
Journal Pre-proof

Mitochondrial Dysfunction in Primary Open-angle Glaucoma Characterized by
Flavoprotein Fluorescence at the Optic Nerve Head

Davis B. Zhou, MD, Maria V. Castanos, MD, Lawrence Geyman, MD, Collin A. Rich,
MSEE, PhD, Apichat Tantraworasin, MD, PhD, Robert Ritch, MD, Richard B. Rosen,
MD

PII: S2589-4196(21)00285-4

DOI: https://doi.org/10.1016/j.ogla.2021.12.006

Reference: OGLA 386

To appear in: OPHTHALMOLOGY GLAUCOMA

Received Date: 5 June 2021

Revised Date: 18 December 2021

Accepted Date: 22 December 2021

Please cite this article as: Zhou DB, Castanos MV, Geyman L, Rich CA, Tantraworasin A, Ritch R,
Rosen RB, Mitochondrial Dysfunction in Primary Open-angle Glaucoma Characterized by Flavoprotein
Fluorescence at the Optic Nerve Head, OPHTHALMOLOGY GLAUCOMA (2022), doi: https://
doi.org/10.1016/j.ogla.2021.12.006.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2021 Published by Elsevier Inc. on behalf of the American Academy of Ophthalmology

https://doi.org/10.1016/j.ogla.2021.12.006
https://doi.org/10.1016/j.ogla.2021.12.006
https://doi.org/10.1016/j.ogla.2021.12.006


 Page 1 

 

Title: Mitochondrial Dysfunction in Primary Open-angle Glaucoma Characterized by Flavoprotein 1 
Fluorescence at the Optic Nerve Head 2 
Authors: Davis B. Zhou, MD*1,2; Maria V. Castanos, MD*1,2; Lawrence Geyman, MD3,4, Collin A. Rich, 3 
MSEE, PhD5, Apichat Tantraworasin, MD, PhD6, Robert Ritch, MD3; Richard B. Rosen, MD1,2± 4 
*DBZ and MVC contributed as co-first authors. 5 
 6 
1 Department of Ophthalmology, New York Eye and Ear Infirmary of Mount Sinai  7 
2 Department of Ophthalmology, Icahn School of Medicine at Mount Sinai 8 
3 Einhorn Clinical Research Center, New York Eye and Ear Infirmary of Mount Sinai, New York 9 
4 Department of Ophthalmology, Illinois Eye and Ear Infirmary, Chicago, Illinois 10 
5 OcuSciences Inc., Ann Arbor, MI, USA 11 
6 Clinical Epidemiology and Clinical Statistic Center, and Department of Surgery, Faculty of Medicine, 12 
Chiang Mai University, Chiang Mai, Thailand 13 
 14 
± Corresponding Author: Richard B. Rosen, MD 15 
New York Eye and Ear Infirmary of Mount Sinai 16 
310 E 14th Street 17 
New York, NY 10003 18 
rrosen@nyee.edu 19 
 20 
Meeting Presentation: The Association in Research in Vision and Ophthalmology Annual Meeting, 2021 21 
 22 
Financial Support: Funding for this research was provided by the New York Eye and Ear Infirmary 23 
Research Foundation, the Marrus Family Foundation, and the Research to Prevent Blindness 24 
Foundation. The sponsor or funding organization had no role in the design or conduct of this research. 25 
 26 
Conflicts of Interest: 27 
Richard B. Rosen: OptoVue: Consultant & Patent; Boehringer-Ingelheim: Consultant; Astellas: 28 
Consultant; Genentech-Roche: Consultant; NanoRetina: Consultant; OD-OS: Consultant; Opticology: 29 
Personal Financial Interest; Guardion: Personal Financial Interest; Regeneron: Consultant; Bayer: 30 
Consultant; CellView: Consultant 31 
Robert Ritch: C-MER: Consultant/Advisor; Diopsys, Inc.: Consultant/Advisor; Emerald Bioscience Inc.: 32 
Consultant/Advisor; Glauconix, Inc.: Consultant/Advisor; Guardion Health Sciences: Consultant/Advisor, 33 
Royalty; Intelon Optics: Consultant/Advisor; Ocular Instruments, Inc.: Royalty; Sanoculis: 34 
Consultant/Advisor; Sensimed: Consultant/Advisor; Xoma: Consultant/Advisor 35 
Collin A. Rich: OcuSciences: Personal Financial Interest; Employment 36 
Apichat Tantraworasin, Lawrence Geyman, Davis B. Zhou, Maria V. Castanos: None 37 
 38 
Running Head: Mitochondrial Dysfunction in POAG at the Optic Nerve Head  39 
 40 
Manuscript Word Count: 2438 / 3000 41 
 42 
Abbreviations: optic nerve head (ONH), primary open-angle glaucoma (POAG), retinal ganglion cells 43 
(RGC), elevated intraocular pressure (IOP), normal-tension glaucoma (NTG), reactive oxygen species 44 
(ROS), flavoprotein fluorescence (FPF), circumpapillary retinal nerve fiber layer thickness (cpRNFLT), gray 45 
scale unit (gsu). 46 
 47 
Key Words: Glaucoma, Mitochondria, Flavoprotein, Metabolic 48 

