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Introduction 
At present, there is no doubt that the major damaging factor in 

the hypertensive glaucoma is the intraocular pressure. The degree of 
damage to the retinal ganglion cells and their axons also depends on 
the pressure level. It is different in the normotensive glaucoma, where 
it is rather vascular and other components that contribute to the 
progression of the disease. 

In relation to our previous studies about the difference between the 
hypertensive and normotensive glaucoma (where we proved not only a 
different defect in the visual pathway by means of electrophysiological 
tests, but the difference in the visual cortex activation in fMRI as well), 
we tried to find possible difference in color perception in normotensive 
glaucoma compared to hypertensive one [1-3]. 

There are not many published papers dealing with the color 
perception defect in normotensive glaucoma [4-7]. We are lacking 
studies dealing with the fMRI and color stimuli in normotensive 
glaucoma in literature.

Patients and Methods
The group consisted of 8 patients with the normotensive glaucoma 

(6 women aged 53–70 and 2 men aged 40 and 52 years). 

Criteria for inclusion into the group: normal visual acuity (with 
eventual correction), bilateral disease, various stages of changes in 
ocular fields (pattern defect 1.12-12.65). Other causes of changes in 
ocular fields and on the optic disc were excluded.

The results were compared with a control group of eight healthy 
subjects (3 women aged 23–46 and 5 men aged 23–65 years). 

Ophthalmologic Examinations 
A comprehensive ophthalmologic examination that confirmed 

the diagnosis of normotensive glaucoma (ophthalmoscopy, perimetry, 
GDx, PERG, PVEP) was completed by the Lanthony 15-Hue 
desaturated color vision test and pseudoisochromatic Ishihara´s test 
for color blindness.

Functional MRI Imaging
All the measurements of functional MR imaging (fMRI) were 

performed on the MR system Philips Achieva TX SERIES with a 
magnetic field strength of 3 Tesla. A standard 8-channel SENSE head 
RF coil was used for scanning. Optical stimulation for fMRI was 
performed with a commercially available ESys (In Vivo) stimulus 
system.

Abstract
Objective: The aim was to find, whether the activations in fMRI induced by black-white and yellow-blue stimulation 

in patients with normotensive glaucoma will be similar to those in patients with hypertensive glaucoma.

Methods and subjects: The authors examined eight patients with various stages of normotensive glaucoma 
using functional magnetic resonance imaging (fMRI). The group was compared to a group of eight healthy persons. 
Measurements were performed on the Philips Achieva 3T TX MR system using the BOLD method. Optical stimulation 
was provided by black-white and yellow-blue checkered patterns alternated with their negatives with a frequency of 2 
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Results: The mean value of the difference in the number of activated voxels when using the BW vs. YB stimulation 
was only 6% for the patients and 2% for the controls. Both the BW>YB and the BW<YB differences between the control 
group and the patients did not differ significantly: 318 voxels (p=0.098) and 23 voxels (p=0.799) respectively.

Conclusion: The authors demonstrated that in the patients with normotensive glaucoma there are no corresponding 
functional changes in the cerebral cortex. Similarly to healthy individuals, the authors did not find differences in activation 
using BW and YB stimulation. Normotensive glaucoma pathogenetically behaves in a different way compared to 
hypertensive glaucoma.
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The measured volume consisted of 39 contiguous slices with 
thickness of 2 mm, and the size of the measured voxel (spatial resolution) 
was 2×2×2 mm (FOV=208×208 mm, matrix 104×104, reconstruction 
matrix 128×128, SENSE factor of 1.8). Two fMRI measurements 
were performed for each examination with different types of optical 
stimulation: In the active phase of the first measurement, the subjects 
were exposed to alternations of black-white (BW) checkerboard pattern 
(Figure 1a), while yellow-blue (YB) checkerboard pattern alternations 
were used in the second measurement (Figure 1b). This alternation was 
in the form of color inversion at a frequency of 2 Hz. During the resting 
phase, the subjects were shown a static cross hair placed in the middle 
of the visual field. Each measurement consisted of a sequence with five 
30-second periods of active phase (10 dynamic scans) and five resting 
periods of the same length. Therefore, each measurement consisted of 
a total of 100 dynamic scans and lasted 5 minutes.

