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Abstract. Glaucoma, one of the significant causes of blindness
worldwide, is a chronic optic neuropathy, characterized by
progressive loss of retinal ganglion cells and specific perimetric
defects. This study aimed to assess the association between the
risk of glaucoma progression and different systemic vascular
abnormalities. A 4-year prospective study was carried out on
204 patients diagnosed with open-angle glaucoma. Associated
systemic vascular pathology was documented in 102 cases.
Progression was encountered in 57 (55.9%) patients with
vascular comorbidities and only in 10 (9.8%) patients with no
associated vascular diseases (OR 13.81, P<0.01). The vascular
risk factors associated with glaucoma progression in the
study group were diastolic hypotension (OR 5.444, P=0.027),
ischemic cardiac disease (OR 5.826; P<0.01), peripheral
vasospasm (OR 3.108, P= 0.042) and arterial hypertension
(OR 2.593, P=0.05). Diabetes was not significantly correlated
with progression in the study group, but only patients without
diabetic retinopathy were included. This study highlights that
systemic comorbidities associated with endothelial lesions,
atherosclerosis and hypoperfusion can lead to damage to the
retinal nerve fiber layer and the underlying conjunctive tissue.
Introduction
Glaucoma, one of the major causes of blindness worldwide, is
a chronic optic neuropathy, characterized by progressive loss
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of retinal ganglion cells and specific perimetric defects (1,2).
The main risk factor for the onset and progression of glaucomatous damage is considered high intraocular pressure (IOP),
which is also the main target of the therapeutic arsenal of
glaucoma (2,3). In clinical practice, a significant proportion of
cases experience progression, even when IOP is under control
and, in normal-tension glaucoma, optic disc changes and
visual field defects appear while IOP is considered normal.
Clinical studies have aimed to identify correlations with
other risk factors, such as myopia, age, race, family history,
central corneal thickness, and diabetes (4,5). There is strong
evidence that systemic vascular abnormalities play an important role in the pathophysiology of glaucoma (6-9). Ocular
blood flow (OBF) is a key factor for the health of retinal
ganglion cells. According to Ohm's law, it depends on ocular
perfusion pressure (OPP) and the vascular resistance ratio;
the mechanisms of retinal autoregulation can modify the
latter (9,10). Clinical data show that OPP correlates better
with the occurrence and progression of glaucomatous lesions
compared to blood pressure (BP) or IOP alone (9,11,12).
Retinal autoregulation is the complex physiological process
by which constant blood flow is ensured despite significant
variations in the OPP. The blood flow of the retina is controlled
by complex mechanisms that include myogenic, metabolic and
hormonal factors (6,13-15). The high consumption of oxygen in
the human retina is crucial for normal functioning of the organ.
Vascular dysregulation is a primary step initiating glaucomatous damage via OBF instability, affecting the optic nerve and
retina by the enhancement of ischemic injury and promoting the
apoptosis of retinal ganglion cells. Primary vascular dysregulation, endothelial dysfunction, astrocyte activation and neuronal
dysfunction induce compromised neurovascular coupling (6).
This leads to periods of reduced nutrient supply (including
oxygen and glucose) during neuronal stimulation. Such periods
are more likely to occur when OPP is reduced or fluctuates.
Changes in arteriolosclerosis additionally bring a vulnerability
factor of the optic nerve to small variations in perfusion eye
pressure by compromising auto-regulation (15). On the other
hand, vascular dysregulation may increase the vulnerability of
the optic nerve to slight variations of IOP, BP or metabolic needs
of retinal ganglion cells, because in this case, small variations of
OPP may cause a significant decrease in OBF, beyond normal
limits, resulting in retinal ganglion cell ischemia (6,7,15).
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The objective of this study was to estimate the association of
the risk of progression in glaucomatous patients with vascular
dysregulation-related comorbidities as an independent factor
despite maintaining normal IOP under antiglaucomatous
topical therapy.
Patients and methods
A 4-year-prospective study was carried out in 204 patients
diagnosed with open-angle glaucoma and compensated
values of intraocular pressure (IOP) under medical treatment,
admitted to the Department of Ophthalmology, Emergency
University Hospital Bucharest, Romania, during 2015-2019.
The Ethics Committee of The Emergency University Hospital
Bucharest approved the study, and signed informed consent of
all patients enrolled was obtain, according to the Declaration of
Helsinki. Two comparative study groups were designed: Group
A (no associated vascular comorbidities) (n=102 patients) and
group B (with associated vascular pathology) (n=102 patients).
The groups were matched in regards to glaucoma stage and
sex ratio. The two groups were not age-matched, due to the
increased incidence of vascular comorbidities, especially arterial hypertension and ischemic coronary disease with age.
All of the patients underwent complex ophthalmological
examination, automated perimetry (Optopol PTS-910), fundus
photography and optical coherence tomography (OCT) analysis
of the optic nerve and peri-papillary retina (SD-OCT, Zeiss). An
extensive anamnesis was carried out at admission to document
all cardiovascular comorbidities and other possible risk factors
for progression. The two groups were comparatively studied
for glaucoma progression. Only one eye, the eye with the most
advanced glaucomatous lesions, was included in the study.
Based on severity of glaucomatous optic nerve damage and
visual field (VF) loss the patients were arranged in 4 groups:
Preperimetric, early, moderate and advanced glaucoma (Table I).
Exclusion criteria included: Visual acuity <0.3, other retinal
or neurologic pathology which could be a possible cause of
decreased vision and VF abnormalities, and secondary glaucoma. After the initial enrollment, the patients were evaluated
every six months by applanation tonometry, VF, OCT and
fundus examination, for 48 months.
Statistical analysis. For analysis of the data and establishing
the correlations with significant statistical value, SPSS
(version 13.0) (SPSS, Inc.) was used. Mean and standard deviation were calculated for the significant parameters. ANOVA,
odds ratio (OR) and χ2 test were used to assess the statistical
correlation and a P<0.05 was considered to indicate a statistically significant difference.
Results
Out of the total of 204 patients, at the time of enrollment in
the study, 57 (27.9%) patients represented newly diagnosed
cases, and 147 (72.1%) were patients previously diagnosed
with primitive open-angle glaucoma. Most were female
(139 cases), with a sex ratio F:M of 2.13:1. The distribution by
age groups showed a peak around 50-55 years, with a mean
age 51±2.1 years. In group ʻAʼ, with no vascular comorbidities,
the mean age was 48±2.3 years. In group ʻBʼ, with associated

