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Neurotrophic factors play key roles in the development 

and survival of neurons, and their deficiency is believed to be 
an essential link in neurodegeneration. The powerful neuro-
protective effects of neurotrophic factors, including brain-
derived neurotrophic factor (BDNF), ciliary neurotrophic 
factor (CNTF), nerve growth factor (NGF), and glial cell-line 
derived neurotrophic factor (GDNF), suggest that they are 
good therapeutic candidates for neurodegenerative diseases 
[1]. The ultimate cause of vision loss in glaucoma, the second 
leading cause of blindness worldwide and the most common 
optic neuropathy, is believed to be associated with the depri-
vation of neurotrophic factors leading to progressive retinal 
ganglion cell degeneration and death. GDNF, the most studied 
member of the family of neurotrophic factors that bears its 
name, has been shown to support the development, survival, 
and functioning of dopaminergic, sensory, motor, and other 
neuronal populations [2]. In the human eye, GDNF has been 

found in corneal stroma [3] and vitreous [4,5]. It has also 

been detected in lacrimal fluid (LF) [6]. GDNF receptors or 
their mRNA have been found in aqueous humor (AH) [7], in 
cultured lamina cribrosa cells and optic nerve head astrocytes 
[8]. However, quantitative data on GDNF content have been 
determined only for the vitreous body [4,5].

Disturbances in the GDNF system are associated 
with glaucoma pathogenesis. Akurathi et al. [9] explored 
the expression of GDNF and GDNF receptors GFRα1 and 
GFRα2 in normal and glaucomatous human tissue. The area 
immunopositive for GFRα2 was significantly decreased in 
glaucomatous eyes in both the peripapillary region and more 
peripheral retinal locations. Glaucoma patients, compared to 
healthy control patients, also showed less GFRα1 expression 
in the peripapillary retinal ganglion cell complex + retinal 
nerve fiber layer.

GDNF has been shown to rescue retinal neurons in 
animal models of retinal and optic nerve diseases, particularly 
glaucoma [10-13]. Numerous studies have reported that appli-
cations of GDNF alone or in combination with other neuro-
protective substances improve the survival of photoreceptors, 
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Purpose: To study glial cell line-derived neurotrophic factor (GDNF) concentrations in aqueous humor (AH), lacrimal 
fluid (LF), and blood serum (BS) in patients with age-related cataract and primary open-angle glaucoma (POAG).
Methods: GDNF was studied in AH, LF, and BS in 47 patients with age-related cataract, and 30 patients with POAG 
combined with cataract (one eye in each person). AH was sampled during cataract surgery.
Results: GDNF concentration (pg/ml) in patients with POAG and cataract was lower than in cataract-only patients 
(p<0.001), both in AH (46.3±31.1 versus 88.9±46.9) and in LF (222±101 versus 344±134). The difference was not sig-
nificant for the GDNF concentration in BS (194±56 versus 201±45). In the earlier (early and moderate) stages of POAG, 
compared to later (advanced and severe) stages, GDNF concentration was significantly lower in LF (176±99 versus 
258±91; p = 0.027) and in BS (165±42 versus 217±55; p = 0.017), while GDNF concentration in AH showed an insignifi-
cant difference (40.0±25.7 versus 51.1±34.7). In patients with POAG, GDNF concentration in LF and BS was inversely 
correlated with the Humphrey visual field index: Pearson’s correlation coefficient r = −0.465 (p = 0.01) for LF and r = 
−0.399 (p = 0.029) for BS. When compared to the cataract group, patients in the earlier stages of POAG showed signifi-
cantly lower GDNF concentrations in all studied biologic fluids.
Conclusions: Compared to patients with cataract only, GDNF levels are lower in the AH and LF of patients with POAG 
and cataract, especially at earlier stages of the disease (at these stages, the GDNF level in BS is also lower). At earlier 
stages of POAG, compared to later stages, GDNF content is lower in LF and BS. These data could serve as a reason for 
the therapeutic use of GDNF in patients with POAG.
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retinal pigment epithelial cells, and retinal ganglion cells in 
both cultures and in vivo models [14-18]. Baranov et al. [19] 
showed that the small molecule GSK812 was able to induce 
GDNF in vitro/in vivo and rescue photoreceptors in models 
of retinal degeneration.