The fMRI evaluation was performed in SPM8 software. During 
the pre-process, the data were corrected for motion (realignment) 
and time shift of the slices (slice timing) followed by smoothing using 
Gaussian filter with FWHM of 6×6×6 mm, and finally normalized 
into the MNI_152 space. A general linear model with canonical HRF 
(hemodynamic response function) applied to the stimulation periods 
was used for statistical evaluation of all subjects. Individual statistical 
maps were thresholded at the level of p=0.05 with FWE correction and 
the minimum cluster size of 10 voxels. The statistical maps of BW>YB 
and YB>BW differences (two-sample t-test) were thresholded at the 
level of p=0.001, without correction, and the minimum cluster size of 
10 voxels. 

Group statistics were performed using the paired and unpaired 
t-test with an uncorrected threshold at p=0.005 and the minimum 
number of uninterrupted voxels of 60 (8 subjects in each group). 

Results
The entire numbers of activated voxels in both hemispheres are 

shown for all subjects in table 1. Values in columns BW and YB are 
calculated from functional maps with threshold of p=0.05 with FWE 
correction, and values in columns BW>BY and YB>BW are calculated 
from differential maps using uncorrected p=0.001. Average number 
of activated voxels during BW stimulation was 7  626 (std=2  948) 
in NTG patients and 7  462 (std=4  515) in the control group; the 
extent of activation did not differ statistically. When activated by YB 
checkerboard, the activation range decreased on average to 5 650 (std=2 
154) in NTG and to 6 353 (std=2 148) in healthy controls. An average 
difference between BW and YB in the patient group was 6% and in the 
control group 2%. However, numbers of voxels in the differential maps 
did not differ significantly between both the groups–either for BW>YB 
(318 voxels, p=0.098) nor for YB>BW (23 voxels, p=0.799) (Table 1 
and Figure 2).

The examination of color perception by means of Lanthony´s 15 
Hue test did not show the defect of color perception in any patient 
with normotensive glaucoma. During the test with Ishihara´s 
pseudoisochromatic plates for color blindness we found the fault in 
resolution of number 74 in patient’s No. 3 and 7.

Discussion
In the experimentally induced hypertensive glaucoma the 

pathology of both the parvo-, magno- and coniocellular pathways 
is known [8]. All these pathways are more or less affected. Ganglion 
cells in the retina are the last ones that encode the color signal. In our 
previous work we demonstrated that particularly ganglion cells of the 

Figure 1: Shows the stimulation by black-white (BW) checkered pattern (a) and 
yellow-blue (YB) checkered pattern (b). During the stimulation, the checkered 
pattern was alternated with its inversion at a frequency of 2 Hz.

Figure 2: Shows comparison of BW (left column) and YB (right column) 
stimulation in patient number 6 (in table 1).

Subject BW YB BW>YB YB>BW 2(BW-YB)
(BW+YB)

2(YB-BW)
(BW+YB)

Patient 1 10730 8046 1400 0 15% 0%
Patient 2 8732 5767 760 0 10% 0%
Patient 3 10375 5300 610 0 8% 0%
Patient 4 10160 8050 390 0 4% 0%
Patient 5 3732 3200 0 0 0% 0%
Patient 6 5560 4670 0 430 0% 8%
Patient 7 3587 2506 180 0 6% 0%
Patient 8 8130 7650 220 150 3% 2%
Control 1 3800 3200 0 0 0% 0%
Control 2 8300 6600 39 0 1% 0%
Control 3 3900 5800 170 110 4% 2%
Control 4 17700 10600 550 0 4% 0%
Control 5 6900 6900 12 35 0% 1%
Control 6 7750 4550 46 0 1% 0%
Control 7 7150 6980 8 39 0% 1%
Control 8 4200 6200 190 580 4% 11%

