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Abstract

Purpose—To evaluate the effects of Multi-Pressure Dial (MPD) induced pressure changes on 

circumpapillary retinal nerve fiber layer (RNFL) and capillary density (CD) measurements in 

glaucoma patients using Optical Coherence Tomography Angiography (OCTA).

Design—Prospective interventional study

Participants—Twenty-four patients with primary open angle glaucoma

Methods—One eye of each patient underwent negative pressure application with the MPD. The 

MPD alters intraocular pressure (IOP) relative to atmospheric pressure by generating a negative 

pressure vacuum within a goggle chamber that is placed over the eye. Each participant underwent 

serial HD OCTA imaging (Angiovue) of the optic nerve head at different negative pressure 

increments of 5 mmHg, starting from 0 mmHg to 20 mmHg and then returning to baseline. Images 

were acquired after 2 minutes of sustained negative pressure at each target pressure to allow for 

stabilization of the retinal structures and microvasculature. RNFL thickness and CD measurements 

were automatically calculated using the native Angiovue software and then exported for analysis.

Main Outcome Measures—The influence of different levels of negative pressure on 

circumpapillary RNFL thickness and CD measurements assessed by a linear mixed effects model 

with repeated measures.

Results—Mean (±SD) age was 71.0 (±7.8) years, baseline IOP was 17.5 (±3.6) mmHg, and there 

was a mean 24–2 mean deviation of −2.80 (±2.55) dB. Serial circumpapillary CD measurements 

showed a statistically significant dose-dependent increase from baseline without negative pressure 

application to the maximum negative pressure application of 20 mmHg [difference: 2.27%, P 
= 0.010]. CD measurements then decreased symmetrically when lowering the negative pressure 

to baseline. Circumpapillary CD measurements at target negative pressures of 10 mmHg, 15 

mmHg, and 20 mmHg were significantly higher than the baseline measurements (all P < 0.05). 

Circumpapillary RNFL thickness remained the same throughout different levels of negative 

pressure.
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Conclusions—Circumpapillary CD measurements showed a dose-dependent increase with the 

induction of negative pressure while RNFL thickness measurements remained unchanged.

Precis:

This study found that circumpapillary capillary density shows a dose-response increase after the 

induction of negative periocular pressure using multi-pressure dial while retinal nerve fiber layer 

thickness remains unchanged.
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Introduction

Glaucoma is characterized by progressive damage to the retinal ganglion cells along with 

commensurate visual field (VF) loss.1, 2 The alteration and impairment of ocular circulation 

in glaucoma has been well documented using various modalities including color doppler 

imaging, laser speckle flowgraphy and, more recently, optical coherence tomography 

angiography (OCTA).3–13 The advent of OCTA has provided a unique opportunity for high 

resolution quantitative evaluation of retinal microvasculature in a non-invasive manner.14, 15 

Numerous studies have demonstrated the utility of OCTA for the diagnosis of glaucoma, and 

also for the assessment of glaucoma progression.16–25

The high correlation between OCT and OCTA derived metrics25, 26 have led to some 

questions about whether OCTA measurements improve or complement structural OCT 

parameters for the management of glaucoma. Therefore, recent studies have evaluated the 

possible complementary role of OCTA and OCT measurements for diagnosis,25, 27 the 

structure-function relationship,25, 28, 29 and monitoring of disease progression20, 24, 30 in 

glaucoma patients. OCTA has the potential to evaluate changes related to the inherent 

dynamic nature of retinal microcirculation and the potential effects of autoregulation and 

intraocular pressure (IOP) fluctuations. However, it is not known clearly whether OCTA 

can evaluate these short-term dynamic alterations or whether it simply adds another “static” 

structural component similar to those already provided by OCT. Lack of an appropriate 

experimental design for changing human IOP in a controlled fashion that is compatible with 

the working principles of OCTA technology has been a barrier toward understanding this.

