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Abstract 

The aim of the research is to determine metabolic changes in brain tissue by magnetic resonance spectroscopy (MRS) 
for patients who had primary open angle glaucoma (POAG) and to reveal a correlation between morphometric and 
functional alterations in the optic nerve and retina with basic MRS data. Methods: The study involved 24 patients 
with a diagnosis of POAG aged 58 to 80 years (mean age 73.2 ± 9.5 years). All patients underwent verification of the 
diagnosis of POAG, quantitative static perimetry (indexes were evaluated: MD - mean deviation), optical coherence 
tomography of the retina (assessment of the area of the neuro-retinal rim (NRR) and the thickness of the nerve fibers’ 
layer of the retina (RNFL)). The 2D-PRESS (Point RESolved Spectroscopy) volume-selection method was used for 
multivoxel MRS, TE (Time Echo) = 144ms TR (Time Repetition) = 2s, the size of each voxel was 10 * 10 * 15mm. The 
region of interest included thalami (4 voxels in each thalamus) and occipital cortex; Cho/Cr, NAA/Cr and NAA/Cho 
were evaluated. Results: According to analysis of variance, the ratio of NAA/Cr in the right thalamus was associated 
with the POAG stage of the right eye (F = 5.006; p = 0.0173) and decreased with increasing of the disease stage. At the 
same time, there were no significant differences in different stages of POAG of the left eye (F = 1.337; p = 0.285). The 
ratio of NAA/Cr in the left thalamus did not differ depending on the POAG stage of the right eye (F = 1.337; p = 0.285) 
but depended on the stage of POAG of the left eye (F = 6.245; p = 0.0074). Thus, the eye POAG stage affected the ratio 
of NAA/Cr in the ipsilateral thalamus, but not in the contralateral one. It was also revealed that the ratio of NAA/Cr in 
the right occipital cortex correlated positively with the area of the NRR and MD of the left eye (r = 0.54; p = 0.0069 and 
r = 0.54; p = 0.0260, respectively). Conclusions: The decline of NAA/Cr ratio in thalamus and occipital cortex is 
observed in patients with primary open-angle glaucoma, which confirms the impairment of functional state of these 
brain structures and may indicate the neurodegeneration in the central part of visual system in patients with POAG. 
The correlations of the stage of primary open-angle glaucoma and the Cho/Cr ratio and NAA/Cr ratio in thalamus 
were revealed, which could have diagnostic and prognostic value in POAG. The dependence of the ratio of NAA/Cr in 
the thalamus and occipital cortex and morphometric data of the optic disc and the functional state of the retina was 
determined, which confirms the involvement of the optic tract in the POAG progression and its possible development. 
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Relevance
Glaucoma is the most usual reason for irreversible 
blindness, around ninety million people in the 
world suffer from this disease, and the number of 

patients only increases every year (Tham et al., 
2014).  
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Currently, more and more authors attribute 
primary open-angle glaucoma (POAG) to a group of 
neurodegenerative diseases, which are 
characterized by structural damage to the optic 
nerve and slowly progressive death retinal ganglion 
cells (RCG) (Nucci et al., 2013; Avdeev et al., 2014 
Gazizova et al., 2016; Gazizova et al., 2019;). 
According to the latest data, glaucomatous damage 
is not limited only to GCR. It extends to the entire 
visual pathway up to the visual cortex, and even 
zones of alterations in the brain, which are not 
associated with the optic tract, are determined 
(Nucci et al., 2013; Engin et al., 2014; Duncan et al., 
2014). Monitoring intraocular pressure (IOP) 
remains an important task in the treatment of 
POAG, but normalization of IOP does not prevent 
progressive loss of visual fields (Nucci et al., 2013; 
Engin et al., 2014). Despite numerous explorations 
of POAG, in most patients with a long course of the 
disease, even with normalized IOP, there is a 
progressive deterioration in visual function. 
Modern non-invasive research methods, such as 
structural and functional magnetic resonance 
imaging (MRI), diffusion tensor imaging (DTI), are 
used to study neurodegenerative alterations in 
POAG (Menzler et al., 2011; Frezzotti et al., 2014; 
Lestak et al., 2014; Li et al., 2014). These techniques 
are able to detect the presence of degenerative 
changes not only in the optic nerve, but also in the 
subcortical center of the visual system, which is 
confirmed in morphological studies (Nucci et al., 
2013). A more complete understanding of 
retrobulbar glaucomatous damage may provide an 
opportunity to conduct the most effective diagnosis 
of POAG and help to discover new therapeutic 
strategies for protecting the optic nerve. 