vascular pathology, the mean age was 62±1.8 years. Age and
glaucoma stage distribution of the patients in the study groups
are presented in Table II.
All patients in the study group achieved target IOP
under medical treatment. In group B, the most frequent
associated pathologies were: Arterial hypertension and type
2 diabetes (34.3%), followed by ischemic cardiac disease
(22.55%) (Table III).
Of the total 204 patients, monitored over a 48-month
period, 67 had perimetrically and/or imagistic documented
progression of the glaucomatous disease, despite normal
IOP under topical antiglaucomatous therapy. Progression
was encountered in 57 (55.9%) patients from group B (with
vascular comorbidities) and only in 10 (9.8%) patients from
group A (Table IV). The mean age of patients who presented
progression was significantly higher than the general average
both for group A (52±2.7 vs. 48±2.3 years, P= 0.014), and
group B (62±1.8 vs. 66±8.3 years, P=0.02), thus age was positively associated with progression.
The percentages in which different systemic vascular
conditions were found in the entire study group and in the
group of patients who had functional or structural confirmed
glaucoma progression were studied comparatively (Table V).
Statistical analysis found that cardio-vascular ischemic
diseases, diastolic hypotension, peripheral vasospasm and
chronic arterial hypertension were strongly associated with
glaucoma progression (OR: 5.826, 5.444, 3.108 and 2.593
respectively) (Table V). In the present study, 7 patients out of
a total of 204 (3.43%) presented low diastolic blood pressure
(below 65 mmHg), either permanent or with documented
nocturnal dips (by 24-h Holter monitoring). Progression was
documented in 5 of these cases.
Diabetes was not a significant risk factor for glaucoma
progression in the present study. This associated pathology
was common both in the population without progression and in
the group in which the disease progressed (OR: 0.874 vs. OR:
1.467). One explanation would be that patients with diabetic
retinopathy were not included in the study, in order not to
influence the assessment of the perimetric progression of glaucomatous disease. Therefore, being present only in patients
with diabetes, but without retinopathy, we can consider that
the vascular impairment related to diabetes is insignificant for
the retinal autoregulation in these cases.
Discussion
Ocular blood flow (OBF) is a key factor for the health of retinal
ganglion cells. According to Ohm's law, it depends on ocular
perfusion pressure (OPP) and vascular resistance ratio; the mechanisms of retinal autoregulation can modify the latter (10). OPP
represents the arterial-venous pressure driving blood through the
retinal vasculature. Although direct measurement of OPP can
be performed experimentally, it is a complicated procedure. In
practice, it can be approximated that the mean arterial pressure
in the ophthalmic artery is equal to 2/3 of the pressure measured
at the level of the brachial artery and that retinal venous pressure
is similar to IOP. However, venous flow is known to occur in the
retinal circulation (16). The venous pressure must slightly exceed
IOP (13,14). OPP is the result of the balance that is established
between blood pressure (BP) and IOP.
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Table I. Staging of glaucoma in the study groups.
Preperimetric glaucoma