Taking into account the essential involvement of GDNF 
in the survival of retinal neurons, it is surprising that quanti-
tative data on GDNF concentrations in AH and LF, particu-
larly in patients with glaucoma, have not been established. 
Blood serum (BS) or plasma GDNF level has been studied in 
patients with Alzheimer’s and Parkinson’s diseases [20-22], 
schizophrenia and mood disorders [23-27], diabetes [28], and 
other diseases; however, GDNF concentration in the BS of 
glaucoma patients was not measured in these studies. The 
purpose of the present work was to examine GDNF concen-
trations in the AH, LF, and BS of patients with primary open-
angle glaucoma (POAG) and age-related cataract.

METHODS

Subjects and clinical assessment: For this study, 77 patients 
(77 eyes) were examined. The patients were divided into two 
groups. Thirty patients (30 eyes) with POAG, operated on 
for age-related cataract, formed the main or “Cataract with 
POAG” group, and 47 patients (47 eyes) without POAG, oper-
ated on for age-related cataract, were included in the compar-
ison or “Cataract” group. All patients underwent uneventful 
phacoemulsification with intraocular lens implantation by the 
same surgeon and were selected consecutively in both groups 
from January 2020 until March 2021.

The inclusion criteria were as follows: age over 50 years, 
amount of LF sufficient for GDNF measurement, intraocular 
pressure (IOP) by applanation tonometry less than 21 mmHg, 
and axial length of the eye less than 26 mm. In addition, 
patients in the Cataract group needed to have postopera-
tive best corrected visual acuity not less than 20/40, normal 
Humphrey visual fields, and normal appearance of the optic 
disc, and a retinal nerve fiber layer. Patients with POAG 
should have open angles at gonioscopy and reliable repeated 
Humphrey perimetry.

The exclusion criteria were as follows: any serious 
ophthalmic disease (uveitis, degenerative diseases of the 
retina, corneal dystrophies, etc.), any ophthalmic surgery 
during the last three months, severe somatic pathology 
(diabetes mellitus, autoimmune or oncological diseases, 
etc.), and diseases that affect GDNF levels (Alzheimer’s 
and Parkinson’s diseases, schizophrenia, depression, etc.). 
Persons with initial/mild manifestations of somatic diseases, 
such as essential hypertension, ischemic heart disease, or 
cardiac arrhythmias, were not excluded.

All patients were under observation at the S. Fyodorov 
Eye Microsurgery Federal State Institution and were thor-
oughly examined before and after the operation to confirm 
the diagnosis and POAG stage. Examinations included auto-
mated perimetry (Humphrey Field Analyzer II, Carl Zeiss 
Meditec Inc., Dublin, CA), using the SITA Standard 24–2 
program, and optical coherence tomography without pupil 
dilation, using the Cirrus HD-OCT 5000 (Carl Zeiss Meditec 
Inc., Dublin, CA). POAG stage was established according 
to the Glaucoma Staging System suggested by Mills et al. 
[29]. This study adhered to the tenets of the Declaration 
of Helsinki and had local ethics committee approval, with 
informed consent obtained from all subjects.

Measurement of GDNF concentration: In both groups of 
patients, AH and blood were collected during phacoemul-
sification. AH (100–120 µl) was taken immediately after 
entering the anterior chamber. LF was sampled on the day 
preceding surgery to evade the influence of drugs instilled 
into the conjunctival fornix in the evening and morning 
before surgery.

A pipette was used to sample stimulated LF. (The LF was 
secreted by the lacrimal gland in response to a very gentle 
touch of the cornea with the disposable tip of the pipette; 
this is safe and acceptable for most patients.) A minimal 
sample of 100 µL was needed to measure the GDNF in LF 
or AH. To collect serum, blood samples were left at room 
temperature for 30 min, centrifuged at 1500 × g for 15 min, 
and aliquoted. BS, AH, and LF samples were frozen imme-
diately after being taken, stored at −80 °C in polypropylene 
tubes (Sarstedt GmbH, Nümbrecht, Germany), and analyzed 
within three months from sampling. The author performing 
GDNF analyses (Tatiana A. Druzhkova) was blind to the 
patients’ details.

