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Purpose: Vascular dysregulation seems to play a role in the pathogenesis of glaucoma, in particular normal tension glaucoma (NTG). The development of optical coherence tomography angiography (OCTA) enabled the measurement of the retinal microvasculature non-invasively and with high repeatability. Nonetheless, only a few studies transformed OCTA into a dynamic examination employing a sympathomimetic stimulus. The goal of this study was to use this dynamic OCTA exam (1) to differentiate healthy individuals from glaucoma patients and (2) to distinguish glaucoma subcategories, NTG and high-tension primary open angle glaucoma (POAG).

Methods: Retinal vessel density (VD) in NTG patients (n = 16), POAG patients (n = 12), and healthy controls (n = 14) was compared before and during a hand grip test with a hydraulic dynamometer.

Results: At baseline, mean peripapillary VD was lower in POAG and NTG (42.6 and 48.5%) compared to healthy controls (58.1%; p < 0.001) and higher in NTG compared to POAG (p = 0.024) when corrected for mean arterial pressure (MAP). Peripapillary and macular (superficial and deep) VD differences were found for gender, age, and baseline MAP. No change in VD occurred (pre-/post-stimulus) in any of the groups.

Conclusion: Retinal VD loss in glaucoma patients was confirmed and the necessity to correct for gender, age and especially MAP was established. Although replication in a larger population is necessary, OCTA might not be the most suitable method to dynamically evaluate the retinal microvasculature.
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1. Introduction

Glaucoma is the leading cause of irreversible blindness globally and is estimated to affect more than 120 million people by 2040. It leads to a decline of the patient’s visual field is caused by the chronic and progressive loss of the macular ganglion cell layer. Primary open angle glaucoma (POAG) represents 74% of cases and is characterized by high intraocular pressures (IOP; > 21 mmHg) without iridocorneal angle closure or other evident causes of IOP increase (1). Normal tension glaucoma (NTG; IOP ≤ 21 mmHg) is considered a subgroup of POAG and is treated similarly by lowering the IOP, even in the presence of normal IOP. This initially challenged the unquestioned association of glaucoma and elevated IOP (2). According to ethnic background the proportion of NTG can greatly differ, constituting up to 52–92% of POAG patients in Asia and 30–39% of POAG patients with European ancestry (1, 2).

The mechanical theory, for many years considered as mainstay etiology, states that the optic nerve head is mechanically damaged by elevated IOP (3, 4). The mechanical deformation of the lamina cribrosa generates axonal damage along the optic nerve (2). A thinner cornea, higher corneal hysteresis, and a higher translaminar pressure gradient over the lamina cribrosa have been reported to increase the sensitivity of the optic nerve to IOP changes (5, 6).

The vascular theorem claims that the optic neuropathy is elicited by repetitive ischaemia and reperfusion (7–9). Cardiovascular comorbidities such as ischemic heart disease, stroke, hypertension, hyperlipidemia, and metabolic syndrome are more prevalent in POAG, predominantly in NTG (7, 10, 11). Furthermore, increased vasoconstriction and decreased retinal blood flow (RBF) in response to sympathomimetic stimuli [e.g., cold pressor test (CPT) and handgrip test] in NTG and the higher prevalence of NTG in patients with migraine, Raynaud’s disease, and Flammer syndrome are aligned with this theory (12–14). The development of optical coherence tomography angiography (OCTA) emphasized the focus on the vascular theory even further (15). Using OCTA, a significant constriction of the retinal vessels has been measured following a handgrip test in healthy individuals (16).

Autoregulation of the RBF, enabling continuous and stable oxygenation, is mostly dependent on the release of vasoactive metabolites, most importantly no (12, 14), and oxidative stress mediators (17, 18). Fluctuation of RBF, low systemic blood pressure (BP) with nocturnal dips and reduced nocturnal RBF have been reported in NTG (8, 19, 20). Low diastolic BP and reduced RBF in response to a handgrip test have been associated with progressive visual field (VF) defects (13, 21, 22). It is hypothesized that repetitive dipping of the BP in absence of effective autoregulation causes recurrent ischaemic damage, which is subsequently responsible for VF damage (8, 14, 23).

In recent years OCTA has been involved in dynamic measurements in combination with physiological stimuli as hypoxia, flicker light and isometric exercise (13, 24–27). Plexus-specific dilatator responses were seen after flicker stimulation, as well as dilation of the superficial capillary plexus after hypoxia, constriction of the deep capillary plexus after hyperoxia and a blunted response after hypoxia or isometric exercise in diabetes type 1 patients (24–27).

