For this purpose, voxel clusters exceeding the
cut-off value in SPM(t) maps of each region were found, and the
percent change in BOLD was measured corresponding to those
clusters.

Statistical analysis
Statistical analyses were conducted using SPSS 17.0 software.

Normality of data was evaluated by the Shapiro-Wilk test. Spearman’s
correlation coefficient (rs) was determined where appropriate. p values

less than 0.05 were considered significant. For the interpretation of
correlation coefficients, values between 0.0-0.24, 0.25–0.50, 0.51–0.75
and 0.76–0.95 were considered as no correlation, weak, moderate and
strong correlations, respectively.

Results
In examinations performed with a Color Doppler ultrasonography,

no vascular anomaly was observed. No additional ophthalmic
pathology was detected with ophthalmic examination, and IOPs of all
subjects were below 20 mmHg.

FA ADC (mm2/s) λ1 (mm2/s) λ ┴ (mm2/s)

Control Right Ant 0.154404 9.1873 3.58415 2.80158

Right Pst 0.208702 6.95286 2.84567 2.0536

Left Ant 0.15729 9.1027 3.53808 2.78231

Left Pst 0.237172 7.59813 3.17238 2.21287

Patient1 Right Ant 0.379233 4.00406 1.86058 0.52682

Right Pst 0.616205 2.58347 1.55855 0.51201

Left Ant 0.319462* 4.21222 1.89893 1.15665

Left Pst 0.418491* 2.83058 1.36332* 0.73144

Patient 2 Right Ant 0.205464* 5.78025 2.3309* 1.65786

Right Pst 0.22643* 5.55162 2.2359 1.72466

Left Ant 0.257416 5.40597 2.28105 1.56246

Left Pst 0.313278 4.67591 2.09265 1.29163

Patient 3 Right Ant 0.208077 6.41972 2.61022 1.90475

Right Pst 0.201206 5.76068 2.29949 1.73060

Left Ant 0.166546 6.49451 2.50869 1.99291

Left Pst 0.303654 4.37636 1.90081 1.23778

Patient 4 Right Ant 0.175592 6.89216 2.70575 2.09320

Right Pst 0.452029 3.57965 1.82854 1.02241

Left Ant 0.238889 5.63989 2.36542 1.63724

Left Pst 0.406642 3.96563 1.923 0.86901

Patient 5 Right Ant 0.244727 5.6688 2.40823 1.63029

Right Pst 0.361881 4.58998 2.19107 1.19946

Left Ant 0.156674 7.20704 2.76999 2.21853

Left Pst 0.338958 5.83704 2.6748 1.55811

FA: Fractional Anisotropy; λ1: Axial diffusivity; λ┴: Radial diffusivity

Grey areas and * represent the eyes with severe glaucoma and reduction in the parameter, respectively

Table 2: Diffusion analysis findings of the control and the patient.
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Structural evaluation
DTI imaging: For the within subjects comparison, variable volume

values were found. In comparison with each patient’s fellow eye, a
decrease in thickness and deterioration in the optic nerve diffusion of
severely glaucomatous eyes of patients with asymmetrical involvement
were observed in both b0 coronal plane images and optic nerve
tractographies (Figure 3A and 3B). In DTI analysis, reduction in FA
values in the eye with severe glaucoma relative to the fellow eye was
observed in the patients with asymmetrical involvement (Table 2).

Figure 3: Imaging of glaucomatous neurodegeneration in optic
nerves. (A) Temporal nerve fiber loss can be seen in the severely
affected eye (arrows) in b0 coronal plane images of an asymmetrical
patient (B) Isotrophy and irregularity (arrows) in the optic nerve
tractographies in the severely affected eye.

DTI data analysis: A decrease in MD was found to be correlated
with optic nerve-1 λ1, ADC and optic nerve-2 λ1 values. A PSD
increase and a RNFL loss were also correlated with optic nerve-1 ADC
values while a loss of GCC was correlated with optic nerve-2 FA
values. Correlations of ADC with MD, PSD and RNFL in optic nerve-1
and FA with GCC in optic nerve-2 were statistically significant. In the
DTI analysis CGLs, FA, λ1, λ┴ values showed negative correlation
with MD values on the same side and with RNFL values for both sides.
Correlations of RNFL with λ1 on both sides and with FA in ipsilateral
CGL were statistically significant (Table 3).

Functional evaluation: In fMRI analyses, data analyses were
performed with reference to VF obtained in subjects. In the sensitive
field analysis, success could not be gained since BOLD could not be
obtained in all voxels and no significant correlation was observed with
either OCT or VF findings (Table 3). In comparative analyses on
quadrants with VF defects, in the patient with asymmetrical
involvement, BOLD values were lower in the eyes with more defects
than those of the other eyes (Figure 4).

Figure 4: Lack of BOLD signals in the severely affected left eye (at
the top) compared with the right eye (at the bottom) in the same
slice. The red to orange color scale indicates the statistical
significance of t values calculated for each woxel.