Jo
urn

al 
Pre-

pro
of



 Page 2 

 

Abstract 49 

Objective: To investigate the presence of flavoprotein fluorescence (FPF) at the optic nerve head (ONH) 50 

rim as a marker of mitochondrial dysfunction in primary open-angle glaucoma (POAG) and control eyes.  51 

Design: Retrospective cross-sectional study, with patients recruited from the New York Eye and Ear 52 

Infirmary of Mount Sinai. 53 

Subjects, Participants, and/or Controls:  A total of 86 eyes (50 eyes of 30 POAG patents and 36 eyes of 54 

20 controls) were enrolled. The presence of POAG was defined by circumpapillary retinal nerve fiber 55 

layer thickness below the bottom fifth percentile of the normative database, glaucomatous ONH 56 

changes, and visual field defects on 24-2 tests. 57 

Methods, Intervention, or Testing: POAG and control eyes were imaged using the OcuMet Beacon. A 58 

23°x23° infrared scan was obtained, and an FPF scan was performed within a capture field spanning 13 59 

degrees in diameter. The ONH margins on the infrared image were identified by software algorithms. 60 

FPF then was measured within an elliptical annulus around the ONH rim, with the inner and outer 61 

boundaries corresponding to 0.5 to 1.1 times the ONH rim size.  62 

Main Outcomes Measures: FPF at the OHN rim in POAG and control eyes. 63 

Results: Differences in FPF between POAG and control eyes were characterized through mixed-effects 64 

logistic regression, adjusted for age and interocular pressure. FPF was significantly higher in POAG 65 

versus control eyes, with a mean±SD of 46.4±27.9 versus 28.0±11.7 (P<0.001), respectively. Evaluation 66 

of anatomical quadrants revealed greater FPF in POAG versus control eyes at the temporal (P=0.001), 67 

superior (P<0.001), nasal (P=0.002), and inferior (P=0.001) quadrants. Among POAG eyes, FPF showed 68 

correlation to visual field mean deviation (P<0.001), visual field pattern standard deviation (P=0.003), 69 

and circumpapillary retinal nerve fiber thickness (P=0.001) on linear mixed-effects models. 70 

Conclusions: Higher FPF in POAG versus control eyes suggests the presence of mitochondrial dysfunction 71 

at the ONH rim in eyes with glaucomatous damage. The degree of FPF corresponds to disease severity, 72 
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as measured by visual field and nerve fiber layer thickness metrics. FPF may thus represent a metabolic 73 

indicator of disease status that reveals the extent of injury in glaucoma. 74 

 75 
  76 
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Introduction 77 

Glaucoma is a group of optic neuropathies characterized by the progressive degeneration and loss of 78 

retinal ganglion cells (RGC). It remains a major cause of blindness, globally impacting an estimated 79 

population of 80 million.1 Early diagnosis is a key preventative measure against progression and 80 

blindness because patients may remain visually asymptomatic until late in the disease process and after 81 

irreversible damage.2, 3 In addition, starting therapy during early stages of disease is shown to improve 82 

treatment efficacy and long-term outcomes.4, 5 Current diagnosis is based on a constellation of imaging 83 

and clinical characteristics. This includes both structural changes involving the optic nerve head (ONH) 84 

and functional vision loss on perimetry.6 Among clinical factors, elevated intraocular pressure (IOP) is 85 

the most important known risk factor for glaucoma development and progression. It has been utilized 86 

for screening, progression, and treatment and remains the only modifiable factor for slowing disease 87 

progression.7, 8 Much, however, continues to be uncertain about the underlying causes of glaucoma, 88 

particularly for subtypes not fully explained by elevated IOP, such as normal-tension glaucoma (NTG). 89 

