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ABSTRACT
The ellipsoid zone (EZ) on macular optical coherence tomography (OCT) scans exhibits high intensity 
due to a high density of light-scattering mitochondria, making its reflectivity a potential marker for 
mitochondrial function. Here, we developed a reliable analysis tool for extracting relative EZ 
reflectivity and explore its potential as a biomarker in various diseases. We analysed OCT scans of 
patients with optic neuritis (ON), primary progressive optic neuropathy (PPON), chronic progressive 
external ophthalmoplegia (CPEO), dominant optic atrophy (DOA), and healthy controls. EZ reflectivity 
(normalised to the retina pigment epithelium (RPE) and outer nuclear layer (ONL)) was evaluated. 
Reliability was assessed using intraclass correlation coefficients (ICC), and group differences were 
analysed through multivariable linear regression, adjusting for relevant confounders. In total, 12 
controls, 23 ON patients, 7 CPEO patients, 13 DOA patients, and 13 PPON patients were included. EZ/ 
RPE20% and EZ/ONL ratios demonstrated good test–retest reliability with ICCs of 0.76 (p < .001) and 
0.63 (p = .013), respectively. Multivariable regression analysis revealed that median EZ/RPE20% and 
EZ/ONL ratios were lower in CPEO (r = -0.12, p = .036, and r = -0.59, p = .011), DOA (r = -0.16, p = .049, 
and r = -0.55, p = .082), PPON (r = -0.17, p = .014, and r = -0.57, p = .037), and ON (r = -0.11, p = .013, 
and r = -0.42, p = .006) compared to controls, respectively. These data show that EZ reflectivity can be 
reliably determined from OCT scans and appears to be reduced in neuroinflammatory and mito-
chondrial disorders. Further validation in larger prospective cohorts is warranted, but our findings 
suggest that EZ reflectivity might serve as a non-invasive in-vivo biomarker for mitochondrial health.
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Introduction

Mitochondrial dysfunction has been implicated in 
the pathophysiology of various systemic diseases, 
including multiple sclerosis (MS). However, 
research in this field faces challenges due to the 
lack of available non-invasive in-vivo testing.1 

Optical coherence tomography (OCT) is a non- 
invasive retinal imaging technique that can visua-
lise retinal tissue structure and delineate bound-
aries between retinal layers based on refractive 
index differences. While OCT allows for the calcu-
lation of individual retinal thicknesses, the analysis 
of a layer’s reflectivity index itself remains a novel 
and under-explored technique. Nevertheless, this 
approach holds exciting potential for studying cel-
lular function in vivo.

Recent research combining histopathological 
analysis and OCT images of retinal tissue from 
human donor eyes revealed that the ellipsoid zone 
(EZ) may exhibit high reflectivity due to local mito-
chondrial accumulation.2,3 This mitochondrial con-
tribution to EZ reflectivity aligns with the 
anatomical structure of the EZ, with the outer por-
tion of the inner segments of photoreceptors pri-
marily consisting of accumulated mitochondria. 
Photoreceptors, particularly cones, have a high 
mitochondrial density.4 As the distribution of 
cones changes rapidly moving away from the 
fovea, retinal morphology affects light scattering 
patterns significantly.5 Mitochondria and lysosomes 
are identified as the organelles that scatter the most 
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light in the cell, and their optical properties, parti-
cularly scattering coefficients, are associated with 
their structural integrity and functional status. 6–10 

However, there exists controversy on the anatomical 
origin of the hyperreflective band, with other 
research, particularly within the adaptive optics 
community, indicating it represents the junction 
between the inner and outer segments of the 
photoreceptors.11,12

Regardless of its anatomical origin, preliminary 
data suggest associations of EZ reflectivity on OCT 
with age, glaucoma, and age-related macular 
degeneration (AMD).11,13–17 Currently, its poten-
tial implications for MS and mitochondrial disor-
ders remain unexplored. Given the involvement of 
mitochondrial failure in MS pathophysiology,18,19 

investigating EZ reflectivity in individuals affected 
by MS, as well as in two mitochondrial disorders – 
dominant optic atrophy (DOA) and chronic pro-
gressive external ophthalmoplegia (CPEO) – could 
offer valuable insights into metabolic function.

The primary aim of this study is to develop an 
automated analysis tool that extracts reflectivity 
data from macular OCT scans and to explore the 
reproducibility of the resulting measure of relative 
EZ reflectivity. The secondary aim is to investigate 
if relative EZ reflectivity could serve as an in vivo 
metric of mitochondrial health by exploring its 
potential alteration in MS, optic neuritis (ON), 
CPEO, and DOA.