MD-rs p PSD-rs p c/d-rs p RNFL-rs P GCC-rs p

ON-1 FA -.378 .226 .308 .331 .102 .753 -.287 .366 .105 .746

ADC .657 .020* -.629 .028* -.417 .178 .608 .036* .238 .457

λ1 .538 .071 -.399 .199 -.214 .505 .378 .226 .070 .829

λ┴ .434 .159 -.329 .297 -.130 .688 .301 .342 .070 .829
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ON-2 FA -.077 .812 -.140 .665 -.168 .601 .420 .175 .615 .033*

ADC .434 .159 -.168 .602 -.249 .436 .091 .779 -.210 .513

λ1 .573 .051 -.294 .354 -.312 .324 .196 .542 -.063 .846

λ┴ .322 .308 -.070 .829 -.105 .745 -.084 .795 -.392 .208

CGL-I FA -.566 .055 .441 .152 .112 .729 -.580 .048* -.350 .265

ADC .510 .090 -.420 .175 -.203 .527 .322 .308 .098 .762

λ1 -.573 .051 .483 .112 .133 .680 -.650 .022* -.378 .226

λ┴ -.636 .026* .483 .112 .224 .484 -.538 .071 -.336 .286

CGL-C FA -.343 .276 -.315 .245 .260 .441 -.612 .060 -.315 .319

ADC .476 .118 .364 .319 -.191 .573 .200 .580 .119 .713

λ1 -.378 .226 .385 .217 .287 .392 -.673 .033* -.364 .245

λ┴ -.413 .183 .420 .175 .269 .424 -.588 .074 -.273 .391

BOLD Max-min .301 .342 -.343 .276 -.217 .498 .497 .101 .105 .746

Max .284 .372 -.333 .291 -.211 .511 .473 .121 .077 .812

Grey areas and * represent statistically significant correlation and p values respectively. RNFL: Retinal Nerve Fiber Layer Analysis; GCC: Ganglion Cell Counting; MD:
Mean Deviation; PSD: Pattern Standard Deviation; c/d: Optic nerve head cupping ratios; ON-1: Distal Optic Nerve; ON-2: Proximal Optic Nerve; CGL-I: Ipsilateral
Corpus Geniculatum Laterale; CGL-C: Contralateral Corpus Geniculatum Laterale; FA: Fractional Anisotropy; ADC: Apperent Diffusion Coefficiency; λ1: Axial
Diffusivity; λ┴: Radial diffusivity; rs: Spearman's correlation coefficient

Table 3: Correlation of DTI and fMRI results with OCT and VF findings.

Discussion
Studies focused on the glaucoma–brain connection have shown us

that, diffusion of neurodegeneration in the brain should be taken into
consideration in the diagnosis and follow-up of glaucoma [18]. The
main aim of this study was to develop a method compatible with
devices routinely used in clinics, because we believe that large case
series can only be obtained with this approach. 1.5T MRI is routinely
used in clinics by many disciplines.

The DTI examination, the structural examination arm of our study,
was performed in two stages. In DTI diffusion analyses, no significant
difference was obtained in the control relative to the patient values.
That can be explained on the basis that the structure and diameter of
the optic nerve may have significant (in the range of 4-9 mm) inter-
individual variation [19]. On the other hand, the observed reduction in
FA values in the optic nerve of the severely glaucomatous eye of
patients with asymmetrical involvement compared with the less
affected eye is compatible with the literature. In a DTI study with 7T
MRI, experimental glaucoma was performed on seven rats, whereas
the left eye served as the control. A decrease in FA values and an
increase in λ1 values were observed in the glaucomatous eye’s optic
nerve and an increase in λ1 between Day 8 and Day 21 was found to be
statistically significant [9]. In a study conducted on 16 patients with
POAG, an increase in mean diffusivity values in addition to a decrease
in FA values in both optic radiation s and optic nerves, were reported
also parallel to our findings [10]. In a clinical study, a FA decrease
along with an increase in λ values was reported in 30 patients [20].

In the second stage of DTI outcomes, morphological findings of -
optic nerve deformation, which were visible in both OT and B0
coronal plane images, are also compatible with the literature. The optic

nerve is of specific importance since it is among the structures most
heavily influenced by glaucomatous neuro-degeneration and it
provides information on the ipsilateral eye. In a study conducted with
conventional MRI in patients with glaucoma, it was reported that the
diameter of the optic nerve was significantly lower than that of the
controls [21]. In the study of Hui et al., as much as a 10% decrease in
axonal density of the glaucomatous optic nerve was detected in
enlarged B0 coronal plane images, which were also histopathologically
confirmed [9]. Moreover, we imaged the temporal loss in severely
affected optic nerves. Our findings were supported by two clinical
studies as well. Lagreze et al. measured the diameter of retrobulbar
optic nerves with an ultrafast high-resolution MRI at 3T. Included in
the study were 38 glaucomatous, and nine healthy eyes [22]. Similar
findings were obtained with 3T-DTI in 38 subjects [23].