The multi-pressure dial system (MPD; Equinox Ophthalmic, Inc., CA, USA) is a recently 

developed technology that has been proposed for non-invasive IOP reduction in a controlled 

adjustable fashion.31–34 It consists of a pair of pressure-sensing goggles that individually 

seal both periorbital regions with separate connections to a pressure-modulating pump on 

each side.31, 33, 35 Once the goggles are appropriately fitted, target negative pressure can be 

adjusted via software to an individualized pressure at each periorbital region. The working 

principles of this technology have previously been described. 35

Previous studies using the MPD have evaluated its short-term safety, tolerability and its 

effectiveness in reducing IOP relative to atmospheric pressure. For safety and tolerability 
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purposes, these studies have assessed the changes in best corrected visual acuity (BCVA), 

slit-lamp and dilated fundus examinations, and the presence of IOP spikes of more than 

10 mmHg after removing the goggles, and there were no adverse effects in healthy31 

and glaucoma33, 34 patients. Previous investigations also have demonstrated an immediate 

reduction in IOP that is proportional to the magnitude of negative periocular pressure after 

the onset of generating the vacuum.32 In open-angle glaucoma patients, the investigators 

used the MPD to apply an overnight negative pressure of 60% of the baseline IOP. They 

found a mean reduction of 35% of baseline IOP that was relatively consistent throughout 

the duration of negative pressure application.36 In another study of healthy eyes, Swan and 

colleagues32 used the MPD to apply different negative pressure targets proportional to the 

baseline IOP and found adjustable IOP reduction during active negative pressure application. 

Notably, their highest target negative pressure of 75% of baseline IOP resulted in an average 

35% reduction in IOP. Importantly, the reported IOP lowering effect of the MPD system in 

the mentioned studies was limited to the duration of active negative periocular pressure, i.e., 

IOP measurements returned to baseline values upon discontinuation of the vacuum. The aim 

of the present study was to employ the MPD system to induce graded negative periocular 

pressure and to evaluate the simultaneous alterations of circumpapillary retinal nerve fiber 

layer (RNFL) thickness and microvascular measurements using OCTA.

Methods

This was a prospective, clinical study including primary open angle glaucoma patients who 

underwent serial optic nerve head (ONH) OCTA imaging at different levels of negative 

periocular pressure generated and maintained by the MPD system. All the methods adhered 

to the tenets of the Declaration of Helsinki and to the Health Insurance Portability and 

Accountability Act. The methods of this study were approved by an institutional review 

board. The study protocol was explained to each participant and written informed consent 

was obtained.

All participants underwent a comprehensive ophthalmological examination, including 

assessment of BCVA, slit-lamp biomicroscopy, Goldmann applanation tonometry, 

gonioscopy, pachymetry, dilated fundus examination, and VF testing (Humphrey Field 

Analyzer; 24–2 Swedish interactive threshold algorithm standard; Carl Zeiss Meditec, Jena, 

Germany) before wearing the goggles. All participants also completed consecutive Spectral-

domain OCT (SD-OCT) [Avanti; Optovue, Inc.], and OCTA (Angiovue; Optovue, Inc., 

Fremont, CA, USA) measurements of the ONH at different levels of negative pressure 

applied by the MPD system.

Inclusion criteria were age of 22 years or older, open angles on gonioscopy, BCVA ≥ 

20/40, and good fixating ability during OCTA imaging. Participants also were required to 

have evidence of glaucomatous optic nerve damage consistent with a corresponding VF 

defect in both eyes. Glaucomatous VF damage was defined as a glaucoma hemifield test 

result outside normal limits or a pattern standard deviation (PSD) outside 95% normal 

limits.17, 23 Participants with severe glaucoma in either eye based on Hodapp-Parrish-

Anderson Criteria,37 coexisting retinal pathologies, non-glaucomatous optic neuropathy, 

uveitis, ocular trauma, ocular media not sufficiently clear to obtain good-quality OCTA 
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images (described later), physical inability to be properly positioned at the imaging devices 

or eye exam equipment, a previous history of glaucoma related filtering surgery, including 

trabeculectomy and tube-shunt procedures, and a known history of allergy to silicone (MPD 

goggle seals are made of silicone) were excluded from the study. Participants were also 

excluded if they had a diagnosis of Parkinson’s disease, Alzheimer’s disease, dementia, or 

a history of stroke. After completion of the ophthalmological examination, the eye with 

worse glaucomatous damage based on Hodapp-Parrish-Anderson Criteria37 was selected for 

subsequent OCTA imaging.