By elucidating the relationship between EZ 
reflectivity and mitochondrial function, this study 
seeks to contribute to a better understanding of 
mitochondrial involvement in MS and mitochon-
drial disorders, potentially paving the way for non- 
invasive monitoring of mitochondrial health in 
clinical settings.

Methods

Participants

A prospective recruitment was conducted at 
Moorfields Eye Hospital, enrolling patients 
aged 18–55 years presenting with symptomati-
cally unilateral optic neuritis (ON) without 
prior episodes in the affected eye. Diagnosis 
was confirmed by a neuro-ophthalmologist 
(AP) following an international consensus 

investigation protocol.20 Patients presenting 
within 14 days of onset of visual loss and/or 
pain on eye movement, whichever was earlier, 
were included in the study. Based on specific 
criteria, patients were categorised into three 
groups: MOG-associated ON (MOGON) for 
those seropositive for MOG antibodies, MS- 
associated ON (MSON) based on the 2017 MS 
criteria, and single episode isolated ON 
(SION).20

Additionally, a retrospective chart review at 
Moorfields Eye Hospital and the Amsterdam 
University Medical Centre identified patients 
with primary progressive optic neuropathy 
(PPON), representing early and pronounced 
optic nerve involvement in MS.20 Patients diag-
nosed with chronic progressive external ophthal-
moplegia (CPEO) and dominant optic atrophy 
(DOA) were also identified through chart review 
at Moorfields Eye Hospital. For these retrospec-
tively identified subjects, relevant data such as 
age, sex, best corrected visual acuity (BCVA), 
and additional medical history were recorded.

Healthy control participants were recruited from 
Moorfields Eye Hospital staff. Control subjects met 
specific criteria, including: BCVA of ≥6/6 in both 
eyes; absence of pre-existing eye disease; no medica-
tion usage; normal fundus appearance; and basic 
structural OCT measurements (peripapillary retinal 
nerve fibre layer (pRNFL) and macular ganglion cell- 
inner plexiform layer (mGCIPL)) within normal 
limits.

Approval for the study was obtained from the 
Ethics committee (study number 64,861) and 
hospital R&D (FRAC0001 & CaRS_23). 
Informed consent in writing was obtained from 
all prospectively enrolled subjects, in accordance 
with the Declaration of Helsinki. The analysis of 
retrospective data was exempted from review by 
NHS ethical committee in the UK. The 
Amsterdam Institutional Review Board issued 
a waiver stating that the requirements of the 
Medical Research Involving Human Subjects 
Act did not apply for the use of the clinical 
and imaging data for this study.

Informed written consent was obtained from all 
prospectively enrolled subjects involved in this 
study. Consent was waived for retrospectively iden-
tified subjects.
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OCT protocol

For healthy controls and ON patients the OCT 
measurements were performed prospectively 
with Spectralis SD-OCT (Heidelberg 
Engineering, Inc, Heidelberg, Germany) with 
the eye tracking function enabled, on acquisi-
tion software version 6.7.13.0. Macular volume 
scan (1024 A-scans, 37 B-scans volume =  
15×15°, automatic real-time function [ART] =  
25) centred around the fovea with high-resolu-
tion setting enabled were performed, with sub-
sequent scans performed on follow-up mode. 
Scans were consistently performed for the left 
eye first.

Clinically performed OCT scans were retro-
spectively identified for patients with PPON, 
CPEO, and DOA. Macular volume scans centred 
on the fovea that passed OSCAR-IB quality con-
trol criteria were included and analysed in this 
study.21 Scan quality was approximated through 
the signal-to-noise ratio and was set at 
a minimum of 20 dB for inclusion.

A subset of subjects completed a repeated- 
measures protocol of performing two scans 
separated by a 1 h interval to explore test–retest 
reliability. This occurred in a controlled research 
setting.

OCT layer segmentation

Macular OCT scans were segmented for quan-
titative thickness data with OCTExplorer 
(Version 3.8.0 (x64)) from IOWA Reference 
Algorithms. This algorithm segmented the ret-
inal nerve fibre layer (RNFL), ganglion cell 
layer (GCL), inner plexiform layer (IPL), 
inner nuclear layer (INL), outer plexiform 
layer (OPL), outer nuclear layer (ONL), EZ, 
outer segments (OS), outer segment of the 
photoreceptor/RPE complex including subret-
inal potential space (OPR) and RPE. The 
mGCIPL was created by combining the GCL 
and IPL. The inner retinal layers (IRL) were 
created by combining all layers that were 
located above the EZ, being the RNFL, GCL, 
IPL, INL, OPL, and ONL. Thicknesses were 
calculated in a 1, 3, and 6 mm ETDRS grid. 
Layer segmentation was visually inspected and 
manually corrected where required.