Early glaucoma

Moderate glaucoma

IOP at diagnosis
>21 mmHg
>21 mmHg
>21 mmHg
VF changes
Normal aspect
Non-specific changes
Various typical
(automated		
(enlargement of blind
glaucomatous
perimetry)		
spot, nasal field narrowing) scotomas
				
				
Optic disk and RNFL Suggestive for
Suggestive for glaucoma:
Optic disk changes
changes (OCT and
glaucoma: Enlargement Enlargement of C/D ratio
(increased cupping
fundus examination) of C/D ratio (0.3-0.5),
(0.3-0.5), focal loss, thinning 0.5-0.7, focal
focal loss, thinning
of RNFL
loss/thinning of the
of RNFL		
RNFL +/-neuroretinal
			
rim)

Advanced glaucoma
>21 mmHg
Advanced VF defects:
nasal step, confluent
arcuate scotomas, ring
scotomas, within 10□
of central vision
Optic disk changes
(optic disc cupping
>0.7, focal or diffuse
lesions of the optic
disk and nerve fibers
layer)

IOP, intraocular pressure; VF, visual field; RNFL, retinal nerve fiber layer; OCT, optical coherence tomography.

Table II. Age distribution and clinical stages of glaucoma at admission of the cases.
Age

No.

Preperimetric

Incipient

Moderate

Advanced

35-39 years
40-44 years
45-49 years
50-54 years
55-59 years
60-64 years
65-69 years
70-75 years
>75 years
Total

24
12
18
34
29
30
17
25
15
204

5
0
4
8
11
6
3
3
2
42

9
6
6
8
8
11
7
13
7
75

7
6
5
9
8
7
4
5
4
55

3
0
3
9
2
6
3
4
2
32

Table III. Vascular abnormalities in group B.
Vascular abnormality
Arterial hypertension
Ischemic cardiac disease
Diastolic hypotension (<65 mmHg)
Peripheric vasospasm
Diabetes type 2
Total

No. of cases
35
23
7
2
35
102

A constant OBF can be maintained in normal subjects up
to an increase of IOP at values of 27-30 mmHg, which would
mean a decrease in the perfusion eye pressure of 40-50% at the
average BP of 100 mmHg; but also, in the case associated with
an increase of OPP up to 20-60%, as happens during isometric
physical exercise (7,15). In experimental studies, increased
IOP induces retinal vasodilation to increase compensatory

OBF (7,15,17). This is achieved by modifying the vascular
caliber via Ca++ blocking channels, which generate vasodilation. The mediators of these mechanisms include oxygen,
carbon dioxide, angiotensin-II, adenosine, nitric oxide (NO),
and endothelin-1 (14,18). Metabolic factors, such as variations in the partial pressures of O2 and CO2, are triggers for
endothelin-1-mediated vasoconstriction and respectively
vasodilation-mediated by NO (19). Retinal ganglion cells and
their axons, endothelium and glial cells, such as astrocytes,
form a ʻneurovascular unitʼ, which contributes to the homeostasis of the microenvironment and OBF in optic nerve head
(ONH) and retina, via vascular autoregulation, glial support,
the balance between ET-1 and NO, trophic supply, proper
blood-brain barrier (BBB) and controlled immunity (20). In the
central nervous system, astrocytes have a well-known neuroprotective effect, through multiple mechanisms: Angiogenetic,
immunomodulatory, neurogenic, antioxidant and modulating
synaptic transmission (21). In a normal state, astrocytes support
the axons they ensheathe, but in response to injury/disease,
they remodel and become reactive, inducing changes in gene
expression, morphology and function (22). There is a standing
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Table IV. Incidence of glaucoma progression in study groups A and B; correlations with age and systemic vascular abnormalities.
Age
35-39 years
40-44 years
45-49 years
50-54 years
55-59 years
60-64 years
65-69 years
70-75 years
>75 years
Mean age (years)
Total

Group A

Group A progression

Group B

Group B progression

Progression (total)

21
10
16
23
14
9
2
4
1
48±2.3
102

1
1
2
3
2
1
0
1
0
52±2.7
10

3
2
2
11
15
21
15
21
14
62±1.8
102

2
4
3
8
6
10
7
9
8
66±8.3
57

2
5
5
11
8
11
7
10
8
60±12.6
67

Table V. Distribution of the vascular comorbidities in the total group and the group of patients with glaucomatous progression.
Vascular comorbidity
Arterial hypertension
Ischemic cardiac disease
Type 2 diabetes
Peripheral vasospasm
Diastolic hypotension (<65 mmHg)
Total