Multi-Pressure Dial system and imaging protocol

For this study, the MPD system was used to generate and maintain precise levels of 

negative periocular pressure for 2 minutes before OCTA image acquisition. The overall 

design of this system is previously described.31, 33 In brief, it consists of goggles that 

seal each periocular chamber and are separately connected to a pressure sensor that can 

adjust pressure independently on each side to a specific targeted value (Figure 1-A). OCTA 

imaging at different levels of negative pressure was performed without any interruption in 

negative pressure while the goggles were on the patients. The imaging protocol is described 

next in detail. To mitigate the potential effect of condensations within the sealed goggle 

chambers on OCTA image quality, two small holes were drilled on the most medial region 

of each goggle (Figure 1-B) for a controlled leak. Moreover, the front surface of the goggles 

was continuously monitored for condensation. The lens clarity was assessed and confirmed 

throughout the imaging session. During each imaging session, the periocular pressure was 

continuously monitored using the Equinox native software that receives real-time input 

signal from the pressure sensor (Figure 2). Accordingly, prior to each imaging session for 

each negative pressure level, it was confirmed that 2 minutes of uninterrupted negative target 

pressure was sustained according to the imaging protocol. Images were reacquired in case of 

any compromise to the protocol.

Prior to negative pressure application, the OCTA imaging protocol included a baseline 

measurement of the study eye with the MPD system. Subsequent images were obtained 

at different negative pressure levels following a “ramp-up” and a “ramp-down” schedule, 

and then finally without negative pressure once again to complete the imaging series (Table 

1). In brief, the subsequent OCTA images were taken at baseline pressure (0 mmHg), 

level 1 (−5 mmHg), level 2 (−10 mmHg), level 3 (−15 mmHg), level 4 (−20 mmHg), 

level 5 (−15 mmHg), level 6 (−10 mmHg), level 7 (−5 mmHg), and level 8 (0 mmHg). 

The target negative pressure at different levels was continuously monitored and remained 

unchanged during imaging, and images were acquired after a two-minute interval at each 

level to allow for stabilization of the measurements. If negative pressure application was 

interrupted at any time, the negative pressure was programmed to the prior setting and the 

minimum timing sequence was re-initiated. For example, if negative pressure application 

was interrupted during −20 mmHg, the negative pressure was set to −15 mmHg and the 

minimum two-minute period was re-initiated prior to increasing negative pressure to −20 

mmHg. The OCTA imaging series was conducted once in each patient.
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Spectral-Domain OCT and OCT Angiography

Spectral-domain OCT and OCTA imaging of the macula were performed the AngioVue 

imaging system (Optovue, Inc., Fremont, CA, USA, Version 2018,1,1,63). With this 

platform, Spectral-domain OCT and OCTA images are obtained from the same volumetric 

scans. This allows precise automated registration of OCT and OCTA images and provides 

quantified metrics for the analysis of the layer of interest.

We analyzed capillary density (CD) at the radial peripapillary capillary plexus derived 

from HD OCTA volume scans comprised of 400 × 400 A-scans with a 4.5 × 4.5 mm2 

field of view centered on the optic disc. Angiovue split-spectrum amplitude-decorrelation 

angiography was used to capture the dynamic motion of the red blood cells and provide a 

high-resolution 3-dimensional visualization of perfused retinal microvasculature. Capillary 

density measurements were calculated as the percent area occupied by flowing blood 

vessels in the region of interest after the automated removal of large vessels from the 

original en-face angiogram using the Angiovue software. The retinal layers of each scan 

were automatically segmented by the AngioVue software in order to visualize the radial 

peripapillary capillary plexus layer in a slab from internal limiting membrane to RNFL 

posterior boundary. Circumpapillary CD measurements were calculated over the region 

defined as a 750-μm-wide elliptical annulus extending from the optic disc boundary 

encircling 360-degree global area. Similarly, hemifield measurements were obtained using 

the entire corresponding hemifield in each image. The same volume scan used for analysis 

of circumpapillary CD measurements derived from OCTA en-face images was used to 

measure the circumpapillary RNFL thickness. Global average and the corresponding 

hemifield RNFL thickness measurements were analyzed based on the same retinal slab 

boundaries used for the OCTA CD measurements.