This has led to exploration of additional disease mechanisms, with attempts to elucidate accompanying 90 

novel biomarkers. 91 

Recent studies have proposed mitochondrial dysfunction and death as a mechanism of 92 

glaucomatous damage.9-11 Mitochondria serve multiple intracellular functions – including aerobic energy 93 

production, synaptic transmission, and mediation of apoptosis. These organelles reside densely in 94 

tissues with high metabolic requirements, including the laminar and prelaminar optic nerve.12 95 

Mitochondrial distribution in this region is shown to correspond with histological markers of metabolic 96 

activity and locations of concentrated ion channels involved in signal conduction.13, 14 Dysregulation of 97 

mitochondrial proteins has, in turn, been linked to cellular stress and accumulation of reactive oxygen 98 

species (ROS).15, 16 These events have been shown to trigger RGC injury and loss by apoptosis,17-19 a 99 

mode of cell death implicated in glaucoma.20, 21 Mitochondrial mutations, which may increase 100 
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susceptibility to dysfunction, have been documented for optic neuropathies, including primary open-101 

angle glaucoma.22 Alterations of mitochondria at the optic nerve have furthermore been identified 102 

through ex vivo imaging in mice models of glaucoma.23, 24 103 

In human subjects, mitochondrial dysfunction has been characterized by measuring the 104 

presence of oxidized mitochondrial flavoproteins, which increase under conditions of cellular stress and 105 

increased ROS. Oxidized flavoproteins can be quantified by their emission of green fluorescence, termed 106 

flavoprotein fluorescence (FPF), upon stimulation by wavelengths of blue light.25, 26 Elevated levels of FPF 107 

have been documented in a variety of ocular pathologies, including diabetic retinopathy27, pseudotumor 108 

cerebri28, central serous retinopathy29, and age-related macular degeneration30. Increased FPF has also 109 

been seen in patients with primary open angle glaucoma and ocular hypertension within the macula.31 110 

As a precursor to cell death and tissue damage, FPF may thus provide an early indication of retinal 111 

dysfunction prior to structural changes or vision loss. In this study, we investigated FPF at the ONH as a 112 

potential biomarker for sub-structural glaucomatous injury in primary open-angle glaucoma. 113 

 114 

Methods 115 

Study Population  116 

This retrospective study was performed in the Einhorn Clinical Research Center of the New York Eye and 117 

Ear Infirmary of Mount Sinai. The protocol was approved by the Institutional Review Board of Mount 118 

Sinai and is in accordance to the Declaration of Helsinki. All subjects were enrolled from November 2015 119 

to October 2016 through written informed consent. On the day of imaging, medical history was 120 

obtained by interview and intraocular pressure was measured by Tono-Pen tonometry (Reichert 121 

Technologies, Depew, NY). Goldmann applanation tonometry was avoided since application of topical 122 

fluorescein would confound the FPF signal. Within one month of FPF imaging, all subjects received a 123 

comprehensive eye exam, which included slit-lamp biomicroscopy, gonioscopy, and fundoscopy. 124 
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Inclusion criteria for POAG eyes were natural lens, patient age >40 years, best-corrected visual 125 

acuity >20/200, open-angles on gonioscopy (Shaffer grade 3 or 4), and presence of POAG. POAG was 126 

defined by the presence of circumpapillary retinal nerve fiber layer thickness (cpRNFLT) below the 127 

bottom fifth percentile of the normative database as measured by optical coherence tomography 128 

(Spectralis, Heidelberg Engineering, Heidelberg, Germany), glaucomatous ONH changes (presence of rim 129 

thinning or notching), and visual field defects on 24-2 visual field testing (Humphrey Field Analyzer II, 130 