Table 1: Shows the range of activations represented by the number of statistically 
significant voxels during stimulation by the black-white (BW) and yellow-blue 
(YB) checkered patterns The next two columns show the statistically significant 
differences between BW and YB stimulations, again expressed by the number 
of voxels (with tested hypothesis being BW>YB and YB>BW resp.). The last two 
columns show the percentage difference in the number of activated voxels of the 
statistical difference.
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retina in normotensive glaucoma are relatively spared [2]. In another 
study, unlike to hypertensive glaucoma, we have not observed any 
fMRI activity changes in visual area of cerebral cortex [9]. Therefore 
we have not assumed that there will be a difference in the activity of 
cerebral cortex at the fMRI examination for BW and YB stimulation in 
the normotensive glaucoma

There are only few published papers about the examination of 
color vision perception in normotensive glaucoma. Lachenmayer 
and Drance investigated the visual functions in hypertensive and 
normotensive glaucoma cases [5]. They found that hypertensive 
glaucoma (intra-ocular pressure ≥ 30 mmHg) show highly statistically 
significant correlations between the low- and high-frequency end of the 
foveal temporal contrast sensitivity function and foveal and parafoveal 
blue-on-yellow-sensitivity and the global field indices, whereas in the 
normal tension glaucoma subgroup no significant correlations were 
found. The results of the present study support the idea that there are 
two different mechanisms of glaucomatous damage, one–which is 
pressure-dependent and one which may be pressure-independent. The 
pressure-dependent mechanism is responsible for deficits of central or 
paracentral function which are correlated to overall visual field damage.

Budde et al. [4] examined the color vision perception by means 
of Farnsworth Munsell100 Hue test and found no difference between 
hypertensive and normotensive glaucoma. 

Polish authors [6] found color vision defect in 57% of eyes with 
glaucoma (both hypertensive and normotensive one). They also found 
positive correlation between color vision defect and changes in fields 
of vision.

Yamagami et al. [10] demonstrated that in normotensive 
glaucoma, the incidence of blue–yellow abnormalities in the visual 
field examination was in only 11%, compared with 52% of hypertensive 
open angle glaucoma, while the mean deviation was the same for both. 
It is evident from this brief overview that the color vision test results are 
not unambiguous in normotensive glaucoma.

We used the Lanthony’s desaturated 15 Hue test to examine the 
color vision in our patients. In none of them the color vision defect was 
confirmed. During the test with Ishihara´s pseudoisochromatic plates 
for color blindness we found the fault in resolution of number 74 in 
patient’s No. 3 and 7.

We know that these tests do not give such results as the 
anomaloscopy examination. That was not even the purpose of our 
work. We wanted to demonstrate that the visual cortex in normotensive 
glaucoma behaves in a different way than in hypertensive glaucoma. 
We chose for the tests a group of patients with various changes in the 
field of vision to avoid a potential error in possible color perception 
defect (pattern defect 1.12–12.65).

Papers dealing with functional magnetic resonance imaging in 
glaucoma are only a few [11,12]. The authors of both the papers have 
proved changes in the visual cortex in human glaucoma.

In our previous study [1] we confirmed in patients with various 
changes in the visual field not only an impairment of the central 
nervous system (CNS) in hypertensive glaucoma but progress of 
functional changes in the visual cortex in response to the changes in 
the ocular fields as well. Information of the use of color stimulation 
for the fMRI examination is not available in any literature. We used 

yellow-blue matrix to stimulate channels processing color stimuli, and 
the BOLD results compared with black-white structured stimulation 
(Figure 1).

Blue and yellow colors were chosen deliberately. All the three 
opponent colors are included (red-green, by mixing of which yellow 
and yellow-blue colors arise).

In our previous paper we demonstrated in hypertensive glaucoma 
that the impairment of the visual cortex is greater at stimulation by YB 
than by BW [3].

Our results show that the visual cortex in normotensive glaucoma 
behaves similarly like after black-white patterns stimulation. Both 
these pieces of information show the difference between the defects in 
normotensive glaucoma and hypertensive glaucoma.

Conclusion
The authors have proved that with advancement of normotensive 

glaucoma disease, no functional changes in the cerebral visual cortex 
occur. Even the color stimulation during fMRI has not revealed 
different changes from the control group. The activity of the visual 
cortex is in hypertensive glaucoma different from the normotensive 
one, and this is valid at both BW and YB stimulations. 
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