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This prospective study aimed to compare vascular parameters (endothelin-1 [ET-1] blood levels, laser
Doppler imaging [LDI] of distal phalanxes, and nailfold capillaroscopy) between open-angle glaucoma
patients with low- and high-tension optic disc hemorrhages (LTDH and HTDH, respectively). The

33 enrolled patients (mean age, 62.3 +13 years) were classified as LTDH or HTDH if they presented

at the time of DH detection an intraocular pressure (IOP) <16 mmHg or=16 mmHg, respectively.
Demographic and ophthalmological data, ET-1 concentrations, LDI (before and 1, 10, and 20 min after
cold stimulation), and nailfold capillaroscopy findings were evaluated. The ET-1 blood level was 65%
higher in the LTDH (2.27 +1.46 pg/ml) than in the HTDH (1.37 + 0.57 pg/ml; p=0.03) group. Moreover,
there was a statistically significant negative correlation between ET-1 blood concentration and IOP

at the time of DH detection (r=-0.45, p=0.02). Blood flow measurements 10 and 20 min after cold
stimulation were lower in the LTDH group than in the HTDH group (p <0.01). Patients developing DH
with lower IOPs have higher ET-1 blood levels and more peripheral vascular dysfunction as estimated
by LDI than those with higher IOPs. These findings suggest that distinct underlying mechanisms may
be involved in patients developing DH within different IOP ranges.

Glaucoma is the leading cause of irreversible blindness in the world'. Despite a growing number of studies, the
etiology of open-angle glaucoma (OAG) remains unclear”. Although elevated intraocular pressure (IOP) remains
the most important risk factor for glaucoma®, many patients may develop glaucoma or experience disease pro-
gression despite IOP values within the normal range*”’. As OAG is a multifactorial disease, various studies have
associated vascular factors with OAG pathogenesis® .

Optic disc hemorrhage (DH) has been consistently associated with glaucoma''-!*. DH is usually detected in
patients with normal-tension glaucoma but can also be observed in patients with primary open-angle glaucoma'*.
Although not fully elucidated, two main mechanisms have been proposed to explain DH etiology. In brief, the
mechanical theory involves pressure-induced damage ultimately leading to the rupture of small peripapillary
blood vessels. The vascular theory involves blood-retinal barrier breakdown at the border of the optic disc due
to abnormal levels of endothelin-1 (ET-1) and matrix metalloproteinases'>~8,

Several qualitative and quantitative vascular parameters have been investigated in glaucoma patients, such as
elevations in ET-1 levels’*! and nailfold capillaroscopy (NC) abnormalities?*~2*. Another potential alternative
for vascular analysis includes laser Doppler imaging (LDI), a noninvasive technique that measures superficial
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cutaneous microvascular blood flow?. Although often used to access blood perfusion in systemic sclerosis
studies®®?, to the best of our knowledge, until now, there have been no studies using LDI in glaucoma.

As DHs may present in a wide range of IOP values, we divided our study population into two groups: patients
presenting DHs with treated IOPs in the low teens (low-tension disc hemorrhage [LTDH]) and patients present-
ing DHs with higher IOP values (high-tension disc hemorrhage [HTDH]. The rationale for such an approach
relies on a recent study from our group, in which we observed that patients with LTDH and HTDH differed
significantly regarding epidemiological, systemic, and ocular characteristics?®. Among these differences, symp-
toms of vascular dysregulation were more common in patients with LTDH. In the present study, we hypothesized
that vascular parameters may also differ significantly between these two distinct groups. Therefore, we sought
to compare vascular function-related parameters, as assessed by ET-1 blood levels, LDI of distal phalanxes, and
NG, between treated OAG patients with LTDH or HTDH.

Material and methods

In this prospective cross-sectional study, participants were recruited from the Federal University of Sao Paulo
(Sao Paulo, Brazil) and Hospital Medicina dos Olhos (HMO, Osasco, Brazil). All protocols were approved by
the Institutional Review Board of the Federal University of Sao Paulo (CEP 1.794.726) and were performed in
accordance with the ethical standards of the Declaration of Helsinki. Additionally, written informed consent
was obtained from all participants.