Upon thawing, samples were centrifuged at 4000 × g for 
15 min at 4 °C to ensure complete debris removal. Based on 
previously described methods [30], we used an acid treatment 
procedure to allow the quantification of total GDNF levels in 
biologic samples. During the acid treatment procedure, BS, 
AH, and LF samples were diluted four times, with subsequent 
multiplication of the results by the dilution factor. The concen-
tration of GDNF was measured in biologic fluids using a 
Human GDNF ELISA Kit (RayBiotech, Norcross, GA; Code: 
ELH-GDNF-1), according to the manufacturer’s instruc-
tions, on a ChemWell 2910 automatic analyzer (Awareness 
Technology, Inc., Palm City, FL). For each ELISA assay, its 
own calibration was performed. Recombinant human GDNF 
samples (RayBiotech, Norcross, GA; Code: 230–00754–10) 
at concentrations of 10 pg/ml, 100 pg/ml, and 1000 pg/ml 
were used as controls. Intraassay and interassay coefficients 
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of variation did not exceed 10%, which is consistent with the 
manufacturer’s recommendations. The sensitivity of the assay 
(minimum quantifiable value) was 4.0 pg/ml. Most measured 
values were in the validated assay range. Sample permitting, 
two replicates were used.

Statistical analysis: Statistical analysis was performed 
using R software package version 3.6.0 (The R Foundation 
for Statistical Computing, R project, accessed September 
12, 2021). Continuous variables are presented as mean (M) 
±standard deviation (SD) and median (Me) with interquartile 
range (IQR). A comparison of continuous variables in the 
two groups was performed using Welch’s t test for indepen-
dent samples or the Mann–Whitney U test as appropriate. 
A comparison of continuous variables in the three groups 
was performed using the Kruskal–Wallis test and a post-hoc 
Dunn test for multiple comparisons. Categorical variables 
were compared using Fisher’s exact test. The associations 
of variables were analyzed using Pearson’s correlation coef-
ficient; p<0.05 was considered statistically significant.

The minimum required number of subjects in the main 
and comparison groups (n1 = n2) was 35. This number was 
calculated using the Equation [31] n1 = n2 = (Z1-α/2 + Z1-β)

2 
* (σ1

2 + σ2
2) / d2, where σ1 and σ2 are standard deviations of 

GDNF levels in AH in these groups (29 and 44 pg/ml in a 
preliminary study), d is the minimum detectable difference 
(assumed 25 pg/ml), α was chosen as 5%, and power (1-β) 
was set at 80%. With an increase in the number of subjects 
in the comparison group (to 45, for example), the required 
number of subjects in the main group can be reduced to 29, 
according to the Equation [32] n2 = n*n1/(2n1-n), where n is 
the required equal number of subjects in two groups, and n1 
and n2 are the required unequal numbers of subjects in the 
first and second groups.

Summary statistics on data sets of GDNF in AH with a 
portion of observations in the comparison group below the 
minimum quantifiable value (3 cases, 6.4%) were performed 
after substitution with half the minimum quantifiable value 
(2.0 pg/ml; see Limitations). Also, one extreme outlying value 
in the data set of GDNF in LF in the comparison group was 
excluded.

RESULTS

The age and gender characteristics as well as the axial lengths 
of the eyes of subjects in the Cataract and Cataract with 
POAG groups are presented in Table 1. The groups did not 
differ according to any of these parameters. The data sets for 
both groups on the content of GDNF in the studied biologic 
fluids are presented in Table 2.

GDNF levels varied in a relatively wide range in all 
biologic fluids studied. In both groups, GDNF concentra-
tion was the highest in LF, somewhat lower in BS, and much 
lower in AH. In BS, GDNF concentration did not differ 
between groups; however, in LF and AH, significantly lower 
GDNF levels were revealed in the Cataract with POAG group 
compared to the Cataract group. The difference in mean 
GDNF concentration was relatively more pronounced in AH 
(1.92 times) than in LF (1.55 times).

As seen in Table 1, there were more women than men in 
both groups. However, this did not have a significant impact 
on GDNF levels. Thus, the sex-adjusted (mean) concentration 
of GDNF in the Cataract with POAG group compared to the 
Cataract group was 44.4 versus 91.0 pg/ml in AH, 217 versus 
347 pg/ml in LF, and 195 versus 204 pg/ml in BS.

In the Cataract with POAG group, five patients had early 
POAG, eight had moderate POAG, five had advanced POAG, 

Table 1. Age and gender characteristics, and axial length of the eye of the patients in the compared groups.