Reflectivity analysis

To prepare for reflectivity analysis, macular OCT 
scans (.vol) were exported from Heyex in 8-bit 
colour depth (256 greyscale values). Images were 
not changed in brightness or contrast. 
Subsequently, images were imported in 
OCTExplorer (Version 3.8.0 (x64)) from IOWA 
Reference to be segmented. OCTExplorer instead 
of Heyex software was used for segmentation, as 
Heyex does not segment the EZ separately. 
Segmentation was inspected for errors and 
manually corrected where required. The foveal 
B-scan was identified and this segmented scan 
showing coloured layer delineation (Figure 1) 
was exported from OCTExplorer. Subsequently, 
OCT reflectivity data were extracted from this 
segmented image using a custom-built script in 
Python (Python Software Foundation; http:// 
www.python.org/). This script extracted the grey 
value (0=black to 255=white) of each pixel within 
the segmented layers and calculated the median 
grey value of each layer. For the RPE the median 
of the 20%, 10% and 5% highest reflective pixels 
were calculated as well. Relative EZ reflectivity 
was calculated by normalising to other retinal 
layers separately through taking the ratio (EZ 
reflectivity/other layer reflectivity). Choice of 
reference layer is complex as each layer has 
advantages and disadvantages. Two metrics for 
relative EZ reflectivity were obtained by normal-
ising the EZ reflectivity to both the ONL and RPE 
reflectivity (with the median reflectivity of the 
entire layer and of the 20% highest intense pixels 
used, respectively). Analysing these two metrics 
in conjunction provides robustness and ensures 
that identified changes are the result of changes 
in EZ reflectivity alone.

Data exploration

Continuous data were explored using histograms 
and dot-plots, while categorical data was explored 
using cross-tabulations. Given the low sample size 
non-normal distributions were assumed without 
formal testing; summary statistics for continuous 
variables were given with medians and ranges, and 
non-parametric tests were used. EZ reflectivity was 
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analysed for one eye per subject, to account for 
inter-eye correlations, except when inter-eye differ-
ences or correlations were analysed.22 For analyses 
including all subjects, either the left eye or the 
clinically unaffected eye for ON patients was 
included, except when explicitly stated otherwise.

Reliability of EZ reflectivity measurement

Performance of the relative EZ reflectivity metrics 
with regard to reproducibility and reliability was 
analysed from the repeated-measures. Three mea-
sures of reliability were calculated with intraclass 
correlation coefficients (ICC), a measure that 
reflects not only the correlation but also the 
degree of agreement between measurements.23 

Interocular correlation was analysed by compar-
ing the foveal B-scans of the right and left eye. 
Finally, to investigate intra-ocular reproducibility 
the correlation of the EZ reflectivity ratio between 
the foveal and the peripheral B-scans were ana-
lysed. For visualisation purposes, dot-plots with 
Spearman’s correlation coefficients and associated 
p-value from linear regression for the association 

were created for these three metrics. Bland- 
Altman plots were used to visualise test–retest 
reliability. To explore if macular location influ-
ences the EZ reflectivity ratio, EZ reflectivity was 
compared between B-scans centred foveally and 
peripherally within the same eye using Wilcoxon 
signed-rank tests. For the peripheral scan, the 
middle B-scan within the field superior to the 
fovea within the EDTRS grid was chosen. Due to 
differences in scan protocols, this location may 
have differed slightly between subjects. This is 
important as photoreceptor topography, particu-
larly photoreceptor distribution, changes drama-
tically away from the fovea.5 The EZ is known to 
become less distinct with eccentricity. 
Mitochondrial density in the EZ is lower for rods 
than for cones, and the proportion of rods 
increases moving away from the fovea.11

Reproducibility was calculated for relative EZ 
reflectivity as normalised to the RPE and the ONL 
as potential reference layers. The RPE was chosen 
due to its similar intensity profile to the EZ and the 
ONL due to its large size.