Although, small sample size is a major limitation for our study, we
obtained statistically significant data in the DTI analysis to evaluate
the direct correlation between eye and central nerve system findings.
MD and RNFL values were found to reflect the retrobulbar
neurodegeneration more accurately than other parameters. Axon
portion of RNFL thickness is proportional to local field sensitivity loss
[24], and the recently recognized view is that, glaucomatous damage
affects both structure and function in linear proportions [12,25]. A
negative correlation between the mean FA for the optic nerves and
glaucoma stage was reported [10]. According to two recent studies, -
the optic nerve diameter was most closely related to the retinal nerve
fiber layer thickness measured by an OCT [22,23]. In our study, optic
nerve-1 diffusion parameters were found to be more closely correlated
with OCT and VF findings. This is also consistent with the recent
study of Bolacchi et al. in which, proximal optic nerve findings were
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found to be more closely correlated with OCT data in early stage
glaucoma [26].

A defect in the visual field may originate from pathology in any
location ranging from the retina to the cortex [27]. It was reported that
in normotensive glaucoma, a brain MRI revealed deeper depressions
in the VF of a patient with ischemia [28]. In our study, we used fMRI
to evaluate the visual cortex functionally, however, VF defects were
found to be correlated with DTI findings. In the first study in the
literature where a functional analysis with VF and MRI was conducted
in glaucoma patients [6], the imaging of a defect of VF in the brain
with 3T MRI using a long and complex stimulation was achieved. It is
also possible to perform those precise analyses using our multifocal
mapping method; however, 3T MRI was used in the original method
[29]. In our study, since BOLD could not be obtained in all voxels in
the sensitive area analysis with 1.5T MRI, a reliable data for correlation
analyses could not be gained; however, an occipital cortex BOLD
activity difference could be demonstrated in the highly asymmetrical
patients. In the comparative analysis of quadrants with VF defects, it
was found that BOLD values of the eye with serious defects were lower
than those of the other eye.

Although CGL is one of the unique structures that histopathological
studies have shown to be related to significant glaucomatous damage
[5], there are few studies regarding either the clinical evaluation of
glaucomatous CGL or the correlation of diffusion analyses with
findings of eye. It is possible to obtain direct measures of functional
cerebral blood flow changes with Arterial Spin Labeling fMRI [30].
Imaging of CGL structure with DTI, however, is debatable for it is not
composed of intact white matter. CGL is a unique neural structure that
is covered by the fibers of the optic tract, and serves as a processing
station on the way from the retina to the occipital lobe of the cerebral
cortex, It shows six cellular laminae, three of which are devoted to
crossed fibers and the other three to uncrossed fibers [31]. CGL in
humans was imaged using DTI, but no diffusion analysis has been
performed [8]. Complex neural structures like basal ganglia and
thalamus have also been imaged and water diffusivities of both white
and gray matters have been successfully analyzed with DTI [32]. In
another DTI study, lower FA of the left LGN have been reported in
patients with migraines [33].

To our knowledge, two recent studies exist in the literature
regarding glaucomatous CGL damage. In a preliminary study similar
to ours, Zikou et al. combined voxel-based morphometry with DTI
and revealed a significant reduction in the left visual cortex volume,
the left lateral geniculate nucleus, and the intracranial part of the optic
nerves and the chiasma [34]. Zhang et al. also reported a reduction in
the left lateral geniculate nucleus volume, which was correlated with
reduced RNFL thickness [20]. In this study, we did not include volume
measures of any structure for we found it reliable to obtain DTI
analysis from the safely selected ROIs. Interestingly, values we
obtained from CGLs showed a negative significant correlation with
MD values on the same side and with RNFL values of both sides. In
complex neural structures, diffusion anisotropy is influenced by
several factors including the degree of myelination, density, diameter
distribution, diffusion balance between gray and white matter and
orientational coherence of axons [33]. Although our findings have
internal consistency, either verification in a larger series or
illumination with further DTI studies is needed in order to draw
conclusions.

Strategies independent from IOP, concerning the area beyond the
optic nerve head, are needed in the evaluation and treatment of

glaucoma [1,34]. Currently, it is possible to image visual pathways
from the optic nerve to the cerebral cortex both structurally and
functionally. As our study showed, routine clinical instruments are
also adequate for clinical trials to reveal the glaucoma-brain
connection; however, more sophisticated techniques are being
developed to illuminate that relation further. Our study also revealed a
direct correlation between eye and central nerve system findings.
Although these results imply the eye-to-visual-pathway integrity of
glaucomatous neurodegeneration, that must be verified in larger
series. Along with the limitation of the small sample size, the elevated
number of correlation analyses highly inflated the Type I error (i.e.,
the probability of obtaining a statistically significant correlation
coefficient by chance alone), thus affecting the results and conclusions
of the study [35].

After many years of subsequent studies on glaucoma-brain
connection, Gupta and Yucel conclude that glaucoma as a
neurodegenerative disease is a valid working hypothesis to understand
neural injury in the visual system, and this paradigm may stimulate the
discovery of innovative IOP-independent strategies to help prevent
loss of vision in glaucoma patients [3]. A more comprehensive
understanding of retrobulbar glaucomatous damage will enable us to
determine more efficient diagnosis, follow-up and treatment strategies
and facilitate to answer important questions which remain unknown
about this disease.
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