Total study group n (%)

Glaucoma progression n (%)

OR

P-value (χ2 test)

35 (17.15)
23 (11.27)
35 (17.15)
2 (0.98)
7 (3.4)
204 (50)

18 (26.86)
16 (23.88)
14 (20.89)
2 (2.98)
5 (7.64)
57 (85.07)

2.593
5.826
1.467
3.108
5.444
13.8172

0.050
<0.010
0.322
0.042
0.027
<0.010

OR, odds ratio.

question in glaucoma research, whether reactive astrocytes in
the lamina region are harmful or beneficial for visual outcome.
As in the brain, blood flow in the retina is also controlled by
neurovascular coupling (15,22). This means that the retina
increases its blood flow to regions in which neurons are
activated, via prostaglandin-mediated vasodilatation. This is
carried out to provide more oxygen and glucose to the active
neurons. In recent years, evidence suggests that astrocytes play
a crucial role in mediating this vasodilator signal (22,23).
Arterial hypertension and glaucoma. In the present study,
we found that chronic arterial hypertension was highly
correlated with glaucoma progression (OR 2.593, P=0.05). In
the literature, the interrelations of high BP and glaucoma are
more complex. Klein et al, in the Beaver Dam Eye Study (24),
found an increase in IOP of 0.24 mmHg for every 10 mmHg
of systolic BP. The pathophysiological mechanisms include
an increase in the ultrafiltration of the aqueous humor, an
increase in the pressure in the episcleral veins, with secondary
reduced trabecular filtration, but also an increase in the general
sympathetic tonus with age. Experimental studies on animal
models confirmed the hypothesis that the OBF is the primary
determinant of retinal ganglion cell integrity (7,25). Low BP
exacerbates IOP-induced ischemia, while increased BP, at least
in the short term, provides some protection. In these models,
BP and IOP are experimentally increased and decreased for