Figure 1. Flowchart showing the reflectivity data analysis process. (a) High-quality OCT scans centred on the fovea were identified 
using Heyex. (b) Layer segmentation was performed in OCTExplorer, and the foveal image with colour-delineated layer segmentation 
was exported for Python analysis. (c) Our python script identified the layer boundaries and calculated the median pixel intensity of 
each layer. This image was created as a check to be visually inspected for errors.
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The strength of correlation was considered as 
good-to-excellent (ICC/ρ > 0.75), moderate-to- 
good (ICC/ρ = 0.5–0.75), fair (ICC/ρ = 0.2–0.49), 
or not correlated (ICC/ρ < 0.25).24

EZ reflectivity in disease

Differences in relative EZ reflectivity were compared 
between the healthy controls and patients with 
chronic disease (PPON, CPEO, and DOA) with 
the Kruskal–Wallis test. If statistically significant, 
post-hoc evaluation was performed with the 
Dunn-test with p-values adjusted for multiple com-
parisons with the Benjamin–Hochberg method. 
Differences in relative EZ reflectivity (normalised 
to the ONL and the RPE) were compared between 
the healthy controls and both the affected and the 
fellow eyes of acute ON patients with the Wilcoxon 
rank-sum test.

To account for potential confounding by age, sex, 
retinal thickness, and scan quality, multivariable lin-
ear regression models were built. Three separate 
metrics of retinal thickness were considered, being 
GCIPL, EZ and IRL thickness. Associations of 
potential confounders (age, retinal thickness, and 
scan quality) with the outcome (EZ reflectivity) 
were explored through univariable linear regression. 
Differences in EZ reflectivity across sex were inves-
tigated with the Wilcoxon rank-sum test.

Subsequently, a multivariable linear regression 
model was built that included a variable for pathol-
ogy with additional covariates for identified poten-
tial confounders. Finally, two multivariable linear 
regression analyses that were adjusted for relevant 
confounders were built to compare EZ reflectivity 
between controls and affected as well as fellow eyes 
of acute ON patients.

Group comparisons were performed for EZ 
reflectivity normalised to the RPE as well as to the 
ONL. This was done to check for consistency 

across these two metrics, to affirm that observed 
group differences are the result of changes to the 
EZ and not to either reference layer.

Statistical analysis

Significance thresholds were set to p < .05. Statistical 
analysis was performed with R and Rstudio (RStudio 
Team 2021, http://www.rstudio.com/).

Results

Participants

The study included a total of 23 patients with 
acute clinically unilateral ON, seven patients 
with chronic progressive external ophthalmople-
gia (CPEO), 13 patients with dominant optic atro-
phy (DOA), 13 patients with primary progressive 
optic neuropathy (PPON), and 12 healthy control 
subjects. Baseline characteristics of the partici-
pants are presented in Table 1. Among the acute 
ON patients, the median best corrected visual 
acuity (BCVA) was 6/5 (range: 6/4–6/5) in the 
fellow eye and 6/9 (range: 6/6–6/60) in the 
affected eye. Notably, two of the acute ON 
patients were diagnosed with MSON and one 
with MOGON.

Reliability EZ reflectivity metric

The reliability of the created EZ reflectivity metrics 
was analysed by calculating the ICC between the two 
repeated scans, between the right and left eye (inter- 
ocular correlation) and between the foveal and the 
peripheral B-scan on the same eye (intra-ocular 
correlation). For this analysis, 12 subjects (9 healthy 
controls, 3 acute ON patients) had repeated-mea-
sures data available. When using the RPE as the 
reference layer, the best repeatability performance 

Table 1. Baseline characteristics of the cohort. GCIPL = ganglion cell and inner plexiform layer. IRL = inner retinal layers. 1 = Fisher’s 
exact test. 2 = Kruskal–Wallis test.

Healthy controls Acute ON patients CPEO DOA PPON p-value

N 12 23 7 13 13
Sex, F (%) 6 (50%) 18 (78%) 3 (43%) 8 (61.5%) 2 (15%) 0.0181

Age years, median (range) 28.1 (27–46) 28.4 (25–28) 68.3 (18–80) 27.6 (7–70) 37.9 (22–60) 0.0442

GCIPL µm, median (range) 84.5 (72.7–95.0) 74.7 (52.6–92.1) 76.9 (52.5–81.9) 41.0 (32.3–57.6) 46.8 (32.8–64.7) <0.0012

IRL µm, median (range) 311 (288–331) 293 (263–332) 283 (256–304) 234 (217–257) 250 (217–298) <0.0012

ORL µm, median (range 31 (27–34) 32 (26–36) 29 (25–31) 30 (26–32) 31 (28–31) 0.761
EZ µm, median (range) 14.7 (13.6–16.3) 14.2 (12.9–15.9) 14.3 (12.8–15.3) 14.7 (13.5–15.4) 14.6 (13.3–15.4) 0.367
Scan quality dB, median (range) 38 (27–43) 35 (20–43) 27 (21–33) 28 (25–31) 27 (20–38) 0.0072
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was achieved when using the median of the 20% 
most intense pixels (EZ/RPE20% ratio). Test-retest 
and interocular ICCs were slightly better for the EZ/ 
RPE20% ratio at 0.76 (p < .001) and 0.73 (p = .003), 
respectively, compared with the EZ/ONL ratio at 
0.63 (p = .013) and 0.65 (p = .009). These results 
correspond to a ‘good-to-excellent’ and 
a ‘moderate-to-good’ reliability performance for 
the EZ/RPE20% and EZ/ONL ratios, respectively.24 

Intra-ocular reliability was poorer, with ICCs of 0.35 
(p = .219) and 0.37 (p = .102) for the EZ/RPE20% 
and EZ/ONL ratios, respectively (Table 2).