Participants. We examined consecutive OAG patients for the presence of DH. The inclusion criteria were (1)
clinical diagnosis of glaucoma, defined by abnormal optic disc excavation with corresponding visual field loss,
(2) best corrected visual acuity equal to or better than 20/60, and (3) open angles on gonioscopy. The exclusion
criteria were (1) other major retinal pathologies, (2) refractive error exceeding+6.00 diopters sphere or+3.00
diopters astigmatism, (3) optic disc torsion more than 15° or a tilt ratio > 1.3 (maximum-to-minimum optic disc
diameter), (4) diagnosis of a vascular or connective tissue disease, and (5) use of any vasoactive medication.

All participants completed a basic medical questionnaire, and their clinical characteristics (best corrected
visual acuity, IOP, gonioscopy, lens status, and optic disc appearance) were assessed during the first appoint-
ment. Tonometry was performed using a Goldmann applanation tonometry, gonioscopy was performed using
a four-mirror goniolens (Volk Optical, Mentor, OH, USA), and dilated fundus examination was performed
using a noncontact 90D fundus lens (Ocular, Bellevue, WA, USA). In addition, the medical records, including
demographic characteristics (age, sex, and ethnicity), preexisting medical conditions (diabetes mellitus, systemic
hypertension, vascular disorders, connective tissue disorders), past ocular surgeries, and ocular and systemic
medications of the participants were assessed.

Participants who met the inclusion criteria and did not meet any of the exclusion criteria underwent specific
tests in the six-month study period.

Patients were then divided into LTDH and HTDH groups according to the median IOP of the study popula-
tion (16 mmHg). Details of this methodology have already been published elsewhere®®. Patients presenting with
an IOP < 16 mmHg at the time of DH detection were classified as LTDH, and those with an IOP > 16 mmHg
were classified as HTDH. This methodology (median split) has been previously adopted in the Early Manifest
Glaucoma Trial, where patients were divided into two groups, low-tension and high-tension IOP, for assess-
ment of glaucoma progression predictors?. Finally, clinical and ocular data at the time of DH detection were
compared between patients with LTDH and those with HTDH. Whenever both eyes were eligible, only one was
randomly selected for analysis.

Endothelin-1 measurements. Blood samples were obtained from the antecubital vein, preferably in the
morning and after 5 to 10 min of rest in a sitting position. After 30 min at room temperature, serum was sepa-
rated by 15 min of centrifugation, immediately aliquoted in 0.3-ml cryovials, and properly stored until further
processing®. The concentration of ET-1 was measured using an enzyme-linked immunosorbent assay (R&D,
Inc., Minneapolis, MN, USA) according to the manufacturer’s instructions.

Nailfold capillaroscopy. NC was performed by the same rheumatology specialist in a temperature-con-
trolled (24 °C) laboratory after an acclimatization period (1 h) using a widefield stereomicroscope (SZ40, Olym-
pus) under 10-25x magnification. All fingers were evaluated, except for the thumbs. The following parameters
were analyzed: the presence of hemorrhages and ectasia.

Laser Doppler imaging. In the same temperature-controlled laboratory, LDI was performed. The blood
flow from four fingertips (excluding the thumb) of the non-dominant hand was measured using LDI (Moor
LDI-VR, Moor Instruments, Axminster, UK) before and after cold stimulation by immersion of both hands in
water at 15 °C for 60 s, followed by monitoring of the blood flow at 1, 10, and 20 min after the cold stimulus.

The device uses a red helium-neon laser operating at 633 nm with a skin penetration of approximately 1 mm
in depth. The scan speed was 4 ms/pixel, and the scanning time was 3 min and 15 s for each measurement.
The mean fingertip blood flow (FBF) of the four fingertips was obtained using an automated software system
(Moor LDI system software V5.2), and the average was calculated to determine the global mean. Blood flow
was recorded in arbitrary perfusion units (PU)?. Delta FBF (A-FBF) was also calculated, which represents the
percentage difference between post- and pre-cold stimulus FBF*".
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Statistical analysis. Descriptive analysis was used to present demographic and clinical data. Descriptive
statistics included mean and standard deviation values. Data with normal distribution were analyzed using the
independent samples t-test and those without normal distribution using the Mann-Whitney test. Categorical
data were analyzed using the chi-square test.