Only good-quality images were included in the analysis. Image quality review was 

completed on all OCTA and OCT images processed with standard AngioVue software 

(version 2018,1,1,63) according to a previously reported protocol that evaluates for the 

presence of different types of OCTA artifacts.38 An expert reviewer evaluated all of the 

images and excluded those with poor quality, briefly defined as images with any of 

the following: 1) low scan quality with quality index of less than 4, (2) defocus, (3) 

residual motion artifacts visible as irregular vessel pattern or disc boundary on the en-face 

angiogram, (4) image cropping or local weak signal resulting from vitreous opacity, (5) 

signal devoid area as a result of blink, (6) poor centration on the fovea and (7) the presence 

of segmentation errors that could not be corrected.38

Statistical Analysis

Continuous and categorical data are presented as mean (95% confidence interval [CI]) 

and counts (%). Linear mixed model with repeated measures was used to assess the 

effect of different levels of negative pressure on circumpapillary RNFL thickness and CD 

measurements. Different levels of negative pressure were treated as repeated observations 

in this model.39 Due to the exploratory nature of this analysis, no type I error correction 

for multiple comparisons was applied as recommended by Bender and Lange.40 Separate 

subanalyses were performed after adjustment for the effects of age and OCTA signal 
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strength index (SSI) in the models. Statistical analysis was performed using Stata software 

version 17.0 (StataCorp, College Station, TX). P-value < 0.05 was considered as statistically 

significant.

Results

One eye from each of 24 glaucoma patients were included in this prospective open label 

clinical trial. The mean age of participants was 71.0 years (67.7, 74.2) and the majority 

were females (n = 13, 54%) and Caucasian ethnicity (n = 18, 75%). There was an average 

mean deviation (MD) of −2.80 dB (−3.88, −1.72) and PSD of 3.99 dB (2.60, 5.38). The 

overall demographic and ocular characteristics of the study participants are shown in Table 

2. The majority of patients (N = 15, 63%) were on ocular hypotensive treatment at the time 

of study participation including prostaglandin agonists (N = 13, 54%), β-blockers (N = 6, 

24%), α2 agonists (N = 2, 8%), and carbonic anhydrase inhibitors (N = 2, 8%). Using the 

MPD goggles after creating small holes, there was no evidence of any condensation over the 

front surface of the goggles during the image acquisition procedure. Therefore, there was 

no need to clean the goggles, and the periocular vacuum remained uninterrupted throughout 

the imaging sequence for all study participants. After OCTA image quality evaluation, 189 

out of 216 captured images (87.5%) were included in the analysis. Poor-quality images (N = 

27, 12.5%) were excluded due to the presence of OCTA artifacts including motion (N = 22, 

81.5%), defocus (N = 20, 74.1%), segmentation error (N = 11, 40.7%), poor centration (N = 

11, 40.7%), image cropping (N = 9, 33.3%), and local weak signal (N = 2, 7.4%).

Mean circumpapillary RNFL thickness and CD at baseline negative pressure (0 mmHg) 

were 77.68 μm (71.95, 83.40) and 41.84 % (39.06, 44.61), respectively. Table 3 shows the 

changes in circumpapillary RNFL thickness and CD compared to the baseline measurements 

at different levels of negative pressure. No statistically significant difference was observed 

in serial measurements of circumpapillary RNFL thickness at different levels of negative 

pressure compared to the baseline (all P-values > 0.05). However, circumpapillary CD 

measurements showed a symmetric increase compared to the baseline values at different 

levels of negative pressure. During the “ramp-up” schedule, circumpapillary CD showed a 

statistically significant increase from the baseline value at the negative pressure levels of −10 

mmHg (1.74%, P-value = 0.042), −15 mmHg (1.77%, P-value = 0.042), and −20 mmHg 

(2.27%, P-value = 0.010). Similarly, during the “ramp-down” schedule, the differences of 

circumpapillary CD from the baseline value remained statistically significant at the negative 

pressure levels of −15 mmHg (2.05%, P-value = 0.014), and −10 mmHg (1.92%, P-value = 

0.021). The maximum increase in circumpapillary CD was observed at a negative pressure 

setting of 20 mmHg with the absolute value of 2.27 % (0.54, 4.01) that corresponded to a 

relative increase of 5.43 % from the baseline measurements [Figure 3]. Separate analysis 

after adjusting for age and SSI at different levels of negative pressure revealed similar 

findings (Supplemental Table 1). In secondary data analysis, we found no statistically 

significant linear association between MD and circumpapillary CD changes at different 

levels of negative pressure (all P-values > 0.05) [Supplemental Table 2].