Further analysis of intra-ocular differences in 
reflectivity with dot-plots showed a greater disper-
sion of data for the peripheral scan location but 
gave no indication of a clear direction of effect. 
Foveal or peripheral location was not associated 
with a higher or lower relative EZ reflectivity 
(Wilcoxon signed-rank test: p = .569 and p = .204 
for EZ/RPE20% ratio and EZ/ONL ratio, respec-
tively) (Figure S1)

Associations EZ reflectivity and covariates

Univariable regression analyses were performed to 
explore associations of covariates with relative EZ 
reflectivity. This revealed a negative linear associa-
tion of age with EZ/RPE20% (ρ = 0.28, p = .005) and 
EZ/ONL (ρ = 0.25, p = .018). EZ reflectivity did not 
significantly differ between males and females (EZ/ 
RPE20%: 0.71 vs. 0.64; p = .064 and EZ/ONL: 2.67 
vs. 2.36; p = .090). Furthermore, there were signifi-
cant associations with IRL thickness (EZ/RPE20%: 
ρ = 0.28; p = .018 and EZ/ONL: ρ = 0.29; p = .018), 
GCIPL thickness (EZ/RPE20%: ρ = 0.33; p = .003 
and EZ/ONL: ρ = 0.36; p = 0.005)) and EZ thickness 
(EZ/RPE20%: ρ = 0.23; p = .029 and EZ/ONL: ρ =  
0.16; p = .102). There were significant associations 
between reflectivity and OCT scan quality (mea-
sured in signal-to-noise ratio in dB) for both the 

EZ/RPE20% ratio (ρ = 0.43; p < .001) and the EZ/ 
ONL ratio (ρ = 0.51; p < 0.001) (Figure S2).

A likely explanation is that scan quality is gen-
erally lower in disease, due, for example, to lower 
visual acuity.

EZ reflectivity in CPEO, DOA, and PPON

The Kruskal–Wallis test indicated there was 
strong evidence for differences between the 
control group, CPEO patients, DOA patients, 
and PPON patients for both the EZ/RPE20% 
and the EZ/ONL ratios (p = .003 and 
p = 0.004, respectively). Post-hoc analysis 
revealed that there was a significant difference 
between the control group and the CPEO 
group (p = 0.034 and p = .011) and the PPON 
group (p = .002 and p = .007) for both the EZ/ 
RPE20% and the EZ/ONL ratios, respectively 
(Table 3 and Figure 2). For the DOA group, 
there was only a significant difference for the 
EZ/RPE20% ratio (p = .048).

Multivariable linear regression models were 
built to account for the potential confounding 
effects of covariates (Table 4 and Figure 2). 
CPEO, DOA, and PPON were associated with 
significantly lower EZ reflectivity, both when nor-
malised to the RPE20% layer and the ONL layer, 
when adjusted for age, sex, and IRL thickness. In 
the subsequent model, adjusted for age, sex, and 
GCIPL thickness, CPEO was associated with 

Table 2. Performance on reliability metrics (intra-class coefficients) for the EZ/RPE and EZ/ONL ratios. Test–retest ICC: intra-session 
repeatability between repeat scans. Interocular ICC: inter-eye agreement between right and left eye. Intra-ocular ICC: intra-eye 
agreement between foveal and peripheral scan within one eye. ρ = Spearman’s correlation coefficient. EZ/RPE20% and EZ/ONL 
ratios demonstrated the highest overall reliability.

Ratio Test-retest ICC p-value Inter-ocular ICC p-value Intra-ocular ICC p-value

EZ/RPE 0.75 <.001 0.73 .003 0.16 .294
EZ/RPE20% 0.76 <.001 0.73 .003 0.35 .219
EZ/ONL 0.63 .013 0.65 .009 0.37 .102

Table 3. EZ/RPE20% ratio and EZ/ONL ratio across the groups. 
CPEO = chronic progressive external ophthalmoplegia. DOA =  
dominant optic atrophy. PPON= primary progressive optic 
neuropathy.