To date, only a few studies have studied the vascular reactivity in POAG and NTG separately (28). In another study comparing healthy eyes with POAG and NTG, baseline vessel density (VD) differed between healthy and glaucoma groups; but not between POAG and NTG (29).

This study aims to confirm the ability to distinguish both glaucoma groups from healthy individuals using OCTA and to, more importantly, distinguish NTG from POAG using OCTA and a sympathomimetic stimulus (handgrip test).



2. Materials and methods


2.1. Study


2.1.1. Participants

Ethical approval was obtained from the UZ/KU Leuven Ethical Research Commission (ethical approval number S62253). Patients with NTG (maximum untreated IOP ≤ 21 mmHg), high pressure POAG (maximum untreated IOP > 21 mmHg) and healthy controls were recruited from the existing cohort of the Leuven eye study (7). The most severely affected eye was selected in glaucoma patients. Exclusion criteria were: (i) diabetes mellitus, (ii) previous ocular trauma, (iii) myopia > −6D, (iv) hyperopia > 4D, or (v) aberrant BP response [drop of the mean arterial pressure (MAP) > 20 mmHg after hand grip test].



2.1.2. Protocol

Patients were instructed to avoid caffeinated drinks on the day of the examination. Baseline BP, routine ophthalmological examination, and baseline OCTA were obtained. Subsequently, maximal grip force was measured in the dominant arm using the Jamar® hydraulic dynamometer. After a 15-min break, OCTA was repeated 3 min into a handgrip test, in which the patient was instructed to hold at least one-third grip strength for 3–5 min. BP was measured every minute on the contralateral arm and the procedure was interrupted when the diastolic BP exceeded 120 mmHg or in the presence of any other adverse event.

The OCTA scan was made using the Angiovue® software (Optovue®, Fremont, CA, USA) providing an automatic quantitative measurement of VD in the fovea, perifovea and parafovea using the macular (6 mm × 6 mm) scan divided into a superficial [inner limiting membrane (ILM) to inner plexiform layer (IPL)] and deep layer [IPL to outer plexiform layer (OPL)]. Following the ETDRS grid, the peri- and parafoveal data were further divided into four quadrants: nasal, superior, temporal, and inferior quadrant. The peripapillary vessel density was measured at the (superficial) “radial peripapillary capillary” level of the optic disc following the Garway-Heath map [six regions: temporal 90°, superotemporal (ST) 40°, inferotemporal (IT) 40°, nasal 110°, superonasal (SN) 40°, and inferonasal (IN) 40° regions] where the temporal and nasal part were divided in half [resulting in eight regions, including the new temporal-superior 45° (TS), temporal-inferior 45° (TI), nasal-superior (NS) 55°, and nasal-inferior (NI) regions 55°]. No IOP-lowering medication was discontinued for this study.




2.2. Statistical analysis

Statistical analysis was conducted in SAS9.4. The responses were not normally distributed (Shapiro–Wilk test not shown). The Kruskal–Wallis test was applied to compare unpaired continuous responses between groups. The Chi-squared test was performed in order to examine the presence of an association between categorical variables and group membership. Given the central limit theorem, linear mixed models (LMM) with random intercept (allowing subject-specific values at baseline) were considered to evaluate the effect of the hand grip test on retinal parameters while accounting for age, diagnosis, gender, baseline MAP, as well as their time dependent effect as the extent of BP change during the test. Significance was defined as p < 0.05.




3. Results

Fifty-one eyes of 51 patients were examined. Four participants were forced to stop within 90 s because of a diastolic BP exceeding 120 mmHg, three experienced adverse effects and two exhibited a paradoxal decrease of their MAP after the hand grip test (−30 and −35 mmHg). These data were excluded (n = 9).

An overview of cohort characteristics in terms of disease severity, age and gender can be found in Table 1 (no significant differences between groups). Eventually 16 patients with NTG, 12 with POAG and 14 healthy controls participated. Ages ranged from 47 to 75 years. Few participants used antihypertensive medication: only one healthy participant used a beta blocker together with four NTG patients (one ACE inhibitor, one angiotensin II receptor blocker, one calcium channel blocker and one angiotensin II receptor blocker combined with a beta blocker). No antihypertensive medication featured in the POAG subgroup. Supplementary Table 1 summarizes the IOP-lowering medication and surgical antecedents of the glaucoma subgroups. All glaucoma patients but one NTG patient reported chronic use of topical IOP-lowering medication. Eight NTG patients and seven POAG patients had previous IOP-lowering surgery (phaco-emulsification not included). Healthy participants were free of surgical precedents and topical medication.