For the comparison of ET-1 levels between patients with LTDH and HTDH, we used the Welch test** to
account for unequal variances in these two independent groups. The correlations of ET-1 levels with IOP values
and LDI results (at 10 and 20 min) were also investigated (Pearson correlation). Scatter plots were constructed
including LOESS (Local Regression Smoothing) trendlines (a span of 80% was adopted) to smooth out fluctua-
tions in data and show a pattern or trend more clearly. Span represents the proportion (expressed as a percentage)
of the total number of points that contribute to each local fitted value.

For this study, we chose the correlation between ET-1 levels and IOP values as our main outcome for sample
size calculation. Considering an alpha value of 0.05 and an estimated correlation coefficient of 0.50 between
these two parameters, a minimum of 29 participants was required to achieve a sample power of 80%. Statistical
significance was set at p <0.05. Computerized analyses were performed using MedCalc software (MedCalc, Inc.,
Mariakerke, Belgium).

Results

A total of 33 patients with a mean age of 62.3 + 13 years and a mean IOP of 14 +4 mmHg were included. The
mean IOP values were 12.0+2 and 18.6 + 3 mmHg in the LTDH and HTDH groups, respectively (p <0.01). No
significant differences were found regarding age, gender, race, central corneal thickness, and visual field (VF)
mean deviation index between the two study groups (p>0.05 for all comparisons). Table 1 summarizes the
demographic and clinical findings of both groups.

The ET-1 blood level was 65% higher in patients with LTDH compared to those with HTDH (2.27 +1.46
vs 1.37+0.57 pg/ml, respectively; p=0.03). In addition, a significant nonlinear negative correlation was found
between ET-1 blood concentration values and IOP values at the time of DH detection (patients in the LTDH
group presented higher ET-1 levels; r=-0.45, p=0.02; Fig. 1).

Blood flow measurements were estimated based on LD images (Fig. 2). In patients with LTDH, blood flow
measurements were lower than those observed in patients with HTDH 10 min after the cold stimulus (233 £ 109
vs 382+ 55 PU, respectively, p <0.01) and persisted to be lower at 20 min (249 + 116 vs 397 £47 PU, respectively,
p<0.01; Table 2 and Fig. 3). Figure 4 shows three examples of different LDI findings. Baseline and post-cold
stimulation results at several time points are provided for patients with HTDH (a-e) or LTDH (f-o0). For instance,
note the slower recovery time documented in the patient in panels f-o (a case of LTDH) compared to that in
panels a-e (a case of HTDH).

In addition, a significant correlation between blood flow measurements 10 min after the cold stimulus and
IOP values at the time of DH detection was found (patients in the LTDH group presented lower blood flow val-
ues; r=0.45, p=0.01; Fig. 5). Qualitative NC analyses showed the presence of hemorrhages (Fig. 6) and ectasia
without differences between the LTDH and HTDH groups (P > 0.44; Table 2).

The analysis between ET-1 blood levels and LDI values at 10 min after the cold stimulus showed a nominal
negative correlation (r=-0.39, p=0.07). Regarding vascular parameters and VF indexes, a negative correlation
between ET-1 and visual field mean deviation (MD) was found (r=-0.44, p=0.01). By contrast, ET-1 levels were
not correlated with the visual field index (VFL; r=-0.30, p=0.12). Likewise, LDI values at 10 min were correlated
neither with MD (r=0.06, p=0.172) nor with VFI (r=-0.24, p=0.24).

Discussion

Both elevated IOP* and DH occurrence® have been consistently associated with glaucoma development and
progression'!~"3. For example, Medeiros et al. evaluated rates of visual field progression in eyes with and without
optic disc hemorrhages. Eyes with disc hemorrhages were found to have significantly faster rates of progressive
visual field loss than those without disc hemorrhages, further supporting the concept of disc hemorrhages as
an important risk marker for progression®!. However, not every eye with a DH has a substantially elevated IOP.
In daily clinical practice, many eyes with DH present with a seemingly well-controlled IOP''-!*, This appar-
ently contradictory scenario can be explained by the existence of different underlying DH mechanisms, such

Variables* LTDH (n=22) HTDH (n=11) p-value
Age (years) 60.6+12.8 65.5+12.4 0.30
Gender (F/M) 86.4%/13.6% 63.6%/36.4% 0.14
Race (C/AA/A/O) 36.4%/9.1%/36.4%/18.2% 45.5%/0%/18.2%/36.4% 0.40
IOP (mmHg) 12.0+1.9 18.6+£2.9 <0.001
CCT (um) 518.5+34.7 513.4+29.9 0.69
MD (dB) -6.66+4.5 -4.40+5.3 0.21
VFI (%) 86.7+10.7 87.5+£18.2 0.88