Non-invasive neuroimaging methods also include 
magnetic resonance spectroscopy (MRS), which 
allows to quantify, identify and detect biochemical 
compounds or metabolites in brain tissue. MRS is 
used in a wide range of neurological diseases to 
assess the state of nervous tissue (Khomenko et al., 
2019). 
The proton MRS method allows to determine 
content of different metabolites in the nervous 
tissue in vivo that can contribute to the disclosure 
of the neurodegeneration mechanisms and have 
diagnostic value. MRS allows to evaluate the 
concentration of choline (Cho), myoinositol (mI), N-
acetyl-aspartate (NAA), creatine (Cr), glutamate 
(Glx), lipids, lactate and some other substances (Fig. 
1). NAA is derived from aspartic acid and 
synthesized in neurons and transferred along 
axons. The NAA decrease is considered as a reliable 
biomarker of neuronal dysfunction and death, 
which has been proven by histological studies. Cr - 
nitrogen-containing carboxylic acid, which is 
involved in energy metabolism in neural and 
muscle cells. The Cr decrease can be a marker of 
gliosis. The Cho resonance peak includes signals 
from phosphocholine, glycerophosphorylcholine 
and, to a small extent, acetylcholine and free 
choline. The Cho peak reflects the metabolism of 
cell membranes. The Cho concentration increase 
indicates enhanced membrane metabolism, which 
is possible in demyelination, remyelination, 
inflammation and gliosis. mI is found mainly in glial 
cells, it is a precursor of membrane phospholipids, 
and its concentration is associated with the syntesis 
or degradation of myelin (Barker et al., 2009). 

 
Fig. 1. MRS of neural tissue. NAA - N-acetyl aspartate, Cho - choline, Cr - creatine, mI - myoinositol, Glx - combined peak of glutamate and 
glutamine, lip - lipids. The x-axis represents the position of the peak in the spectrum in ppm (part per million), and the y-axis - the peak intensity 
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Despite the fact that the metabolite concentration is 
linearly proportional to the area under the peak on 
the MR spectrogram, the latter depends on the 
technical characteristics of the MR scanner, data 
processing algorithms, and protocol of acqusition 
(Li et al., 2003). Therefore, metabolites ratios are 
usually evaluated instead of absolute 
concentrations. 
Usually, Cr is used as an internal referent, since its 
concentration in the neural tissue is considered to 
be relatively constant (Li et al., 2003), although 
there are a number of articles that argue (Ito-
Shimizu et al., 2012). In addition, other metabolite 
ratios are used - NAA/Cho, mI/NAA, etc. 
Thus, the aim of our research was to determine 
metabolits ratios in brain tissue using MRS in 
patients with POAG and to reveal correlations 
between morphometric and functional changes in 
the retina and optic nerve with brain metabolic 
changes. 
 

Materials and Methods 

The research involved 24 patients who had a 
diagnosis of POAG aged 58 to 80 years (mean age 
73.2 ± 9.5 years). All patients underwent 
verification of the POAG diagnosis (biomicroscopy 
was performed using a slit lamp SL 115 (Carl Zeiss) 
and SN-2M (Takagi) with a 60 D lens for 
discoscopy, gonioscopy - a three-mirror Goldman 
lens, IOP was determined using a Maklakov 
tonometer (10.0 d)). 
Functional changes in the field of view were 
evaluated by quantitative static perimetry using an 
HFA II field of view analyzer. Threshold programs 
were used to study the central region of the field 
24-2 (indexes were evaluated: MD - mean deviation 
- reflects the average decrease in photosensitivity). 

