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Abstract

Background Diabetic macular edema (DME) is the main cause of visual loss in individuals with diabetic retinopathy
(DR). This study aims to investigate the effects of central macular intraretinal cysts on the underlying outer retinal layer
(ORL) in patients with diabetic macular edema (DME).

Methods In this retrospective and cross-sectional study, diabetic patients with or without DR were categorized
into three groups: without DME (group 1), with DME but without any cyst featuring a plateau in the lower region
(group 2), and patients with cyst featuring an inferior cyst plateau (group 3), defined as a flat conformation at its
posterior aspect. Variables such as central macular intraretinal cyst height, inferior cyst plateau, and ORL thickness
were measured, and ellipsoid zone (EZ) disruption was assessed via Spectral-domain optical coherence tomography
(SD-OCT) and compared between groups. Correlations between OCT-measured variables and best-corrected visual
acuity (BCVA) were investigated.

Results A total of 164 eyes were included: 48 in group 1,47 in group 2 and 69 in group 3. Compared with Groups

1 and 2, Group 3 presented a greater intraretinal cyst height (p <0.001), a thinner mean ORL beneath the cysts
(p<0.0001) and more frequent EZ disruption (p <0.0001), which was associated with lower BCVA values. Cyst height,
cyst plateau and ORL thickness were significantly correlated with BCVA (p <0.0001). EZ disruption was associated with
the cyst height, the cyst plateau and the underlying ORL thickness. Correlations were observed between cyst height
and ORL thickness (r=-0.32, p<0.001), between cyst height and cyst plateau (r=0.60, p <0.001), and between cyst
plateau and ORL thickness (r=—0.56, p <0.001). Every increase of 10 um in plateau width and in cyst height results

in reductions of 0.16 um and 0.29 um in ORL thickness, respectively, independent of the other parameters. The
optimal cutoff point for cyst height that best discriminates plateau formation was determined to be 130.5 pm, with a
sensitivity of 89.9% and specificity of 83%.
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Conclusions In patients with DME, large central intraretinal cysts may assume a flat configuration in their lower
region, termed a plateau, and are associated with photoreceptor damage due to compression, which can result in
visual impairment. These findings can be understood based on modified Hertz's mechanical contact theory.

Keywords Cysts, Macular edema, Diabetic retinopathy, Tomography, optical coherence

Background

Diabetic macular edema (DME) is considered the main
cause of visual loss in individuals with diabetic retinop-
athy (DR) [1]. Despite the advent of several therapeu-
tic options to treat DME, physicians have yet to devise
methodologies to identify patient categories that would
optimally respond to some treatments rather than others
[2].

Recognizing DME retinal biomarkers is pivotal for
understanding DME treatment outcomes. Spectral-
domain optical coherence tomography (SD-OCT) is
a noninvasive and reliable method of depth-resolved,
near-histological high-resolution assessment of cross-
sectional transverse retinal tissue for the identification
of imaging biomarkers [3-6], including central macular
thickness (CMT) [3], the integrity of the outer retinal
layer (ORL), the presence of subretinal fluid [7], intrareti-
nal foci and disorganization of retinal inner layers (DRIL)
[6, 8]. Intraretinal cysts of varying dimensions character-
ize DME and lead to increased CMT, which is a revered
OCT parameter to prognosticate vision amelioration in
treated eyes [3].

Previous studies have attempted to elucidate why large
retinal cysts represent a more serious threat to visual
function in patients with DME [4, 9]. Pelosini and col-
leagues reported a linear correlation between the residual
tissue sandwiched between the inner and outer plexiform
retinal layers on OCT B-scans and visual acuity [9]. The
larger the intraretinal cysts between the two layers, the
less tissue was visible on the B-scan sections of OCT.
Notably, they hypothesized that this tissue, bridging
retinal photoreceptors to the ganglion cells, comprising
bipolar cells and Miiller cell bodies, is very important for
maintaining retinal structure and function [9]. Impair-
ment in retinal function due to bipolar cell dysfunction
could disrupt visual function, a situation exacerbated by
retinal thickness augmentation leading to axon stretch-
ing and eventual rupture. Moreover, Miiller cell displace-
ment or damage caused by intraretinal cysts could be
detrimental to bipolar axons, thereby precipitating vision
loss [9]. However, this field warrants further exploration,
given that structural anatomical changes promoted by
edema are not strongly correlated with, nor do they con-
sistently mirror, visual dysfunction [3]. Moreover, since
intraretinal cysts can exert substantial pressure on the
internal retinal layers, potentially leading to significant
damage [10], it is possible that they may also exert pres-
sure on the ORL.

To explain this phenomenon, bioengineering prin-
ciples can be applied. The mechanical stress exerted by
the intraretinal cysts on the surrounding retinal struc-
tures, including the photoreceptors and the ORL, can be
modeled to understand the pressure distribution and tis-
sue deformation. Hertz’s theory of mechanical contact,
a subdiscipline of bioengineering, could elucidate the
intricate dynamics, tangential and perpendicular forces,
and the complexity involved in this process [11]. This
theory specifically addresses the localized stress gener-
ated by the contact of two spheres under load. Therefore,
we can apply it in cases of CME to analyze the contact
between one sphere representing the intraretinal cyst
and the other representing the ORL, with an assumed
infinite radius [12]. This approach can help clarify how
the compression caused by cysts on the ORL leads to cel-
lular damage and visual impairment, providing insights
for potential therapeutic strategies.