          Variable Cataract with POAG group (n=30) Cataract group (n=47)
          Age, years                        
mean±SD           73.9±7.0           74.0±7.4
range           57–89           57–88
median (IQR)           72.5 (69.5–78)           74 (69–80)a

          Sex,                        
women, n (%)           21 (70%)           30 (64%)b

Axial length of the eye, mm                        
mean±SD           23.05±0.85           23.37±0.76
range           21.43–25.01           21.9–25.1
median (IQR)           23.06 (22.80–23.48)           23.38 (22.96–23.74)a

The differences between groups are not significant (a Welch’s t test, b Fisher’s exact test) POAG – primary open-angle glaucoma; SD – 
standard deviation; IQR – interquartile range; NS – non-significant
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and 12 had severe POAG. Due to the small number of cases, 
for further analysis, patients with early and moderate POAG 
were combined into the “POAG 1–2” subgroup (n = 13), and 
patients with advanced and severe POAG were combined into 
the “POAG 3–4” subgroup (n = 17). The detailed characteris-
tics of the patients in these subgroups are presented in Table 
3.

Most characteristics were similar in both subgroups. 
Although patients in the POAG 3–4 subgroup were prescribed 
β-blockers less often and had surgeries more often than 
patients in the POAG 1–2 subgroup, these differences did not 
reach statistical significance.

To analyze the inf luence of glaucoma progression, 
GDNF concentrations were compared between POAG 
subgroups (Table 4). We also studied GDNF changes with a 
decrease in the Humphrey visual field index (VFI), indicative 
of glaucoma progression (Figure 1).

Both Table 4 and Figure 1 show significantly less GDNF 
content in LF and BS at earlier stages of POAG compared 
to later stages. GDNF concentration in AH showed similar 
changes, but these were smaller and insignificant.

Comparison of the POAG subgroups with the Cataract 
group showed that GDNF content in the POAG 1–2 subgroup 
was significantly lower in all biologic fluids studied: p = 
0.002 for AH, p<0.001 for LF, and p = 0.027 for BS (Kruskal–
Wallis test with post-hoc Dunn test). GDNF concentration in 
the POAG 3–4 subgroup was significantly lower in AH (p = 
0.008) and in LF (p = 0.043).

In the patients with POAG, a significant correlation was 
found between GDNF levels in AH and BS (r = 0.467; p = 
0.009); however, this correlation was absent in the Cataract 
group. Notably, no correlations were found with GDNF 
content in LF.

DISCUSSION

GDNF is a strong neuroprotective agent for retinal cells, 
particularly retinal ganglion cells. Its neuroprotective role has 
been proven by the increased survival of retinal ganglion cells 
in animal models of glaucoma [11,15], optic nerve damage 
[12,33], and retinal ischemia [34]. GDNF also promotes the 
survival of photoreceptors in animal models of retinal degen-
eration [17,35,36] and in cell culture models of inflammation 
and oxidative stress [5].

GDNF is the object of intense research in various neuro-
logic, psychiatric, and other diseases [20-28]. In humans, it 
is measured mainly in BS [20-28] and rarely in cerebrospinal 
fluid [20]. Depending on the manufacturer of the ELISA kit, 
GDNF concentrations in the BS of healthy controls varied 
widely, from 11.7 pg/ml [28] to 4.1 ng/ml [22]. Among nine 
studies [20-28], our data fell within the interquartile range of 
127 [24] to 690 pg/ml [23]. Obviously, normative data are not 
interchangeable between studies; therefore, in this study, the 
data on GDNF content in otherwise healthy cataract patients 
were regarded as normative data when making comparisons 
with patients with POAG and cataract (see also Limitations).

Our study was the first to measure GDNF concen-
tration not only in the BS but also in the AH and LF of 

Table 2. GDNF concentrations in the biologic fluids (pg/ml) in cataract patients with and without POAG.