All patients underwent optical coherence 
tomography of the optic nerve and retina using an 
RTVue - 100 device (Optovue, USA) in order to 
calculate morphometric parameters. The maps of 
the retinal thickness in the MM5 mode and the 
parameters of the optic nerve disc (the area of the 
neuroretinal rim (NRR) and the thickness of the 
nerve fibers’ layer of the peripapillary retina 
(LNFR)) were determined. 
 

Multivoxel MRS 

Multivoxel 1H-MRS in supraventricular region was 
performed on Achieva 3T scanner (Philips), 
TE/TR=144/2000 ms (TE – time of echo, TR – 
repetition time), pulse sequence 2D PRESS (Point 
Resolved Spectroscopic Sequence). The PRESS is 
based on a double-spin echo experiment consisting 
of ninety degree radiofrequency (RF) pulse for 
excitation and two 180 degree refocusing pulses 
applied in frequency-selective way in the presence 
of a magnetic field gradient for the extraction of a 
planar slice. With the use of orthogonal slice 
orientations, the voxel volume for MRS is extracted 
as the intersection of the three slices. PRESS 
provides better signal to noise ratio in comparison 
with another spectroscopic sequences. The size of 
each voxel was 10 * 10 * 15mm. 
The SpectroView software package (Philips) was 
used to evaluate the spectra. The region of interest 
included thalamus (4 voxels in each thalamus) and 
the occipital cortex (Fig. 2). NAA/Cho, NAA/Cr and 
Cho/Cr ratios in normal appeared brain tissue were 
analyzed. Data from different voxels was averaged 
within the right and left thalamus and the right and 
left occipital region. Data from voxels, containing 
both white and gray matter, were excluded from 
the analysis. 

 

Fig. 2. The anatomical location of voxels when performing MRS 
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Statistical data processing was performed using 
the R language. The distribution normality was 
checked using the Shapiro-Wilk test. The analysis of 
variance was performed to study the differences in 
MRS data at different stages of glaucoma. 
Comparison of MRS data and visual function 
characteristics was carried out applying 
Spearman's rank correlation coefficient. 
 

Results 

In order to general analysis of MRS data in different 
stages of glaucoma all patients were separated into 
two subgroups (depending on the maximal stage of 
glaucoma on the left or right eye) 1 — with 1-2 
stages and 2 — 3-4 stages. The subgroup with 1-2 
glaucoma stage included 11 patients (average age 
69.7 ± 10.7 years), the subgroup with 3-4 stage - 13 
people (average age 76.3 ± 7.4 years), age 
difference between groups was statistically 
insignificant (p = 0.17). 

Table 1 presents the data on the average 
metabolites, ratios in 2 subgroups of patients. It 
should be reported that the NAA content was 

decreased and the Cho/Cr ratio in the occipital 
cortex was increased in both subgroups (but it did 
not reach the level of statistical significance) 
compared with other areas of the cortex and white 
matter obtained in previous studies on other 
groups of patients (Khomenko et al., 2019). 
According to the published data, in the age over 60, 
the Cho/Cr ratio is 0.49 ± 0.12 (Ito-Shimizu et al., 
2012). In patients examined in the present study it 
was slightly higher. These changes may indicate 
neurodegeneration in the cortex, although data on 
changes in the choline content in this, processes is 
contradictory: some researchers reported about its 
tendency to increase, others - the tendency to 
decrease (Khomenko et al., 2019). 

In a model of experimental glaucoma in rats 
presented by Chan et al. (2009), change in the 
choline content was also detected. The design of 
this study did not include a control group; however, 
it is planned to do in future work to verify the 
assumption that changes of Cho and Naa in the 
occipital cortex in glaucoma are exist.

Table 1. Mean values of metabolite ratios according to MRS in patients with POAG 

Grou
p 

NAA/Cr Cho/Cr 

Thalamus Occipital cortex Thalamus Occipital cortex 

RH LH RH LH RH LH RH LH 

1-2 st. 
1,81±0,2
0 

1,62±0,26
* 

1,72±0,1
7 

1,64±0,1
4 

1,12±0,15 
0,96±0,1
4 

0,59±0,0
7 

0,63±0,0
9 

3-4 st. 
1,70±0,1
1 

1,86±0,18 
1,67±0,1
2 

1,63±0,0
8 

0,96±0,16
* 

1,02±0,1
9 

0,59±0,0
6 

0,68±0,0
9 

Note: RH - the right hemisphere, LH - the left 
hemisphere; 

*- the ratio was significantly decreased compared 
to the other group, p <0.05. 
 