EZ/RPE20% 
median (range)

EZ/ONL 
median (range)

Controls 0.75 (0.64–0.91) 2.95 (1.94–3.45)
CPEO 0.62 (0.57–0.74) 2.29 (2.06–2.63)
DOA 0.68 (0.52–0.79) 2.54 (1.69–3.18)
PPON 0.60 (0.44–0.77) 2.37 (2.03–2.72)
p-value 0.003 0.003
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Figure 2. Relative EZ reflectivity in controls and patients with CPEO, DOA, and PPON. Panels a and B display the distributions of the RZ/ 
RPE20% ratio and the EZ/ONL ratio, respectively across these groups. The p-values indicate post-hoc analysis results using the Dunn- 
test (adjusted for multiples comparisons). Panels C and D illustrate the outcomes of multivariable regression analysis, adjusted for sex, 
age, and inner retinal layer thickness. The bars represent 95% confidence intervals.
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a significantly lower EZ/ONL ratio (p = .022) but 
not EZ/RPE20% ratio. The final model, adjusted 
for signal-to-noise ratio, revealed significant and 
independent reductions in the EZ/RPE20% for 
PPON and the EZ/ONL ratio for PPON and 
CPEO. When combining the retinal thickness 
and scan quality covariates in one model, there 
were no significant associations of EZ reflectivity 
with pathology.

EZ reflectivity in acute optic neuritis

Median EZ/RPE20% and the EZ/ONL ratios were 
lower in the affected eyes (0.70; range: 0.49–0.90 
and 2.58; range: 1.90–2.97) and the fellow eyes 
(0.70; range: 0.41–0.94 and 2.67; range: 1.92–3.06) 
of acute ON patients compared with controls (0.75; 
range: 0.64–0.91 and 2.95; range: 1.94–3.45). 
Affected eyes of ON patients had significantly 
lower EZ/RPE20% (p = .045) and EZ/ONL ratios 
(p = .007) compared with control eyes. Similarly, 
there was a near-significant reduction in EZ/ 
RPE20% (p = .076) and a significant reduction in 
EZ/ONL (p = .013) in fellow eyes of ON patients 
compared with healthy controls. Wilcoxon signed- 
rank tests found no evidence for interocular differ-
ences in EZ reflectivity between the affected and 
fellow eyes of ON patients (EZ/RPE20%: p = .520 
and EZ/ONL: p = .345).

Subsequently, the associations of EZ reflectivity 
with ON status were adjusted for potential con-
founders using multivariable linear regression 
(Table 5). This analysis identified a significant 
reduction of −0.11 in EZ/RPE20% (p = .013) and 
of −0.42 in EZ/ONL (p = .006) in affected eyes of 
acute ON patients compared with controls, when 
adjusted for scan quality, age, sex, and mGCIPL 
thickness. There was no significant difference in EZ 
reflectivity between controls and fellow eyes of 
acute ON patients.

Discussion

In this study, we introduced an innovative auto-
mated analysis tool capable of extracting EZ reflec-
tivity from macular OCT scans with excellent test– 
retest reliability. Moreover, our preliminary find-
ings suggest that relative EZ reflectivity may be 
reduced in both neuroinflammatory diseases and 
disorders associated with mitochondrial failure. 
While this holds exciting potential for monitoring 
cellular function in vivo, further research is essen-
tial to establish EZ reflectivity as a non-invasive 
biomarker of mitochondrial function.

The evaluation of test–retest reliability was 
enabled by the availability of repeated OCT scans, 
revealing strong performance for the EZ/RPE20% 
ratio, and moderate-to-good reliability for the EZ/ 

Table 4. Results of multivariable linear regression analysis investigating the associations of EZ/RPE20% and EZ/ONL with disease status 
(controls, CPEO, DOA and PPON) with adjustments made for sex, age, inner retinal layer thickness (model 1), ganglion cell, and inner 
plexiform layer thickness (model 2), or ellipsoid zone layer thickness (model 3), and further adjusted for signal-to-noise ratio (model 4). 
No independent significant associations were observed for sex, age, or retinal layer thickness; however, a near-significant association 
with signal-to-noise ratio is demonstrated.