Carl Zeiss Meditec, Inc., Jena, Germany). Visual field defects were defined as three contiguous points at 131 

a 5% level on the pattern deviation plot with one of the three points at a 1% level, a glaucoma hemifield 132 

test outside normal limits, or a pattern standard deviation to a significance of <0.5%. Sufficient exam 133 

reliability was defined as having fewer than 20% fixation losses, 20% false negatives, and 20% false 134 

positives. 135 

Inclusion criteria for control eyes were natural lens, patient age >40 years, best-corrected visual 136 

acuity better than 20/200, IOP <21mmHg, cpRNFLT above the bottom fifth percentile of the normative 137 

database on optical coherence tomography imaging, no visual field defects as defined above, and no 138 

evidence of optic nerve or retinal pathology on examination. 139 

Exclusion criteria for all subjects were significant cataract (nuclear sclerosis grade >3, cortical, or 140 

posterior subcapsular cataract), pathology or surgery impacting the corneal curvature, intraocular 141 

surgery within 6 months prior to imaging, retinal disease, non-glaucomatous optic nerve pathology, 142 

diabetes mellitus, systemic inflammatory conditions, systemic immunodeficiency syndromes (including 143 

the human immunodeficiency virus), corticosteroid use, systemic immunosuppression, or 144 

neurodegenerative disorders (including Alzheimer’s disease and Parkinson’s disease).  145 

Ancillary Tests 146 

Optical coherence tomography (Spectralis, Heidelberg Engineering, Heidelberg, Germany) was used to 147 

measure cpRNFLT after dilation with one drop in each eye of phenylephrine hydrochloride ophthalmic 148 
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solution USP 2.5% (Paragon BioTeck, Inc., Portland, OR) and tropicamide hydrochloride ophthalmic 149 

solution USP 1% (Sandoz, Inc., Princeton, NJ). The global cpRNFLT was derived from the standard 3.45 150 

mm-diameter circle scan centered at the ONH. Optical coherence tomography images were reviewed to 151 

confirm sufficient quality (signal strength >20) and to ensure correct segmentation of retinal layers. 152 

Visual field tests were obtained for patients using the 24-2 SITA-standard test protocol 153 

(Humphrey Field Analyzer II Carl Zeiss Meditec, Inc., Jena, Germany) with the size III white stimulus. 154 

Metabolic Image Acquisition and Processing 155 

FPF at the ONH was measured using the OcuMet Beacon (OcuSciences, Ann Arbor, MI; Investigational 156 

Device). Light safety for the OcuMet Beacon has been evaluated and found to meet the International 157 

Electrotechnical Commission’s guidelines, with the device classified under the safest laser/light emitting 158 

diode category: Type I. During each acquisition, the instrument captured a 23°x23° infrared fundus 159 

image and measured the FPF within a central 13°-diameter circular capture field (Figure 1A). The 160 

512x512 detector generated FPF images with intensity measured as a dimensionless gray scale unit 161 

(gsu). Algorithmic evaluation of image quality selected the highest-contrast (indicating good illumination 162 

with minimal interference from pupil cropping) of several images captured at each session.  163 

Software algorithms identified the ONH margins on the infrared image and demarcated an 164 

elliptical annulus around the ONH rim, with inner and outer boundaries corresponding to 0.5 to 1.1 165 

times the ONH rim size (Figure 1B). The region bound by this annulus captures the highest concentration 166 

of FPF signal, which is consistent with the distribution of mitochondria at the ONH. The mean FPF score 167 

of the tissue outside the ONH (typically 25-30 gsu) was then subtracted from the measured disc profile, 168 

as this was found to improve the OD-OS match in healthy controls. The annulus was then divided into 169 

fifty sectors, with global FPF defined as the average of all sectors. Averages of sectors for each 170 

anatomical region (temporal, superior, nasal, and inferior) were also determined. An FPF sector map 171 

was created, which displayed FPF levels circumferentially across the anatomical quadrants (Figure 1C). 172 
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Averaged FPF throughout the ONH annulus and at each anatomical location were then summarized 173 

through an FPF profile that permits rapid comparison to the average of healthy controls (Figure 1D).  174 

Statistical Analysis 175 

Analyses were performed using SPSS 27 software (IBM Corporation, Chicago, IL, USA). Clinical metrics 176 

were evaluated for normality. Comparisons of clinical metrics (including IOP, cpRNFLT, and number of 177 

ocular antihypertensive medications) between POAG and control eyes were performed using mixed-178 

effects models to account for interocular correlations. Differences in FPF between POAG and control 179 

subjects were then analyzed through mixed-effects logistic regressions, with the disease state as the 180 

dependent variable and FPF as the independent variable. 181 

 Correlations between FPF and clinical characteristics of IOP and age were evaluated using linear 182 

mixed-effects models, with the FPF as the dependent variable and the clinical features as the 183 