Comparison of MRS Data with the retina State 
Characteristics 

To study the differences in MRS data at different 
stages of glaucoma more accurately, the analysis of 
variance was performed. Before the analysis of 
variance, the normality of the distribution was 
checked - the Shapiro-Wilk test, which showed that 
the distributions of the NAA/Cr ratio and Cho/Cr 
ratio in the thalamus and occipital cortex did not 
differ from the normal (p> 0.05). 

Since there were few patients with stage 4 in the 
examined group of patients, stages 3 and 4 were 
combined into one subgroup. The following results 
were obtained. 

Assessment of NAA Concentration in the Thalamus 
and Occipital Cortex at different Stages of Glaucoma 

The ratio of NAA/Cr in the right thalamus 
depended on the stage of POAG of the right eye (F = 
5.006; p = 0.0173), see Fig. 3. The NAA / Cr value 
decreased with an increase in the stage of the 
disease. At the same time, no significant differences 
were revealed with the stage of POAG of the left eye 
(F = 1.337; p = 0.285). 

The ratio of NAA/Cr in the left thalamus did not 
differ depending on the stage of POAG of the right 
eye (F = 1.337; p = 0.285); however, it depended on 
the stage of POAG of the left eye (F = 6.245; p = 
0.0074). The ratio of NAA/Cr was lower in the 
second stage of POAG compared with the first and 
third. Thus, the eye POAG stage affected mostly the 
NAA/Cr ratio in the ipsilateral thalamus; however, 
not in the contralateral one. 
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Fig. 3. The NAA/Cr ratio in the right and left thalami in subgroups with different POAG stages of the right (R) and left (L) eyes. NAA/Cr_R_THAL - 
NAA/Cr in the right thalamus, NAA/Cr_L_THAL - NAA/Cr in left thalamus. (A) Right eye POAG stage and NAA/Cr ratio in the right thalamus; (B) 
POAG stage of the left eye and the ratio of NAA/Cr in the right thalamus. (C) POAG Stage of the right eye and NAA/Cr ratio in the left thalamus; (D) 
POAG Stage of the left eye and NAA/Cr ratio in the left thalamus. The x-axis is POAG stage; the y-axis is metabolite ratio in the region of interest. 

The fact that the ratio of NAA/Cr in the third POAG 
stage was higher than in the second is not entirely 
clear. Probably this could be a consequence of the 
Cr content increase. Although the concentration of 
creatine in brain tissue remains relatively constant, 
it still changes in a number of diseases, which is 
associated with the energy metabolism 
deterioration. 

To clarify this fact, the comparison of NAA/Cho 
ratio in the same subgroups of patients was 
conducted, which did not differ in 3 subgroups (F = 
0.963; p = 0.399). As can be seen at fig. 4, the 
NAA/Cho ratio almost did not differ in the 
subgroup with 2 and 3-4 stage of POAG of the left 

eye, while there are outliers in data - in 2 patients 
in with 3-4 stage this ratio was significantly higher 
than the group mean value. 

Perhaps this is due to the individual characteristics, 
or some additional factor; however, due to the 
small sample size at the moment, it is impossible to 
draw a definite conclusion about it, and it is 
necessary to pay attention to this fact in further 
studies. 