EZ/RPE20% ratio EZ/ONL ratio

Estimate p-value 95% CI Estimate p-value 95% CI

Multivariable linear regression adjusted for age, sex and IRL thickness
Diagnosis (BL = control) CPEO −0.12 .036 −0.22 – −0.02 −0.59 .011 −0.98 – −0.20

DOA −0.16 .049 −0.31 – −0.01 −0.55 .082 −1.15–0.10
PPON −0.17 .014 −0.28 – −0.06 −0.57 .037 −1.08 – −0.06
Multivariable linear regression adjusted for age, sex and GCIPL thickness

Diagnosis (BL = control) CPEO −0.09 .096 −0.20–0.02 −0.52 .022 −0.98 – −0.06
DOA −0.05 .577 −0.19–0.11 −0.28 .443 −0.66–0.10
PPON −0.08 .286 −0.22–0.06 −0.35 .270 −0.75–0.05
Multivariable linear regression adjusted for age, sex and EZ thickness

Diagnosis (BL = control) CPEO −0.10 .063 −0.21–0.01 −0.51 .015 −0.97 – −0.04
DOA −0.12 .003 −0.20 – −0.04 −0.45 .004 −0.85 – −0.05
PPON −0.13 .002 −0.20 – −0.05 −0.45 .006 −0.86 – −0.04
Multivariable linear regression adjusted for signal-to-noise ratio

Diagnosis (BL = control) CPEO −0.09 .071 −0.19–0.01 −0.42 .034 −0.82 – −0.02
DOA −0.06 .147 −0.14–0.02 −0.25 .148 −0.54–0.05
PPON −0.12 .009 −0.21 – −0.03 −0.38 .026 −0.74 – −0.02

Signal-to-noise ratio (dB) 0.01 .075 −0.01–0.01 −0.02 .042 −0.03 – −0.01
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ONL ratio. Comparable test–retest data and intero-
cular comparisons were observed for the presented 
EZ reflectivity analysis tool and other methods 
aimed at extracting layer reflectivity data from 
OCT scans.25,26

Additional methods were employed to further 
investigate the validity of our methodology, we 
normalised EZ reflectivity to the RPE and to the 
ONL layers. Our findings, consistently observed in 
the EZ/RPE20% and EZ/ONL ratios, support the 
notion that the identified associations are attribu-
ted to changes in the EZ rather than in the refer-
ence layers. Furthermore, these results align with 
previous studies demonstrating reduced EZ reflec-
tivity in other optic nerve and retinal disorders, 
including glaucoma, AMD, retinitis pigmentosa, 
and Best disease.11,14,16,27,28

The reductions in EZ reflectivity reported here 
may be linked to changes in mitochondrial health 
or metabolic function. The high reflectivity of the 
EZ is believed to arise from light scattering by local 
accumulations of mitochondria.2 Therefore, 
changes in mitochondrial morphology and func-
tion may potentially influence EZ reflectivity.8,29 

Other research suggests that EZ reflectivity may 
represent a broader measure of photoreceptor 
health, as it correlates with cone density and elec-
trophysiological retinal function.30 The association 
between EZ reflectivity and mitochondrial function 
remains a topic of controversy, EZ reflectivity per-
haps being a more general measure of photorecep-
tor health. However, regardless of anatomical 
origin there appear to be interesting associations 
with pathology, to which the present study has 
contributed.

The choice of reference layer and the methodol-
ogy are the greatest challenges. There are advan-
tages as well as disadvantages to each retinal layer. 
In this study we chose the RPE, because of its 
similar intensity to the EZ, and the ONL, because 
of its large size and spatial proximity to the EZ. 
These data suggest that the EZ/RPE20% ratio is 
superior for quantifying EZ reflectivity, compared 
with the EZ/ONL ratio. The EZ/RPE20% ratio has 
higher test reliability, shows less variability within 
groups and has more robust results in our analysis. 
This might be because the ONL has high direc-
tional reflectivity, with the Henle Fiber Layer 
increasing reflectivity with off-axis beam place-
ment. The Stiles Crawford effect is the phenom-
enon that the light scattering ability of cones 
changes depending on the direction of light enter-
ing the pupil, it affects the quantity of reflected 
light in an unpredictable way. The effect is not 
only due to the orientation of the cones but also 
influenced by changes in the distribution of cones 
and rods moving more peripherally from the fovea. 
This may have influenced results. However, all 
analysed scans were focused on the fovea and 
passed OSCAR-IB quality control criteria, showing 
no visual signs of off-axis beam placement. 
Completely controlling for the Stiles Crawford 
effect is technically complex and remains an 
important focus for future research within this 
field.

Although there is only very limited evidence 
that structural changes occur in the ONL in ON 
or DOA, there is some evidence that functional 
changes occur and OPA1 is expressed in the 
ONL.31,32 Disease processes affecting the ONL 

Table 5. Results of multivariable linear regression analysis investigating the associations of EZ/RPE20% and EZ/ONL with optic neuritis 
status. The analysis is adjusted for scan quality, age, sex, and GCIPL thickness. Healthy controls are compared with the affected eyes 
(model 1) and the fellow eyes (model 2) of on patients.