independent variable. The relationship between FPF and existing glaucoma metrics was also examined 184 

while accounting for IOP and age. These metrics included visual field mean deviation, visual field pattern 185 

standard deviation, and cpRNFLT. 186 

 Intra-visit repeatability of OcuMet Beacon scans at the ONH was characterized using the 187 

coefficient of variation. This metric was based on four sequential images from a representative POAG 188 

patient eye and from a control subject eye, with calculations derived from the standard deviation of 189 

obtained FPF values divided by the mean of the FPF measurements.  190 

 191 

Results 192 

Patient Characteristics 193 

Results were obtained from 50 eyes of 30 POAG patients and 36 eyes of 20 healthy controls. 194 

Participant characteristics are shown in Table 1. Comparison of clinical metrics between POAG 195 

and control eyes demonstrated significant differences in the number of antihypertensive 196 
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medications, IOP, and global cpRNFLT. POAG and control subjects were respectively comprised 197 

of 51.4% and 53.2% male participants. No statistically significant difference in age was found 198 

between the two groups. 199 

Intra-visit Repeatability 200 

The coefficients of variation for FPF in POAG and control eyes were 8.2% and 10.5%, respectively. 201 

Comparison of FPF between POAG and Control Eyes 202 

Circumferential representations of FPF for the mean of POAG and control eyes are shown in Figure 2. 203 

Both POAG and control subjects revealed a similar pattern of FPF fluctuation across anatomical 204 

quadrants, with higher mean FPF was exhibited by POAG eyes throughout the ONH compared to healthy 205 

controls. Multivariate analysis accounting for patient age and IOP demonstrated a statistically significant 206 

difference in global FPF between POAG and control eyes (46.4±27.9 vs. 28.0±11.7, respectively) (Table 207 

2). Significant differences were also found at all anatomical quadrants. Representative POAG and control 208 

eyes are shown in Figure 3. 209 

Correlation of FPF to Clinical Characteristics 210 

Among POAG eyes, global FPF exhibited a positive correlation with patient age and no correlation with 211 

IOP (Table 3). POAG eyes also demonstrated relationships between global FPF and clinical biomarkers of 212 

glaucoma: a negative correlation with visual field mean deviation, a positive correlation with visual field 213 

pattern standard deviation, and a negative correlation with global cpRNFLT. Significant correlations were 214 

also present between sectoral FPF and the corresponding cpRNFLT at the superior, inferior, and nasal 215 

quadrants.  216 

 217 

Discussion 218 

This cross-sectional study is, to our knowledge, the first investigation of in vivo mitochondrial 219 

dysfunction in POAG eyes at the ONH. Statistical analyses revealed significantly higher FPF in POAG eyes 220 
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compared to controls, with differences observed at all anatomical quadrants. These findings suggest the 221 

presence of increased mitochondrial dysfunction throughout the ONH and the potential for FPF to serve 222 

as an additional means to evaluate glaucomatous damage. These measurements may have particular 223 

utility for identifying disease status in patients without elevated IOP. Evaluation of FPF may also 224 

facilitate investigation of neuroprotective therapies for glaucoma. Animal studies have identified agents 225 

that offer potential protection against cellular stress and RGC apoptosis.32-35 Efficacy of these agents, 226 

however, has generally not translated to human subjects, with challenges attributed to current in vivo 227 

metrics and possibly narrow therapeutic windows. Characterization of metabolic changes in RGC may 228 

provide a more sensitive means of evaluating treatment effect. In addition, recent studies have 229 

identified stages of RGC injury that precede irreversible RGC in glaucoma.36-39 These pre-apoptotic 230 

changes to RGC may be reflected in mitochondrial dysfunction and serve as a method for evaluating 231 

neuroprotective agents. 232 

FPF also exhibited statistically significant correlations with existing imaging markers of disease 233 

severity. FPF exhibited a negative correlation with visual field mean deviation and a positive correlation 234 

with visual field pattern standard deviation, suggesting that the severity of mitochondrial dysfunction in 235 

glaucoma may be related to the extent of vision loss. A negative correlation was also seen in POAG eyes 236 

between FPF and cpRNFLT of the entire imaging annulus, suggesting that increased mitochondrial 237 

dysfunction is present with greater structural glaucomatous changes at the ONH. Comparison of FPF to 238 

clinical characteristics in POAG eyes revealed a positive correlation between FPF and age, supporting 239 

previous studies. No correlation was present between FPF and IOP among POAG eyes. This may be 240 

influenced by the use of ocular antihypertensive therapy by patients, some of which have been 241 

documented to exert neuroprotective effects independent of their alternation of aqueous humor 242 

production or reabsorption.40, 41 Previous studies reporting positive correlations between IOP and 243 
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mitochondrial dysfunction used cellular and animal models of glaucoma not confounded by ongoing 244 

medical therapy.24, 42  245 

Limitations of the study include enrollment of patients after initiation of medical therapy. 246 