Comparison of NAA/Cr in the occipital cortex for 
patients with different stages of POAG of the right 
and left eye showed the absence of significant 
differences. 
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Fig. 4. The ratio of NAA / Cho in the left thalamus, depending on the varying stages of POAG of the left (L) eye. The abscissa axis is L_eye_stage; the 
ordinate axis is NAA.Cr_L_THAL 

 

Assessment of Cho content in thalamus and occipital 
cortex at different stages of glaucoma 

The Cho/Cr ratio in the right thalamus depended 
on the POAG stage of the right eye (F = 6.736; p = 
0.0058) and the left eye (F = 3.8466; p = 0.0386) 
(see Fig. 4, the Cho/Cr ratio declined with the 
disease stage increasing. 
The difference of Cho/Cr ratio in the left thalamus 

was not significant at different stages of POAG of 
the right (F = 0.146; p = 0.865) and left eye (F = 
1.777; p = 0.195) (Fig. 5). Also, it could be seen that 
there are large dispersion of Cho/Cr ratio values in 
the left thalamus in the subgroup with 3-4 
glaucoma stage, which is probably due to the 
individual characteristics of the patients, possibly 
associated with co-morbid pathology, which should 
be noted in further studies. 

 

Fig. 5. The Cho/Cr ratio in the right and left thalami in subgroups with different stages of POAG of the right (R) and left (L) eyes. Cho/Cr_R_THAL - 
Cho/Cr in right thalamus, Cho/Cr_L_THAL - Cho/Cr in left thalamus. (A) POAG stage of the right eye and Cho/Cr ratio in the right thalamus. (B) 
POAG Stage of the left eye and Cho/Cr ratio in the right thalamus. (C) POAG stage of the left eye and Cho / Cr ratio in the left thalamus. (D) Stage 
POAG of the right eye and Cho / Cr ratio in the left thalamus. The x-axis is POAG stage; the y-axis is metabolite ratio in the region of interest. 
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Comparison of Cho/Cr in the occipital cortex in 
patients with different stages of POAG of the right 
and left eye showed the absence of statistically 
significant differences. 
 
 
 

Correlation with metabolites ratios in the occipital 
cortex 

The results of the correlation analysis of 
morphometric characteristics of the optic disc, the 
peripapillary retina and functional changes in the 
retina with the MRS data are presented in Table 2 
and Fig. 6. 

Table 2. Results of correlation analysis of NAA/Cr and Cho/Cr in the thalamus and occipital cortex with the retina state characteristic in patients 
with POAG of the right (R) and left (L) eyes 

Condition of retina Thalamus Occipital cortex 
The area of NRR:- R NAA/Cr in LH (r=0,45; p=0,0355) - 
The area of NRR:- L Cho/Cr in LH (r=-0,56; p=0,0053) NAA/Cr in RH (r=0,54; p=0,0069) 
Thickness of LNFR:- R Cho/Cr in LH (r=0,48; p=0,0277) - 
Thickness of LNFR:- L - - 

MD: - R 
NAA/Cr in RH (r=0,56; p=0,0085)  
Cho/Cr in LH (r=0,49; p=0,0234) 

- 

MD: - L - NAA/Cr in RH (r=0,54; p=0,0260) 
*LH - the left hemisphere, RH - the right hemisphere 

 

Fig. 6. A graphical representation of the correlation of the ratio NAA/Cr in the left (L) thalamus and the area of the neuroretinal rim of the optic 
nerve on the right (R). The x-axis is rim area; the y-axis is NAA/Cr 

The obtained data indicate that with an increase of 
the POAG stage, the Cho/Cr ratio and NAA/Cr ratio 
decrease becomes more pronounced, confirming 
that POAG is accompanied by changes in the brain 
structures responsible for visual perception. 
It was found that the NAA/Cr ratio in the right 
occipital cortex was positively correlated with the 
area of the NRR and MD of the left eye (r = 0.54; p = 
0.0069 and r = 0.54; p = 0.0260, respectively). 
According to the literature, a decline in the NAA/Cr 
ratio occurs in patients with neurodegenerative 

diseases and dementia (Guo et al., 2018). This fact 
also could be a marker of neurodegeneration in the 
occipital cortex in POAG. Only NAA/Cr ratio in the 
left occipital cortex correlated considerably (r = -
0.42; p = 0.0416) with the patients’ age, (which is in 
the agreement with the fact that the NAA/Cr ratio 
in the cortex decreases with age) (Barker et al., 
2009; Khomenko et al., 2019). No other 
correlations of morphofunctional retinal data with 
MRS data were found. 
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Discussion 