TABLE 1    Descriptive statistics of the analyzed study cohort.
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3.1. Effect of the handgrip test on arterial blood pressure

At baseline, there was no significant difference in systolic, diastolic, or mean arterial BP between the three populations (Table 2; p > 0.2). In all three groups, a significant elevation of both systolic as diastolic BP (Table 2) during the handgrip test was noted (median 32 and 25 mmHg; p < 0.001).


TABLE 2    Baseline and during handgrip median arterial blood pressures (mmHg).
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3.2. Effect of the handgrip test on vessel density

Tables 3–5 summarize the inferred estimates of peripapillary (Table 3), macular superficial (Table 4; ILM to IPL) and macular deep (Table 5, IPL to OPL) VD parameters during the test. Only cells with significant estimates are shown (p < 0.05), others were left blank. The mean VD values and standard deviation of all regions can be found in Supplementary Tables 2, 3. The p-values of the LMM models can be found in the Supplementary Tables 4–6. The handgrip effect and matching p-values were also described for total retinal thickness parameters in the Supplementary Tables 7–10. The intercepts in Tables 3–5 represent the inferred VD for male healthy participants. If significant, the other variables show an additional effect on the intercept VD. By example, adding the value for gender results in the inferred VD for female healthy participants. The variable time represents the overall effect of the handgrip test. The group (diagnosis) effect can be read from the comparative lines indicated in gray in the tables. The combination variables refer to how a certain variable influenced the VD change during the handgrip test. LMM variable changes can only be separately considered bearing in mind that the other variables -theoretically- need to remain constant.


TABLE 3    Optic nerve head vessel density optical coherence tomography angiography (OCTA) adjusted linear mixed model estimates (%).
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TABLE 4    Macular superficial [inner limiting membrane (ILM)-IPL] vascular plexus vessel density (OCTA) adjusted linear mixed model estimates (%).
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TABLE 5    Macular deep [inner plexiform layer (IPL)-outer plexiform layer (OPL)] vascular plexus vessel density (OCTA) adjusted linear mixed model estimates (%).
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In all peripapillary (inferred average difference for POAG of −12.9%, p < 0.001 and for NTG of −8.7%, p < 0.001) and superficial macular areas (but the fovea) (POAG and NTG −10.1%, p < 0.001), the baseline vessel densities in the NTG and POAG groups were significantly lower than in the control group. No significant difference was found in the VD of the fovea (p = 0.406), possibly due to its mainly avascular nature. The stimulus itself did, however, result in a strong decrease in the deep foveal VD (−20%, p = 0.025) over all groups, with even more decrease in the NTG group (−4.0 and −4.5%, p = 0.012 and p = 0.008). NTG patients systemically exhibit a significant higher baseline peripapillary VD compared to their POAG counterparts, especially in the superonasal region (+9.4%, p = 0.006), without significant mean deviation (MD) differences. All these baseline differences lose significance when not corrected for the baseline MAP (p > 0.05, data not shown). In the deep macular plexus baseline differences were only found in the NTG group compared to healthy controls on average (−5.2%, p = 0.023), in the superior paramacular (−5%, p = 0.036) and in the perifoveal regions (inferred average −5.9%, p = 0.021).

Women showed a slightly higher peripapillary VD (+4.6%, p = 0.02) and had a more pronounced decrease of VD during handgrip test in the superficial paramacular plexus (ranging from −2.9 to −3.6%, p < 0.048), keeping the other covariates fixed.

Controlling for the other variables, the higher the baseline MAP, the more the superficial paramacular plexus and all regions of the deep perifoveal plexus decreased in VD during the handgrip test (ca. −0.2%/mmHg, highest p = 0.022).

Lastly the VD of all deep macular regions increased more (ca. +0.5%/year, highest p = 0.003) during the handgrip test the older the participants were, if, again, the other variables are kept constant.




4. Discussion

Known for its repeatability and discriminative power, OCTA is finding its way into glaucoma clinical care (30). So far, most OCTA research in glaucoma focussed on non-dynamic VD comparison and most time without access to normative datasets. Overall these studies show a lower circumpapillary VD, reduced prelaminar optic disc perfusion, and lower systolic acceleration of the central retinal artery in patients with glaucoma when compared to healthy controls (7, 31–33). Lower blood flow and VD at the optic disc correlates with glaucoma severity in terms of visual field mean deviation, ganglion cell complex thickness and retinal nerve fiber layer (RNFL) thickness (34). VD is also shown to decrease faster in glaucomatous eyes than in their normal counterparts (35). Even within glaucoma subclasses, the reduction in peripapillary VD is apparent in both NTG and POAG separately (36, 37). In this study, we were able to replicate this baseline, non-dynamic VD differences between glaucoma patients (NTG and POAG) and healthy controls. The key findings are summarized in the synopsis text Box 1.