Supplemental analyses at the superior (Table 4) and inferior (Table 5) hemifield levels 

revealed similar findings to those of global measurements. Circumpapillary RNFL thickness 
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remained stable at different levels of negative pressure in both superior and inferior 

hemifields. At the superior hemifield, circumpapillary CD showed a statistically significant 

increase from the baseline value at the negative pressure levels of −10 mmHg (during ramp-

down, 2.06%, P-value = 0.014), −15 mmHg (during ramp-down, 1.99%, P-value = 0.018), 

and −20 mmHg (1.95%, P-value = 0.029). At the inferior hemifield, circumpapillary CD 

showed a statistically significant increase from the baseline value at the negative pressure 

levels of −10 mmHg (during ramp-up, 2.11%, P-value = 0.037), −15 mmHg (during ramp-

down, 2.10%, P-value = 0.036), and −20 mmHg (2.44%, P-value = 0.020). Notably, the 

superior and inferior hemifields showed 4.62% and 5.89% relative percentages of increase 

from their corresponding baseline measurements at a negative pressure setting of 20 mmHg, 

respectively (Figure 3). Separate analyses revealed that various levels of negative pressure 

during the “ramp-up” and “ramp-down” schedule did not have a statistically significant 

influence on the difference between the superior and inferior hemifield RNFL thickness and 

CD measurements (Supplemental Table 3).

Discussion

In the current study, we investigated the alterations of circumpapillary RNFL thickness and 

microvasculature while using the MPD to generate and maintain graded negative periocular 

pressure. Our findings indicate that circumpapillary RNFL thickness remains stable while 

circumpapillary CD increases (as much as 5.4% of the baseline values at −20 mmHg) during 

the short-term application of negative periocular pressure using the MPD. Notably, separate 

analyses at each hemifield level revealed similar patterns of change in circumpapillary 

RNFL thickness and CD after inducing negative pressure. These findings demonstrate that 

retinal microcirculation is increased with MPD induced negative pressure.

The current study showed that increased circumpapillary CD measurements had a dose 

dependent relationship with the magnitude of negative periocular pressure. Similar changes 

of mean circumpapillary CD relative to baseline values without application of negative 

pressure were observed at each target negative periocular pressure. The gradual increase 

in circumpapillary CD during “ramp-up” of negative pressure was similar to the gradual 

reduction in circumpapillary CD during the “ramp-down” of negative pressure. These 

changes were observed not only based on global measurements, but also at the hemifield 

level even when adjusted for the OCTA signal strength. No significant changes were 

observed in circumpapillary RNFL thickness at different negative pressure levels despite 

using the same segmentation boundaries and measurement regions derived from the same 

volume scans used for circumpapillary CD measurements.

OCTA has provided insight into the role of microvascular damage in diagnosing and 

management of glaucoma16, 21, 25, 41, as well as the association of microvascular 

measurements with disease progression.19, 24, 42 However, it remains unknown whether 

OCTA measurements are clinically useful to detect short-term dynamic alterations of retinal 

microcirculation resulting from changes in IOP or due to autoregulation. The technical 

limitations partly explain this gap for the assessment of such responses in a controlled 

setting. The findings of two recent studies show promise to support the utility of OCTA 

measurements for detecting short-term dynamic microvascular alterations. Fan et al. showed 
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that OCTA measured circumpapillary microvascular parameters decline with response to 

hyperoxia.43 In addition, Liu and associates found that macular OCTA microvascular 

assessments decrease after reducing cerebrospinal fluid pressure.44 As MPD modulates 

IOP in a graded fashion based on the level of negative periocular pressure,32 the current 

study is the first to demonstrate that OCTA also can detect short-term dynamic alterations 

of retinal microcirculation resulting from changes in IOP. This supports a complementary 

and potentially additive role for the assessments provided by OCTA relative to OCT-based 

RNFL thickness measurements. The combination of using the MPD to generate and 

maintain negative periocular pressure and using OCTA to capture images in real time during 

negative pressure application provides an opportunity to gain deeper insight on how changes 

in IOP and possible autoregulatory mechanisms affect retinal microcirculation in healthy 

individuals and glaucoma patients.