Biologic fluid Cataract with POAG group (n=30) Cataract group (n=47a)           P
Aueous humor                                    
     mean±SD           46.3±31.1           88.9±46.9           <0.001
     range           4.4–106.6           2.0–212.5 b            
     median (IQR)           47.7 (15.4–61.2)           83.0 (58.8–119.4)            
Lacrimal fluid                                    
     mean±SD           222±101           344±134           <0.001
     range           61–487           173–683            
     median (IQR)           218 (160–293)           312 (244–411)            
Blood serum                                    
     mean±SD           194±56           201±45           NS
     range           106–317           103–287            
     median (IQR)           180 (158–228)           196 (174–239)            

Statistical analysis was performed by Mann–Whitney U test POAG – primary open-angle glaucoma; SD – standard deviation; IQR – 
interquartile range; NS – non-significant a For lacrimal fluid n=46 (one case with extreme outlying value excluded) b In 3 cases, values 
below 4.0 pg/ml were substituted with half minimum quantifiable value (2.0 pg/ml); without these values range is 32.6–212.5 pg/ml
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cataract patients with and without POAG. Earlier, in a single 
proteomics study, only GDNF receptor GFRα1 was found in 
two out of four groups of samples of cataract patients’ AH, 
while GDNF itself was not detected [7]. In another study, 

GDNF was found in the tears of healthy individuals [6]; 
however, it was not quantitatively measured.

In three studies, GDNF concentration was measured 
in the vitreous body of patients with various vitreoretinal 

Table 3. Age and gender characteristics, intraocular pressure (IOP), medical, 
laser, and surgical treatment in the POAG subgroups.

          Variable           POAG 1–2 subgroup 
(n=13)

          POAG 3–4 
subgroup (n=17)

          P

          Age                                    
     mean±SD           73.5±5.9           74.2±7.9            
     Range           62–82           57–89            
     median (IQR)           72 (69–78)           73 (71–80)            
          Sex                                    
     women, n (%)           10 (77%)           11 (77%)            
          IOP, mmHg                                    
     mean±SD           13.3±2.6           13.6±3.1            
     range           9–18           9–19            
     median (IQR)           13 (12–15)           13 (11–16)            
          Medications, n (%)                                    
     β-blockers           10 (77%)           7 (41%) (0.071) a

     Prostaglandin analogs           1 (8%)           3 (18%)            
Topical carbonic anhydrase inhibitors           6 (46%)           5 (29%)            
Laser treatment and surgery                                    
     SLT           7 (54%)           9 (53%)            
     NPDS      5 (39%)      13 (76%) (0.061) a

The differences between subgroups are not significant; values close to significant are given in parentheses (a Fisher's exact test) POAG 
– primary open-angle glaucoma; SD – standard deviation; IQR – interquartile range; SLT – selective laser trabeculoplasty; NPDS – non-
penetrating deep sclerectomy with or without deferred Nd:YAG goniopuncture

Table 4. GDNF concentration in the studied biologic fluids (pg/ml) in POAG subgroups.

Biologic fluid           POAG 1–2 subgroup (n=13)           POAG 3–4 subgroup (n=17)           P
          Aqueous humor                                    
     mean±SD           40.0±25.7           51.1±34.7           NS
     range           4.4–77.4           4.4–106.6            
     median (IQR)           45.7 (14.4–57.4)           53.2 (32.5–66.0)            
          Lacrimal fluid                                    
     mean±SD           176±99           258±91           0.027
     range           61–385           141–487            
     median (IQR)           176 (96–238)           240 (190–307)            
          Blood serum                                    
     mean±SD           165±42           217±55           0.017
     range           106–230           150–317            
     median (IQR)           163 (128–202)           225 (163–246)            

Statistical analysis was performed by Mann–Whitney U test POAG – primary open-angle glaucoma; SD – standard deviation; IQR – 
interquartile range; NS – non-significant
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pathologies [4,5,37]. In one of these studies, the GDNF level 
was below the minimum quantifiable value [37]. In the two 
others, the mean GDNF value was 20.25 pg/ml in controls 
with retinal detachment [4] and 89.5 pg/ml in controls with 
various non-diabetic vitreoretinal pathologies [5]. Interest-
ingly, this last value is practically equal to the mean GDNF 
concentration in the AH of our comparison group. With 
different manufacturers of ELISA kits, this may be just a 

coincidence. Alternatively, it may reflect an ease of transition 
between AH and the vitreous for GDNF and, presumably, for 
other neurotrophic factors.