BOX 1  Synopsis.

Previously known

- Baseline peripapillary vessel density in healthy individuals is higher compared to glaucoma patients.

- Baseline peripapillary vessel density is higher in NTG than POAG for a similar level of VF damage.

- The handgrip test induces a vasoconstriction response in the retinal vessels.

- Vascular dysregulation measured following sympathomimetic test is more common found in patients with history of cold hands. This study

- Is the first study comparing OCTA responses between POAG, NTG and healthy eyes after induced BP rise.

- Confirms higher baseline peripapillary vessel density measures in healthy individuals compared to glaucoma patients, and in NTG compared to POAG separately.

- Could not find VD changes with OCTA after BP rise in either of the studied groups.

- Proves the importance of statistical correction of OCTA measures for age, gender and especially MAP.



In accordance to Lommatzsch et al. (nasal peripapillary region) (28) and Scripsema et al. (average perfused capillary density) (29) we also report on slightly higher superficial peripapillary VD in patients with NTG patients compared to POAG ones. Lommatzsch et al. only reached significance nasally, but the trend is visible in all regions (28). The race (Caucasian) and severity of the studied glaucoma groups are more or less similar in these study cohorts and the same device was used (Optovue). Secondly, Bojikian et al. reported on a lower optic disc perfusion of the prelaminar tissue in glaucoma compared to healthy controls, but without differences between NTG and POAG specifically, the latter partly in accordance to our lack of differences of within-disc VD between all groups (31). One might argue that the proclivity NTG discs have for focal defects/notching can explain why VD might be slightly higher in all regions when comparing patients with similar visual field severity. Inferotemporally and superotemporally no differences were detected between NTG and high-tension POAG, which supports this claim since rim loss preferentially occurs in these regions for NTG. It has to be noted that the reverse was found at the Fudan University in Shanghai: lower peripapillary VD in NTG than POAG. Racial differences, higher severity levels of glaucoma (−9.11 and −9.76 dB MD for POAG and NTG, respectively where the focal differences between both groups may diminish) and the lack of BP correction might possibly explain these differences (37).

To our knowledge, we are the first to report on gender differences in VD, namely, higher peripapillary VD in women and lower VD after BP rise in the superficial parafoveal plexus.

In addition, we are the first to report on the importance of MAP measurement and correction thereof in the analysis of OCTA. Baseline VD differences between POAG and NTG only become apparent when corrected for baseline MAP. Baseline MAP was also significantly associated with macular VD changes after BP rise, possibly pointing toward an impaired dilator capacity due to endothelial damage. This strongly advocates to analyze and correct for BP levels in future OCTA research. Simultaneous correction for BP and mean ocular perfusion pressure results in collinearity and should be avoided.

In this paper, age is shown to modulate the effect of the BP rise on the VD of the deep plexus. Higher age gives rise to relatively higher post-stimulus VD. Lin et al. showed a decrease in the retinal VD of the deep vascular plexus in an aging population, corrected for confounders such as sex and controlled hypertension (38). A lower starting point (although not significant in this study) might explain why the VD change is less pronounced in the elderly compared to the young. Further research is needed regarding this point.

Interestingly, we noted a strong decrease of deep foveal VD during handgrip in all groups, even more pronounced in NTG. Further research is needed to clarify the discriminative power of the deep foveal vasculature.

In contrast to the static evaluation of VD described above, we propose a dynamic alternative to assess vascular reactivity following a sympathomimetic stimulus. Isometric exercise, as is the hand grip test, results in BP rise and retinal vasoconstriction in the healthy retina according to the protocol of Sousa et al. (16). This vasoconstrictive response was first reported in healthy individuals by Blum et al. using a retinal vessel analyser (39), later corroborated using a compacted laser Doppler flowmeter (13), and lastly confirmed by Sousa et al. using OCTA (16). We, however, were unable to replicate this vasoconstriction in healthy controls except for the deep foveal vessels (all groups).