EZ/RPE20% ratio EZ/ONL ratio

Estimate p-value 95% CI Estimate p-value 95% CI

Multivariable linear regression adjusted for age, sex, GCIPL thickness and scan quality
Diagnosis (BL=control) Acute ON (affected eye) −0.11 .013 −0.19 – −0.03 −0.42 .006 −0.72 – −0.10
Scan quality (dB) 0.00 .335 0.00–0.00 0.02 .027 0.01–0.03
Age (per year) −0.00 .029 −0.01–0.00 −0.01 .182 −0.02–0.01
Sex Male 0.00 .929 0.00–0.00 −0.09 .519 −0.29–0.11
GCIPL (per micron) −0.00 .081 −0.00–0.00 −0.01 .209 −0.02–0.01

Multivariable linear regression adjusted for age, sex, GCIPL thickness and scan quality
Diagnosis (BL=control) Acute ON (fellow eye) −0.09 .268 −0.22–0.05 −0.35 .316 −0.91–0.21
Scan quality (dB) 0.00 .535 0.00–0.00 0.03 .292 −0.02–0.08
Age (per year) −0.00 .872 −0.00–0.00 −0.00 .870 −0.00–0.00
Sex Male −0.05 .436 −0.17–0.07 −0.21 .469 −0.62–0.20
GCIPL (per micron) −0.00 .400 0.00–0.00 −0.01 .457 −0.02–0.01
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could theoretically have confounded the find-
ings reported here. The external limiting mem-
brane (ELM) holds great potential as a reference 
layer within the field of optic neuropathies, 
given its non-neural origin, this study was not 
able to explore it given challenges in segmenta-
tion of this thin layer. Both segmentation pro-
grams used here do not delineate the ELM. In 
future studies, its potential should be further 
explored.

This study identified significant reductions in 
EZ reflectivity in CPEO and DOA. Both diseases 
are caused by mitochondrial dysfunction, poten-
tially explaining these findings. We also identified 
reductions in ON and in PPON. Although not 
proven, an important role for metabolic dysfunc-
tion has been postulated in the pathophysiology of 
acute ON as well as in MS in general.33 PPON is 
a rare MS phenotype in which patients have pain-
less progressive optic neuropathy independent of 
acute inflammatory activity as seen in typical ON.20 

Its pathophysiology likely relates mainly to the 
neurodegenerative and progressive features of 
MS, in which metabolic failure is heavily 
implicated.34,35

In summary, while the identified clinical associa-
tions between pathology and EZ reflectivity show 
promise in EZ reflectivity as a biomarker, many 
uncertainties remain in the development of EZ 
reflectivity as a reliable biomarker. These include 
pupil size, beam directionality, slight inter-device 
differences in OCT protocols, and the choice of 
best normalisation method.36 Not all of these 
were addressed in this study. However, the authors 
propose that this relatively simple method may 
produce a useful measure. Further addressing the 
above mentioned challenges may further increase 
its sensitivity and reliability.

While our findings offer valuable insights, this 
study has several limitations. The retrospective 
analysis of clinical OCT scans for some patients 
introduced scan quality discrepancies, and varia-
tions in age and sex distributions necessitated mul-
tivariable regression adjustments. EZ reflectivity 
was associated with scan quality. This may have 
confounded results as scan quality was lower in 
disease, likely due to lower visual acuity in these 
groups. There is a small risk of measurement bias 
due to the few manual corrections that were 

performed on automated layer segmentations. 
The potential interrelationship between EZ reflec-
tivity and retinal atrophy, as well as residual con-
founding from comorbidities, should also be 
considered when interpreting the results.

To further validate our findings, larger pro-
spective cohort studies with uniform scanning 
protocols are warranted. Exploring differences in 
EZ reflectivity among different types of MS and 
associations with clinical disability scores and 
serum measures of mitochondrial function are 
necessary to further investigate its potential as 
a biomarker.

Conclusion

This study presents a novel automated analysis tool 
for extracting reliable EZ reflectivity from macular 
OCT scans. Preliminary data indicate reduced EZ 
reflectivity in neuroinflammatory diseases and 
mitochondrial disorders. However, the interpreta-
tion of results is complex due to limitations in 
design and sample size. Therefore, larger prospec-
tive cohort studies are needed to ascertain the 
potential of EZ reflectivity as a non-invasive in- 
vivo biomarker of mitochondrial health, opening 
new avenues for understanding cellular function in 
a wide range of disease conditions, both primarily 
ophthalmic and more generally.
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