The induction of negative periocular pressure was followed by increased circumpapillary 

microvascular circulation. A previous study used an existing validated lumped-parameter 

model of the eye to describe the dynamic alterations of IOP, episcleral venous pressure, 

aqueous humor and total globe volume, and ocular blood flow after generation and 

maintenance of negative periocular pressure. The authors concluded that the induction of 

negative periocular pressure leads to a relatively rapid reduction in IOP accompanied by 

an increase in the total ocular blood flow and suggested different ocular characteristics, 

including aqueous humor dynamics, episcleral venous pressure, and tissue dampening 

effects affect the target IOP reduction.35 Although the utilized model was limited in 

representing a complex system by just a few compartments, their model predictions were 

consistent with the in-vivo observations of the present study. The MPD goggles used in 

the mentioned study did not contain the holes that we created for the imaging purposes of 

the present study. The MPD goggles’ working principle relies on creating and maintaining 

negative inside-the-goggle pressure. This pressure was constantly monitored in real-time 

using a pressure sensor inside the goggle chamber. It was ensured that the time sequence and 

the target pressure level remain consistent with the protocol for all participants throughout 

the study. Therefore, the holes had no impact on the MPD goggles’ performance for the 

currently investigated ranges of negative pressure. The plausibility of the pathophysiologic 

mechanism and the symmetry and apparent graded dose-response shape of changes in 

microcirculation over successive levels of negative pressure support the hypothesis that 

short-term generation and maintenance of negative periocular pressure proportionately 

increases ocular microcirculation, albeit over a limited range of negative pressure used for 

this study. Whether or not this measurable, quantifiable change in retinal microcirculation 

provides a diagnostic or therapeutic advantage in the management of glaucoma remains to 

be addressed by future studies.

The dependence of OCTA-measured retinal microcirculation on IOP reduction might have 

clinical implications in glaucoma patients.45–48 Liu and colleagues45 evaluated 17 glaucoma 

patients six months after surgical IOP reduction and found evidence of increased ONH 

microcirculation, especially in minimally damaged RNFL regions. At the same time, no 

apparent change was observed in RNFL thickness indicating that such alterations are 

unlikely to be captured by OCT-provided metrics since RNFL thinning indicates cell 

loss that is deemed theoretically irreversible.45 Moreover, two other studies demonstrated 
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increased retinal microcirculation at the circumpapillary47 and the macular46 areas three 

months after surgical IOP reduction. Notably, all of the aforementioned improvements 

in retinal microcirculation were detected months after IOP reduction. These observations 

suggest the possibility of a gradual metabolic recovery of damaged, but viable, retinal 

ganglion cells that might also be responsive to treatment after IOP is lowered.45 We 

speculate that the evaluation of short-term microvascular changes resulting from presumed 

IOP reduction might be useful for risk assessment in patients who are glaucoma suspects 

or those with existing disease. It might also be used as a screening modality to evaluate 

potential candidates of IOP lowering therapy.

The present study has several limitations. First, the OCTA images were acquired after a 

two-minute interval at each target pressure to allow for stabilization of the measurements. 

However, the potential autoregulatory response and the resultant microvascular changes 

might differ over more prolonged intervals. Also, a time-dependent response at the same 

level of negative pressure might exist that could be captured by repeated measurements, 

all opportunities for future studies. Second, the present study included a limited range of 

negative target pressure. Thus, caution must be made in generalizing the results to negative 

periocular pressures outside this range. Third, adjusting the periocular borders of the goggles 

to tightly control the negative target pressure was challenging in a few patients because 

of individualized anatomical features. Nevertheless, we did manage to monitor even fine 

alterations of pressure outside the target level using the computer software, ensuring all 

measurements were obtained according to the protocol. Unfortunately, we were unable to 

obtain good quality macular images, perhaps due to the goggles interfering with the tracking 

system of the OCTA instrument for the macular scan protocol. Evaluation of macular 

ganglion cell complex thickness and vessel density change at different levels of negative 

pressure remains an item for future investigations. Also, the level of IOP was unknown at 

the time of OCTA imaging in the present study. It should be noted that a majority of patients 

were on ocular hypotensive treatment at the time of study participation. The effect of ocular 

hypotensive medications on retinal vascular reactivity in glaucoma is not currently well 

established. Most available studies have evaluated homeostatic hemodynamic parameters, 

rather than assessing hemodynamic response to a provocation,49 as done in the current study. 