In the present work, we studied the brain 
metabolism in patients with glaucoma using MRS 
and found that the content of Cho and NAA in the 
thalamus and occipital cortex changes in patients 
who had POAG. In addition, there are correlation 
dependences of the Cho/Cr and NAA/Cr ratios in 
thalamus and occipital cortex and morphometric 
data of the optic disc and the functional state of the 
retina. 
As we know, only a few studies have been 
performed to study alterations in the concentration 
of metabolites in the visual pathway in patients 
with glaucoma using proton MRS (Boucard et al., 
2007; Chan et al., 2009; Doganayet al., 2012; Zhang 
et al., 2013). Boucard et al. (2007) reported the 
earliest data for metabolic changes in 7 patients 
with glaucoma in comparison to twelve people 
without the disease. Researches did not detect 
considerable metabolic changes of Glx/Cr, NAA/Cr 
and Cho/Cr in the occipital lobe of patients in both 
groups applying the single-voxel 1H-MRS method 
(Zhang et al., 2013). 
In contrast, Doganay et al. (2012) found a 
statistically significant decrease in the Glx/Cr ratio 
in vitreous and lateral geniculate bodies, while 
studying single-voxel 1H-MRS data of 29 patients 
with glaucoma and 13 healthy people; nevertheless, 
changes in NAA/Cr and Cho/Cr in lateral geniculate 
bodies were not detected. In addition, they found 
an increase of lactate in vitreous body in 11 
patients with glaucoma. 
In a research by Yan Zhang et al. (2013) alterations 
in the concentration of metabolites were detected 
in POAG applying multivoxel 1H-MRS in the 
geniculocalcaline tract and the striatum. 20 
glaucoma patients participated in the research. 
Those were comparable in gender and age to 
twenty volunteers without glaucoma. A 
considerable decrease in Cho/Cr and NAA/Cr was 
detected in geniculocalcarin and striatum for 
patients with glaucoma in comparison to subjects 
without glaucoma (Zhang et al., 2013). 
Using an experimental rat glaucoma model, Chan 
KC et al. (2009) used a rat glaucoma model to 
conduct a 1H-MRS research of the brain in animals 
and observed a considerable decrease in the 
Cho/Cr ratio in the left side of the visual cortex 
from induced glaucoma in comparison to the other 
side. 
Guo et al. (2018) found that, compared to the 
control, the average Ins/Cr ratio (P = 0.001) was 
statistically lower, whereas the average Glx/Cr 

ratio (P = 0.003) in the primary visual cortex was 
considerably higher in patients with early POAG. 
Nevertheless, researchers did not observe evident 
difference in the average NAA/Cr ratio or the 
average Cho/Cr ratio between the group with POAG 
and the control group. 
Also, in the research reported by Aksoy et al. 
(2019), it was shown that the NAA values obtained 
in lateral geniculate bodies in patients with 
confirmed and suspected glaucoma were lower 
than in healthy patients. Cho values in lateral 
geniculate bodies in patients with confirmed 
glaucoma were lower than in patients with 
suspected glaucoma and in the control group. A 
negative correlation was observed between the 
NAA values visual cortex and the ratio of excavation 
to the area of the optic disc in patients with 
glaucoma. In addition, a negative correlation was 
obtained between the age and thickness of the layer 
of retinal nerve fibers in patients with confirmed 
and suspected glaucoma. 
MRS studies in glaucoma should be continued, 
including a group with suspected glaucoma and a 
group of patients with preperimetric stage of 
glaucoma to determine the possibility of using MRS 
in the early glaucoma diagnosis. 
 

Conclusions 

1. A decline of the NAA/Cr ratio in thalamus 
and occipital cortex was observed in 
patients with POAG, which confirms a 
decrease of the functional state and could be 
a marker of the neurodegenerative process 
in the central part of visual system in POAG. 

2. Correlations of the stage of POAG and the 
NAA/Cr and Cho/Cr ratios in the thalamus 
were revealed, that could have diagnostic 
and prognostic significance in POAG. 

3. The dependence of the NAA/Cr ratio in 
thalamus and occipital cortex and 
morphometric data of the optic disc and the 
functional state of the retina was 
determined, which confirms the 
involvement of the optic tract in the process 
of progression of POAG and its possible 
development. 
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