The results of the present study showed significantly 
lower GDNF levels in the AH and LF of patients with POAG 
and significantly less GDNF content in LF and BS at earlier 
stages of POAG compared to later stages (GDNF concentra-
tion in AH also showed this tendency). Most importantly, 

Figure 1. Plots of GDNF content in aqueous humor (A), lacrimal fluid (B), and blood serum (C) versus the Humphrey visual field index (VFI) 
in the main group. The solid line represents the linear regression fit. Note the reversed x-axis. The dotted line is the average concentration 
of GDNF in the comparison group. Pearson’s correlation coefficients are as follows: −0.289 (p = 0.122) in (A), −0.465 (p = 0.01) in (B), and 
−0.399 (p = 0.029) in (C).
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compared to the Cataract group, GDNF concentration at 
earlier stages of POAG was significantly lower in all biologic 
fluids studied.

Previous studies have identified two types of behavior 
of neurotrophic factors involved in POAG pathogenesis. The 
first type is a gradual decrease in the concentration of the 
factor in AH and LF as glaucoma progresses; this has been 
shown by ciliary neurotrophic factor (CNTF) [38]. Another 
type is a decrease in the content of a factor in all biologic 
fluids (AH, LF, BS) in the earlier stages of POAG, with a 
limited increase in the later stages of the disease, not reaching 
the level of the comparison group. This type of behavior has 
been demonstrated previously by brain-derived neurotrophic 
factor (BDNF) [39] and, in the present study, by GDNF. In a 
study limited to the BS of patients with POAG, this type of 
change was shown for BDNF and nerve growth factor (NGF) 
[40].

These data suggest the hypothesis that a decrease in the 
concentration of GDNF and other neurotrophic factors in 
BS, AH, and LF plays an important role in the pathogenesis 
of earlier stages of POAG and, possibly, in the initiation of 
the disease. POAG initiation is usually explained by local 
structural, hydro-, and hemodynamic changes. However, such 
changes (e.g., ocular hypertension) do not necessarily lead to 
POAG. Clearly, something else is necessary for POAG initia-
tion. Present and previous studies show that decreased levels 
of neurotrophic factors (BDNF, GDNF, NGF) may be this 
supplement, which, when combined with local changes, could 
lead to glaucoma. Of course, this does not exclude another 
possibility: the decrease in some neurotrophic factors could 
be a consequence, rather than a cause, of early POAG. Further 
studies are needed to investigate these possibilities.

Several limitations may present in this study, including:: 1. 
We did not compare GDNF contents in the BS and LF of 
patients with and without cataract. However, in our previous 
studies, we performed such a comparison for BDNF and 
CNTF, showing that cataract does not influence the concen-
tration of these neurotrophic factors due to its relatively 
benign course, which is not accompanied by significant 
immune or inflammatory changes [38,39]. Based on these 
results, we accepted the data from patients with cataracts 
as normative. 2. We collected stimulated LF, which could 
influence GDNF levels; however, this was the only way to 
obtain the minimum amount of LF needed for examination, 
particularly in elderly patients. 3. The LF and AH/BS were 
not sampled on the same day, so the correlations of GDNF 
levels in these media could be underestimated or not found. 4. 
Values below the minimum quantifiable value (non-detects) 
were substituted with half the minimum quantifiable value. 

A method of substitution is rightly criticized (Guidelines for 
computing summary statistics for data-sets containing non-
detects); however, other guidelines consider it acceptable if 
the rate of non-detects is 15% or lower (Guidance for data 
quality assessment: practical methods for data analysis: EPA 
QA/G9: QA00). In this study, substitution was used in three 
cases (6.4%) only, which practically did not affect the results. 
Thus, with the recommended method of Regression on Order 
Statistics (Guidelines for computing summary statistics for 
data-sets containing non-detects) and with substitution, in 
AH in the Cataract group we obtained the same median (IQR) 
GDNF concentrations and only slightly different mean±SD: 
90.6±44.0 versus 88.9±46.9. At the same time, a significant 
advantage of substitution is the possibility of using standard 
statistical calculations.

In conclusion, compared to patients with cataract only, 
GDNF levels are lower in the AH and LF of patients with 
POAG and cataract, especially at earlier stages of the disease 
(at these stages, the GDNF level in BS is also lower). More-
over, at earlier stages of POAG, compared to later stages, 
GDNF content is lower in LF and BS. These data could serve 
as a reason for the therapeutic use of GDNF in patients with 
POAG.
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