Table 1. Demographic and ocular characteristics of study participants. LTDH, low-tension optic disc
hemorrhages; HTDH, high-tension optic disc hemorrhages; F, female; M, male; C, Caucasian; AA, African
American; A, Asian; O, others; IOP, intraocular pressure; CCT, central corneal thickness; MD, visual field
mean deviation; VFI, visual field index. *Data are given as mean + standard deviation or percentage.
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Figure 1. Scatter plot depicting a significant nonlinear correlation between endothelin-1 blood concentration
and intraocular pressure at the time of disc hemorrhage detection. The plot was constructed using local
regression smoothing trendlines (a span of 80% was adopted).
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Figure 2. Laser Doppler imaging analysis of the distal phalanx (in this case of a patient presenting optic disc
hemorrhage with an intraocular pressure of 18 mmHg).

as IOP-induced (mechanical) or vascular-related glaucoma's. In the present study, evaluating different vascular
metrics between patients with LTDH and those with HTDH, we found a greater prevalence of vascular abnor-
malities in those developing DHs with IOP values in the low teens. Not only had these patients a higher ET-1
blood concentration but also reduced blood flow measurements following cold stimulation. To the best of our
knowledge, this is the first study to report on such findings in these specific groups of patients with DH.

Even though the concept of low- and high-tension DH was relatively recently introduced in the literature®,
the investigation of vascular parameters in patients with glaucoma has substantially increased over the last
years. Overall, our results corroborate in part the findings of previous studies that have pointed out vascular
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Variables* LTDH HTDH p-value
Hemorrhage (Y/N) 14 (63.3%)/8 (36.4%) 6 (54.5%)/5 (45.5%) 0.61
Ectasia (Y/N) 15 (68.2%)/7 (31.8%) 6 (54.5%)/5 (45.5%) 0.44
Baseline FBF 319+121 386+ 66 0.15

T1 FBF 190 + 64 290+117 0.09

T2 FBF 233+109 382+55 0.001
T3 FBF 249+116 397 +47 0.002
AT1 FBF (%) -25+22 —23+28 0.87
AT2 FBF (%) —25%23 -0+10 0.007
AT3 FBF (%) -18+18 -23+13 0.49

Table 2. Mean fingertip blood flow measured using laser Doppler imaging and capillaroscopy analysis in
patients with low- and high-tension optic disc hemorrhages. LTDH, low-tension optic disc hemorrhages;
HTDH, high-tension optic disc hemorrhages; Y, with hemorrhage/ectasia; N, without hemorrhage/ectasia;
NC, nailfold capillaroscopy; FBE, mean fingertip blood flow; T1/T2/T3, 1/10/20 min after the cold stimulus,
respectively; A, percentage difference between post- and pre-cold stimulus. *Data are given as mean + standard
deviation or number (percentage).
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Figure 3. Mean finger blood flow estimated through laser Doppler imaging at baseline and the cold stimulus
(T1, 1 min; T2, 10 min; T3, 20 min).

alterations (accessed by different methods) and ET-1 elevation in patients with glaucoma, especially in those
with normal-tension glaucoma!®.

Regarding the main findings of our study (ET-1, LDI, and NC results), we will separately address and con-
textualize each of our main findings. Concerning ET-1 levels, Grieshaber and Flammer previously associated
serum ET-1 levels with the pathogenesis of DH in eyes with low IOPs, describing a more systemic context of
primary vascular dysregulation'®. Interestingly, in our study, not only did ET-1 levels differ between the study
groups (patients with LTDH presented higher ET-1 levels than those with HTDH), but we also found a significant
negative correlation with IOP values at the time of DH detection.