Compared to a study of treatment naïve patients, inclusion of previous-treated patients may artificially 247 

decrease the difference in FPF between POAG and control subjects due to the impact of therapy on 248 

mitochondrial dysfunction and FPF. While no studies have evaluated the impact of ocular 249 

antihypertensives on FPF, past rodent studies have suggested independent neuroprotective effects of 250 

IOP lowering agents, which are hypothesized to involve mitochondria-mediated apoptosis of RGC.40, 41 251 

Comparison of FPF to visual field measurements as a metric of functional change may also be impacted 252 

by previously documented variability of visual field results, particularly among patients with severe 253 

disease. In addition, the cross-sectional nature of this study limits the ability to demonstrate casualty of 254 

glaucomatous change due to mitochondrial dysfunction at the ONH. 255 

Future areas of research include a comparison of FPF between healthy controls and glaucoma 256 

suspects or patients with mild glaucomatous changes. Given that changes in mitochondrial movement 257 

were seen prior to axonal structural alterations after IOP elevation in rodent models, we surmise that 258 

changes in FPF would be observed prior to structural glaucomatous damage in human subjects.24 This 259 

may provide an additional objective means to evaluate and differentiate early stages of glaucoma from 260 

healthy controls. Longitudinal studies focusing on impact of ocular antihypertensives may also provide 261 

meaningful information the neuroprotective role of existing medications. 262 

Overall, greater FPF at the ONH rim was found in POAG eyes compared to control eyes, which is 263 

consistent with previous studies showing increased mitochondrial dysfunction in eyes with 264 

glaucomatous damage.  Among POAG eyes, correlations were also found between FPF and existing 265 

metrics of glaucoma severity. These results highlight the potential of FPF in characterizing glaucoma 266 

status and exploring disease pathophysiology. Future longitudinal investigations of FPF may clarify its 267 
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role for assessing disease progression and characterizing the efficacy of neuroprotective therapies. 268 

Evaluation of FPF in other glaucoma subtypes may also provide insight into mechanisms of disease for 269 

individuals without elevations in intraocular pressure.  270 

 271 

Figure 1: Methodology of FPF Analysis at the Optic Nerve Head 272 

A) 23°x23° infrared image of a representative POAG eye. The green circle highlights the central circular 273 

FPF capture field spanning 13 degrees in diameter. The white ellipse indicates the algorithmically 274 

identified optic nerve head (ONH). 275 

B) Green and white rings correspond to same features as in (A). Subtraction of background lens 276 

fluorescence was performed based on readings sampled outside the blue circle. Measurement at the 277 

ONH is taken between inner and outer red ellipses generated respectively at ratiometric distances 0.5 278 

and 1.1 times the white ONH ellipse perimeter. This annulus captures the highest concentration of FPF 279 

signal, which is consistent with the distribution of mitochondria at the ONH, with the central area 280 

occupied by retinal vasculature. The mean FPF score of the tissue outside the ONH (typically 25-30 gsu) 281 

was then subtracted from the measured disc profile, as this was found to improve the OD-OS match in 282 

healthy controls. 283 

C) FPF sector map. Measured FPF from each of the 50 sectors is indicated by the black line. For 284 

comparison, the green line and surrounding green area represent the mean ± one standard deviation of 285 

FPF in healthy controls. Figure axis and orientation follow a circumferential format, with TMP=temporal, 286 

SUP=superior, NAS=nasal, INF=inferior. 287 

D) FPF profile of the same eye. Averaged measurements from each anatomical sector are displayed in 288 

the black text. Reference mean FPF from healthy controls are presented in the green text. The center 289 

region represents the global average of all FPF sectors. N=nasal, I=inferior, T=temporal, and S=superior.  290 

Figure 2: Visualization of Mean FPF Between Groups 291 

Jo
urn

al 
Pre-

pro
of



 Page 13 

 