And last, as previously reported, artifacts with the potential influence on the instrument 

metrics are frequent.38 Accordingly, all acquired OCTA images were manually reviewed for 

the presence of different OCTA artifacts,38 and only good-quality images were included in 

the final analysis.

In conclusion, the combination of the MPD with OCTA quantifies retinal microvascular 

alterations in response to presumed changes in IOP. There was increased retinal 

microcirculation consistent with the magnitude of negative MPD pressure, possibly resulting 

from graded IOP reduction. In contrast to the changes in microcirculation, RNFL thickness 

measurements remained stable at all negative pressure levels.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BCVA best-corrected visual acuity

CCT central corneal thickness

CD capillary density

D diopter

IOP intraocular pressure

MD mean deviation

MPD multi-pressure dial

OCTA optical coherence tomography angiography

ONH optic nerve head

PSD pattern standard deviation

RNFL retinal nerve fiber layer thickness

SD-OCT spectral domain-OCT

SSI signal strength index

VF visual field
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Figure 1. 
Overall design of the multi-pressure dial (MPD) system used in this study. As demonstrated 

in “A”, each side of the goggle makes a separate seal around the periocular space and can 

be adjusted to a specific target pressure that is independent from the contralateral side. “B” 

shows the location of small holes (yellow arrow) drilled in the medial sides of the goggle 

that enables clear anterior surface of the lens during the imaging procedure.
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Figure 2. 
The Equinox software enables to set separate user defined target pressures and allows for 

real-time tracking of the negative pressure inside each periocular space. This figure shows a 

representation of the methodology used in this study. After making a perfect periocular seal 

around the target eye of each participant, the periocular pressure was set at different levels 

starting from 0 mmHg and then lowered at increments of 5 mmHg to a maximum of −20 

mmHg. After that, the target pressure was increased at increments of 5 mmHg back to the 

baseline. Images were taken after 2 minutes at each target pressure to allow for stabilization 

of the measurements.
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Figure 3. 
Mean (± standard error) relative changes of global and hemifield circumpapillary capillary 

density (CD) measurements compared to their respective baseline values at different levels 

of negative pressure. The “*” sign indicates statistically significant (P-value < 0.05) changes.
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Table 1.

Ramp-Up and Ramp-Down Schedule of the Imaging Protocol

Target Negative Pressure

Variable

Ramp-Up Ramp-Down

Baseline Dose 1 Dose 2 Dose 3 Dose 4 Dose 5 Dose 6 Dose 7 Dose 8

0 mmHg 
(2’)

−5 
mmHg 

(2’)

−10 
mmHg 

(2’)

−15 
mmHg 

(2’)

−20 
mmHg 

(2’)

−15 
mmHg 

(2’)

−10 
mmHg 

(2’)

−5 
mmHg 

(2’)

0 mmHg 
(2’)

Circumpapillary 
RNFL thickness X X X X X X X X X

Circumpapillary 
CD X X X X X X X X X

RNFL: retinal nerve fiber layer, CD: capillary density.
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Table 2.

Demographic and Ocular Characteristics of the Study Population (N=24)

Variables

Age (years) 71.0 (67.7, 74.2)

Gender (Female, %) 13 (54%)

Race (Caucasian, %) 18 (75%)

IOP (mmHg) 17.46 (15.92, 18.99)

CCT (μm) 530.6 (512.8, 548.4)

Axial length (mm) 24.7 (24.0, 25.4)

Spherical Equivalent of Refraction (D) −2.18 (−3.39, −0.97)

MD (dB) −2.80 (−3.88, −1.72)

PSD (dB) 3.99 (2.60, 5.38)

IOP: intraocular pressure, CCT: central corneal thickness, D: diopter, MD: mean deviation, PSD: pattern standard deviation.

Results are shown in mean (95% confidence interval) for numerical variables and No. (%) for categorical variables.
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Table 3.