With regard to LDI, we did not find another study in which this method was used to evaluate glaucoma
patients. The reproducibility of the LDI method was evaluated in a previous study of our group, showing an
intraclass correlation coefficient of 0.980 (p <0.001). Our findings suggest that compared to patients with
HTDH, patients with LTDH are characterized by lower peripheral blood flow not only before cold stimulation,
but they also have significantly and persistently lower values even 20 min after the cold stimulus, showing poor
recovery. Although it would be reasonable to expect an association between ET-1 levels and LDI values from a
clinical point of view and our study found a negative correlation between these parameters, we did not confirm
a statistically significant correlation. This might be due to our study sample size which might not be powered
enough to investigate this specific correlation.

In terms of NC analysis, we observed a high prevalence of vascular abnormalities in both groups, without
differences between patients with LTDH and those with HTDH. This lack of difference corroborates the findings
of another study that reported no differences in capillaroscopy findings comparing glaucomatous patients with
and without DH history®’. This observation can be explained by the fact that the presence of glaucoma itself
(regardless of the glaucoma type) is already related to NC abnormalities, as reported by several studies™**.

At this point, it is also important to discuss the main clinical implications of our findings. Our data suggest
that glaucoma patients with low IOPs who develop DHs may present systemic vascular abnormalities. In the LDI,
for instance, these patients not only had a lower initial response to the cold stimulus but also a poor recovery time.

Scientific Reports |

(2023) 13:5023 |

https://doi.org/10.1038/s41598-023-31682-w nature portfolio



www.nature.com/scientificreports/

High-tension
disc hemorrhage

Low-tension
disc hemorrhage

Low-tension
disc hemorrhage

Figure 4. Example of three patients with disc hemorrhage. Disc photographs (a, f, k) and laser Doppler images
before (b, g, 1) and 1 (¢, h, m), 10 (d, i, n), and 20 (e, j, 0) minutes after the cold stimulus of patients with high-
tension disc hemorrhage (a—e) and low-tension disc hemorrhage (f-j and k-o).
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Figure 5. Correlation between blood flow measurement 10 min after the cold stimulus and intraocular pressure
at the time of disc hemorrhage detection. The scatter plot was constructed using local regression smoothing
trendlines (a span of 80% was adopted).

Moreover, patients presenting DH in the low teens had higher ET-1 levels than patients with high-tension DH,
suggesting that patients presenting DH with apparently well-controlled IOP may present vascular dysregulation.
On the other hand, patients with high-tension DH likely have a mechanical, pressure-induced DH mechanism.
In addition, the negative correlation of ET-1 levels with IOP values at the time of DH detection suggests that in
patients with higher ET-1 levels, high IOP values are not required for DH development. These findings suggest
that distinct underlying mechanisms may be involved in patients developing DH with different IOP ranges and
provide a basis for future studies focusing on individualized treatment modalities for each distinct mechanism.

The present study has some limitations that should be addressed. First, the baseline IOP was established based
on a single measurement. Therefore, it is not known at which IOP the DH really occurred, only the presenting
IOP when the DH was detected. As IOP varies considerably even in treated patients, an IOP profile based on
multiple measurements for each patient is preferable. Second, our results are based on prospective data in a very

Scientific Reports |

(2023) 13:5023 | https://doi.org/10.1038/s41598-023-31682-w nature portfolio



www.nature.com/scientificreports/

Figure 6. Nailfold capillaroscopy of a patient with low-tension disc hemorrhage showing three periungual
hemorrhages.

specific population with strict well-defined inclusion and exclusion criteria. However, this led to a relatively
small sample size, which limits the generalization and external validation of our findings. Third, due to the cross-
sectional nature of our data, we can establish possible associations but not cause-effect relationships. Fourth,
information on anticoagulant therapy was not collected. However, this parameter can influence DH occurrence.
Finally, even though we have adopted a predefined and previously published definition of a glaucomatous DH in
our study*!, some patients with DHs related to other (non-glaucomatous) conditions might have been included.
These facts should be considered when interpreting our findings.

Conclusion

Patients developing DH with lower IOPs tend to have higher ET-1 blood levels and more peripheral vascular
dysfunction as estimated by LDI compared to those with higher IOPs. These findings suggest that distinct under-
lying mechanisms may be involved in patients developing DH within different IOP ranges. We believe that our
findings provide a basis for further investigations in larger and different populations which may confirm these
initial results, bringing more information to help our understanding of these different underlying DH mecha-
nisms, and hopefully shedding some light on this challenging topic.

Data availability
The datasets generated and analyzed during the current study are available from the corresponding author on
reasonable request.
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