Possible explanations for this non-significant finding are multiple: (1) We used a linear mixed model to correct for participant characteristics and absolute BP values, thereby properly taking into account between- and within-patient variability, whereas Sousa et al. did not; (2) Lack of power as denoted in the post how power analysis (14 healthy participants instead of 24 in Sousa’s test), but both the expected decrease of retinal thickness and VD in the glaucomatous groups favor external validity of the test; (3) Patients in our study might not always have maintained one third of their maximal measured force, however, the amplitude of our mean MAP increase (30 mmHg) matches that from Sousa et al. (28 mmHg) (16); (4) Our participants were recruited from the Leuven eye study cohort (10). Therefore, only subjects with diabetes mellitus, ocular trauma and high ametropia were excluded, whereas Sousa et al. excluded hypertensive patients, smokers, and patients using vasoactive drugs. The mean MAP values of the study of Sousa et al. going from a 91 to 118 mmHg, are ca 10 mmHg lower than ours. The Bayliss effect is the immediate constrictive, physiological reaction suggested to be the mechanism for retinal vascular constriction following sympathomimetic stimulation using the handgrip test (16, 39). While we correct for the absolute BP values in our model, chronic arterial hypertension might be responsible for this difference since it results in systemic endothelial dysfunction, thus permanently impaired vasodilation, and therefore (retinal) arteriolar narrowing (40, 41). However, exact data regarding the influence of vasoactive (systemic and topical) drugs and long lasting hypertension on retinal vascular reactivity are lacking (32).

Similar to the hand-grip test, the CPT is another sympathomimetic test used to compare autonomic dysregulation in healthy individuals and glaucoma (42, 43). Next to the Bayliss effect in isometric exercise, an additional underlying mechanism for both tests is thought to rely on an elevation in ET-1 (42). Gherghel et al. reported a significant decrease in flow velocity (retinal flowmeter) in POAG patients, without concomitant BP increase. The absent or blunted BP response following CPT might be the result of autonomic vascular dysregulation (43).

Chou et al. on the other hand showed no significant VD change after CPT (OCTA), neither when categorization was based on a history of cold hands. However, the 5-min waiting period between the end of CPT and the beginning of OCTA measurement could explain the absence of significant VD change. In fact, peripheral vascular change following a sympathetic stimulus has been reported to decline after 1 min. For this reason, we chose not to delay the OCTA exam in our current study. Additionally, it has to be noted that Chou et al. did not differentiate between glaucoma subcategories (POAG/NTG). (42) Contrary to the retinal flowmeter, OCTA cannot directly measure flow velocity (44). As flow velocity might represent haemodynamic changes more directly, this could also explain the absence of a significant haemodynamic response in our study and the study of Chou et al.

First the idea OCTA might not be suited for dynamic evaluation after isometric exercise is contradicted by other studies with significant findings (27). Second it can be argued that autoregulatory capacity could theoretically be better evaluated on larger effector vessels. More recently, Streese et al. published standard operating procedures for dynamic vessel analysis with flicker light stimulation using the dynamic vessel analyzer (DVA) (45). The vascular response measured with DVA is diminished in POAG and is proven to improve after surgical glaucoma treatment such as trabeculectomy or transscleral photocyclocoagulation (46, 47). DVA constitutes therefore a promising candidate for future dynamic studies in glaucoma given the multitude of dynamic parameters that can be extracted from its continuous measurement during flicker light stimulation.


4.1. Limitations

Due to the relatively small sample size, our study might not have had the power to pick up all VD changes, specifically for the healthy controls. Secondly, IOP was not measured during the handgrip test which disabled analysis or adjustment for perfusion pressures. Future studies should include the simultaneous recording of IOP. Thirdly, the biasing effect of concomitant antihypertensive or topical medication use and the presence of arterial hypertension were not assessed.




5. Conclusion

We were able to validate baseline VD differences between glaucoma patients (NTG and POAG) and healthy controls. Additionally, NTG exhibited higher baseline peripapillary VDs than POAG [except for the inferotemporal and superotemporal regions, where focal rim thinning (notching) typically occurs]. Further, the importance of statistical correction for BP (MAP), gender and age in OCTA studies was proven. Future studies on OCTA should therefore correct for confounders as BP, gender and age (e.g., via adjusted linear mixed models). Finally, there was no significant VD change after isometric exercise in any of the groups. Further investigation with larger populations or other dynamic examination methods are recommended.
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the overall effect of the handgrip test. The combination variables refer to how a certain variable influenced the VD change during the handgrip test. LMM variable changes can only be
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controls (Kruskal-Wallis test for continuous variables. Chi-square test for categorical variables). P3: Comparison of NTG patients vs. controls (Kruskal-Wallis test for continuous
variables. Chi-square test for categorical variables). POAG, primary open angle glaucoma; NTG, normal tension glaucoma; MD, mean deviation.
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