Representation of the mean FPF of POAG and control eyes across anatomical sectors, using a 292 

circumferential axis format. TMP=temporal, SUP=superior, NAS=nasal, and INF=inferior. Higher levels of 293 

FPF are seen in POAG eyes compared to healthy controls, with greater FPF across all anatomic sectors. 294 

Figure 3: FPF Measurements from Representative POAG and Control Eyes  295 

FPF analysis for representative control and POAG eyes showing the A) infrared image B) FPF heatmap C) 296 

FPF sector maps, and D) FPF profile. Greater scores can be observed in the POAG eye compared to the 297 

healthy control on both the FPF sector map and profile. 298 

 299 
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Table 1: Participant Characteristics 

Clinical Characteristic 
POAG† 
(n = 50) 

Control† 
(n = 36) 

POAG versus Control Comparison 

Coefficient 
95% CI 
Lower 

95 % CI 
Upper 

P-Value 

Age (years) 57.0 ± 8.2 55 ± 9 -1.98 -5.72 1.75 0.294 

Number of Ocular 
Antihypertensive 
Medications  

4.1 ± 3.0 0 ± 0 -2.70 -3.14 -2.25 < 0.001 

IOP (mmHg) 18.7 ± 5.6 15.9 ± 3.3 -2.82 -4.83 -0.81 0.007 

cpRNFLT (μm) 72.9 ± 22.9 101.9 ± 8.2 28.95 21.35 36.56 < 0.001 

†Values are reported as mean ± standard deviation  

POAG = primary open angle glaucoma; IOP = intraocular pressure; cpRNFLT = circumpapillary retinal nerve 
fiber layer thickness; CI = confidence interval 
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Table 2: Difference in FPF Between POAG and Control Eyes 
 

FPF Region 
POAG† 
(n = 50) 

Control† 
(n = 36) 

POAG versus Control Comparison 

Coefficient 
95 % CI 
Lower 

95 % CI 
Upper 

P-Value 

Global 46.4 ± 27.9 28.0 ± 11.7 0.085 0.040 0.129 < 0.001 

Temporal 68.5 ± 40.3 49.1 ± 21.1 0.034 0.014 0.054 0.001 

Superior 32.8 ± 29.5 10.3 ± 9.3 0.120 0.070 0.170 < 0.001 

Nasal 39.7 ± 27.1 25.1 ± 15.3 0.045 0.017 0.074 0.002 

Inferior 45.9 ± 28.9 29.0 ± 11.1 0.049 0.021 0.078 0.001 

†Values are reported as mean ± standard deviation  

FPF = flavoprotein fluorescence; POAG = primary open angle glaucoma; CI = confidence interval 
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Table 3: Correlations between FPF and Clinical Characteristics 
 

Clinical Characteristic Coefficient 
95 % CI 
Lower* 

95 % CI 
Upper* 

P-Value 
  

Age 1.361 0.251 2.471 0.02 
  

IOP -0.780 -1.812 0.252 0.14 
  

IOP = intraocular pressure; CI = confidence interval.  
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Table 4. Comparison of FPF and Metrics of Disease Severity  
 

Clinical Characteristic Coefficient 
95 % CI 
Lower* 

95 % CI 
Upper* 

P-Value 
  

VF MD -0.996 -1.445 -0.548 < 0.001 
  

VF PSD 2.860 1.010 4.710 0.003 
  

cpRNFLT Global -0.388 -0.616 -0.161 0.001 
  

  cpRNFLT Temporal 0.185 -0.549 0.920 0.611 
  

  cpRNFLT Superior -0.203 -0.390 -0.015 0.035 
  

  cpRNFLT Nasal -0.341 -0.613 -0.069 0.015 
  

  cpRNFLT Inferior -0.283 -0.478 -0.088 0.006 
  

FPF = flavoprotein fluorescence; VF MD = visual field mean deviation; VF PSD = 
visual field pattern standard deviation; cpRNFLT = circumpapillary retinal nerve 
fiber layer thickness; CI = confidence interval. Linear mixed model analysis 
accounted for IOP and age of patients. 
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Précis: Flavoprotein fluorescence at the optic nerve head reveals mitochondrial dysfunction in 

primary open-angle glaucoma eyes compared to healthy controls, with correlations to existing 

metrics of glaucomatous damage. 
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