Serial Changes of Circumpapillary RNFL Thickness and CD Compared to the Baseline Measurements 

(Negative Pressure = 0 mmHg, N = 24 eyes)

Negative Pressure (mmHg) RNFL thickness (μm) change (95% CI) P value* CD (%) change (95% CI) P value*

−5 0.07 (−1.36, 1.50) 0.922 0.93 (−0.66, 2.53) 0.251

−10 −1.18 (−2.68, 0.33) 0.126 1.74 (0.07, 3.42) 0.042

−15 −0.86 (−2.39, 0.67) 0.273 1.77 (0.07, 3.48) 0.042

−20 −1.05 (−2.60, 0.51) 0.188 2.27 (0.54, 4.01) 0.010

−15 −0.88 (−2.34, 0.58) 0.238 2.05 (0.41, 3.68) 0.014

−10 0.20 (−1.27, 1.66) 0.793 1.92 (0.29, 3.55) 0.021

−5 −0.40 (−1.89, 1.09) 0.600 0.62 (−1.05, 2.28) 0.468

0 −0.33 (−1.87, 1.21) 0.674 0.38 (−1.33, 2.10) 0.661

RNFL: retinal nerve fiber layer, CD: capillary density.

Linear mixed effects model with repeated measures was used to evaluate the statistical significance.

*
Statistically significant P values (< 0.05) are shown in bold.
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Table 4.

Serial Changes of Superior Hemifield Circumpapillary RNFL Thickness and CD Compared to the Baseline 

Measurements (Negative Pressure = 0 mmHg, N = 24 eyes)

Negative Pressure (mmHg) RNFL thickness (μm) change (95% CI) P value* CD (%) change (95% CI) P value*

−5 0.00 (−2.19, 2.19) > 0.99 0.74 (−0.87, 2.35) 0.366

−10 −1.78 (−4.08, 0.52) 0.129 1.39 (−0.30, 3.08) 0.107

−15 −1.16 (−3.50, 1.18) 0.332 1.62 (−0.10, 3.34) 0.064

−20 −1.56 (−3.94, 0.82) 0.198 1.95 (0.20, 3.70) 0.029

−15 −1.31 (−3.55, 0.93) 0.251 1.99 (0.34, 3.63) 0.018

−10 −0.06 (−2.30, 2.18) 0.957 2.06 (0.42, 3.70) 0.014

−5 −0.71 (−3.00, 1.57) 0.540 0.50 (−1.17, 2.18) 0.555

0 −0.95 (−3.30, 1.41) 0.430 0.39 (−1.34, 2.12) 0.656

RNFL: retinal nerve fiber layer, CD: capillary density.

Linear mixed effects model with repeated measures was used to evaluate the statistical significance.

*
Statistically significant P values (< 0.05) are shown in bold.
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Table 5.

Serial Changes of Inferior Hemifield Circumpapillary RNFL Thickness and CD Compared to the Baseline 

Measurements (Negative Pressure = 0 mmHg, N = 24 eyes)

Negative Pressure (mmHg) RNFL thickness (μm) change (95% CI) P value* CD (%) change (95% CI) P value*

−5 0.13 (−2.23, 2.49) 0.912 1.15 (−0.74, 3.05) 0.232

−10 −0.48 (−2.96, 2.00) 0.702 2.11 (0.12, 4.10) 0.037

−15 −1.05 (−3.57, 1.48) 0.416 1.83 (−0.19, 3.85) 0.076

−20 −1.10 (−3.67, 1.47) 0.401 2.44 (0.38, 4.50) 0.020

−15 −0.62 (−3.07, 1.83) 0.619 2.10 (0.14, 4.06) 0.036

−10 −0.43 (−2.92, 2.06) 0.735 1.37 (−0.62, 3.36) 0.177

−5 −0.57 (−3.03, 1.89) 0.651 0.62 (−1.35, 2.60) 0.535

0 −2.39 (−4.89, 0.11) 0.061 −0.43 (−2.44, 1.57) 0.671

RNFL: retinal nerve fiber layer, CD: capillary density.

Linear mixed effects model with repeated measures was used to evaluate the statistical significance.

*
Statistically significant P values (< 0.05) are shown in bold.
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