only a short time, up to 10 min, so the long-term consequences
of arterial hypertension at the level of the retinal ganglion cells
cannot be evaluated (7).
Therefore, the findings cannot be extrapolated to adults
with chronic arterial hypertension, as they do not take into
account vascular changes in arteriolosclerosis and endothelial
dysfunction. Clinical trials, across large population groups,
have different results regarding the effect of high BP on glaucomatous progression. Some extensive clinical studies show,
paradoxically, that chronic arterial hypertension may increase
the risk of glaucoma, despite the protection that should be
associated with increased OPP (24,26). In contrast, others
revealed a protective role of increased BP (8,10,19,26-32). The
Baltimore Eye Survey (31) showed a relationship dependent
on the age of the subjects: Protective effect for the young and
a risk factor for the elderly, probably explained by the associated peripheral vascular changes. In clinical practice, in older
individuals, glaucoma and arterial hypertension, treated or
not coexist frequently. Clinical studies support the existence
of a clinical paradox: Too aggressive lowering of BP is not
beneficial for tissue perfusion, not only at the level of the
retina and optic nerve but also in the brain and heart (4,24).
Diastolic hypotension (dips). Low diastolic BP (DBP) has the
immediate effect of reducing OPP, with insufficient ocular
perfusion. Numerous studies, across large population groups,
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show a high correlation between low OPP and prevalence,
incidence and progression of glaucoma. The Egna-Neumarkt
Study (8) demonstrated that low diastolic pressure below
50 mmHg is associated with a 4.5-fold prevalence of glaucoma
compared to those with a diastolic pressure above 65 mmHg.
In the Proyector VER study (32), patients with diastolic pressure below 45 mmHg were found to have a 3-fold risk of
developing glaucoma in comparison to subjects with DBP
above 65 mmHg. The Barbados Eye Study (33) demonstrated
a 2-fold risk of glaucoma in individuals with arterial hypotension. Nocturnal ‑dips‑ of more than 10 mmHg compared to
DBP baseline were found to be another documented risk factor
for glaucoma progression. These observations correlate clinically with nocturnal IOP increases, related to the decubitus
position, which have a negative synergistic effect, reducing
OPP. Furthermore, the risk of glaucoma progression depends
on the duration and the amplitude of those dips (33,34).
Therefore, therapeutic planning of glaucomatous patients
should also include 24-h automated monitoring of BP, especially in those cases with IOP within the limits of the target
values, but showing progression of VF defects. Moreover,
clinical studies show that patients with low OPP or large
nocturnal ʻdipsʼ in BP frequently present with autoregulation
disorders both in the retinal vasculature and in the peripheral
circulation in general, the Flammer phenomenon (15,19,35).
The therapeutic strategy of glaucomatous patients with low
BP should include, in addition to ocular hypotensive therapy,
hygiene-dietary measures intended to increase BP to the limit
of average values: Easy isometric (aerobic) exercise, loaded
with night salt and proper hydration. In patients with treated
arterial hypertension, the adjustment of antihypertensive
therapy to less aggressive target is indicated (36).
Peripheral vasospasm. The association of glaucoma with
peripheral vasospasm was found to be a significant risk
factor for progression (P= 0.042 for χ2 test). The relative risk
for the ʻprogressionʼ cohort had a significant supraunitarian
value: 3.108. Clinical studies support evidence that there is
an increased incidence of peripheric autoregulation disorders
in patients with glaucoma (8,28-32,36,37). This phenomenon,
described by Flammer for the first time as ʻprimitive vascular
dysregulationʼ refers to abnormal changes in the microcirculation
under mechanical or mental stress or in response to temperature
variations, in apparently healthy subjects. These dysfunctions
may involve both vasoconstrictions-vasodilatation response,
mediated by endothelin and NO, respectively, as key factors
of retinal autoregulation during isometric exercises, but also
astrocyte-mediated vasodilation, the so-called ʻneurovascular
couplingʼ (11,35). Retinal blood flow is mostly regulated by the
endothelial cell-derived substances that are collectively known
as endothelium-derived vasoactive compounds, acting both
abluminal and intraluminally. Patients with primary vascular
dysregulation often have a high level of endothelin-1. Trivli et al
highlight endothelin1-related modified vasoreactivity in normotensive glaucoma patients, which has also elevated plasma levels
of endothelin-1 in cold stimulation, so widespread vasoconstriction and peripheral blood flow insufficiency (19).
Cardio-vascular ischemic diseases. Cardio-vascular ischemic diseases represent a significant risk factor for glaucoma
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progression (P<0.01, OR: 5.826), which could be explained
by the disruption of the autoregulation mechanism and
decreased blood flow to the optic nerve. Some clinical studies
also revealed a higher proportion of ischemic heart disease
development among open-angle glaucoma patients. This may
be explained to the similar underlying mechanisms of both
diseases. The presence of glaucoma in patients with heart
failure may be related to low cerebral blood flow and may be a
poor prognostic factor for heart disease (36-41).
Diabetes. The correlations between diabetes and glaucoma are
controversial. Some studies have found diabetes to be a risk
factor in glaucoma (42-46), and others find no correlation or
even a negative correlation (47). In the present study, we found
no correlation between these two frequent encountered pathologies, but only diabetic patients without diabetic retinopathy
were included. Diabetic microcirculation impairment leads to
retinal fiber layer damage by multiple pathological pathways:
Oxidative stress, increased levels of retinal inflammation
biomarkers and disruption of vasculo-retinal barrier (42,43,46).
Vascular abnormalities consequently interfere in multiple
ways in the pathophysiology of glaucoma. Arterial hypotension induces ischemia and hypoxic stress in the retinal
ganglion cells. The nocturnal increase in IOP related to the
decubitus position, associated with nocturnal dips in diastolic
BP, may lead to a significant decrease in ocular perfusion
pressure, thus explaining the strong correlation with glaucomatous progression. Local disorders associated with primary
or secondary auto-regulation may have a similar effect. Age
is another factor positively associated with progression, both
by an increased incidence of systemic vascular diseases and
by physiological decreased retinal autoregulation. One limitation of the present study was that the two groups were not
age-matched, given the difficulty in identifying older patients
without vascular abnormalities and on the other hand, the
low incidence of vascular-associated pathology in younger
patients below 50 years of age. On the other hand, age and
vascular pathologies are well correlated; the prevalence of
arteriolosclerosis, endothelial dysfunction and dysregulation
being higher in older people.
This study demonstrated that systemic comorbidities associated with endothelial dysfunction, lesions and atherosclerosis
can lead to damage to the retinal nerve fiber layer and the
underlying connective tissue. Arterial hypertension, ischemic
cardiac disease, peripheral vasospasm and arterial hypotension are hemodynamic risk factors, significantly associated
with glaucoma progression, despite maintaining IOP within
normal limits, by impaired ocular blood flow. In glaucomatous
patients, with documented progression, despite low IOP values
under treatment, a careful evaluation of the associated hemodynamic risk factors, including 24-h monitoring of BP can be
useful in therapeutic planning.
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