The purpose of this study was to investigate, using dif-
ferent OCT-measured intraretinal cyst parameters, the
repercussions of large DME intraretinal cysts on the
underlying retinal layers and their correlation with visual
function. We also sought to interpret the genesis and sec-
ondary complications of DME intraretinal cysts via mod-
ified Hertz’s theory of mechanical contact.

Methods

This retrospective, observational, cross-sectional, and
comparative study was conducted in accordance with
the principles of the Declaration of Helsinki and received
approval from the Ethics Committee for Analysis of
Research Projects of the Hospital das Clinicas of the Fac-
ulty of Medicine of the University of Sdo Paulo on July 9,
2020 (CAPPesq n° 4,144,555). We secured informed writ-
ten consent from all participants prior to enrollment. The
study included consecutive type 2 diabetic patients with
or without DR, and with or without DME, who under-
went examinations at the Division of Ophthalmology
of the University of Sdo Paulo Medical School between
August 2020 and January 2023. Systemic and ophthal-
mological data were obtained from retrospective analy-
ses of medical records. An independent researcher, who
was blinded to other data, examined the OCT images
from the device’s database to obtain and measure the
structural variables. A third independent researcher also
analyzed the OCT images, without having access to any
other analysis or data, to enable an analysis of the agree-
ment between the structural variables.
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Inclusion and exclusion criteria

The participants included type 2 diabetic patients with
or without DR, with or without DME, without DRIL
and with best-corrected visual acuity (BCVA) = 20/200.
We excluded individuals with a history of macular grid
laser photocoagulation treatment, pars plana vitrectomy,
recent (within 3 months) intravitreal anti-VEGF injec-
tions, vitreomacular traction, significant media opacity
such as cataract or vitreous hemorrhages, or any other
ocular disorder that could impede OCT evaluation. We
also excluded individuals whose medical records were
incomplete.

Study cohort and group allocation

Only one eye of each type 2 diabetic patient, with or
without DR, was selected for the study. When only
one eye met the inclusion criteria, it was automatically
selected. When both eyes were eligible, the study eye
was selected via a random number generator program.
Patients were subsequently segregated into three groups:
patients without DME (group 1), patients with DME but
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without any cyst featuring a plateau in the lower region
(group 2), and patients with cyst featuring an inferior
cyst plateau (group 3). The cyst plateau was characterized
as a flat conformation at its posterior aspect, which was
manually measured from both edges via a device caliper
tool (Fig. 1). To qualify for Group 3, the eyes had to pres-
ent at least one cyst with a plateau within the inner Early
Treatment Diabetic Retinopathy Study (ETDRS) ring. If
a patient had more than one cyst with a plateau within
the inner ETDRS ring, the measurements were recorded
from the one with the greatest height.

Systemic evaluation

We assessed medical records for demographic and medi-
cal data, including age, sex, race, and details about diabe-
tes and other systemic diseases, such as systemic arterial
hypertension (SAH). We also evaluated medical records
for surgical and medical history and blood exams, such as
blood tests, to determine fasting plasma glucose (FPG),
glycosylated hemoglobin (A1C), and levels of serum cre-
atinine and urea.

Fig. 1 Schematic Figure Detailing the Progression and Resolution of Cysts: 1a and 2a: Depiction of the initial appearance of a cyst in the inner nuclear
layer (indicated by a white asterisk). Th: lllustration of cyst growth, characterized by the absence of a plateau. 1c: Demonstration of cyst resolution without
ensuing damage to the ellipsoid zone (EZ) band. 2b: A representation of a large cyst exhibiting lateral liquid dispersion (denoted by horizontal arrows),
which subsequently instigates plateau development (highlighted by vertical arrows), followed by escalating compression on the outer retinal layer
(ORL). 2c: Portrayal of the cyst post-treatment, where resolution has been achieved, albeit with disruptions to the EZ, manifested as a discontinuous EZ
(indicated by a dashed EZ band)

Legends: RNFL, retinal nerve fiber layer; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer
nuclear layer; ELM, external limiting membrane; EZ, ellipsoid zone; IDZ, interdigitation zone; and RPE, retinal pigment epithelium
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Ocular clinical examination

A comprehensive ophthalmologic evaluation was per-
formed on all participants, including clinical review,
BCVA determination using a Snellen chart from a
4-meter distance (later converted to logMAR), slit-lamp
examination, Goldmann applanation tonometry, and
biomicroscopic retinal examination with a 78-diopter
lens. All participants subsequently underwent SD-OCT
(Spectralis, Heidelberg Engineering, Heidelberg, Ger-
many). The severity of DR was classified during fundus
examination as mild, moderate, or severe nonprolifera-
tive diabetic retinopathy (NPDR) or proliferative diabetic
retinopathy (PDR) based on the International Clinical
Disease Severity Scale [13].

OCT analysis of the Retina

A Spectralis SD-OCT system equipped with eye-tracking
dual-beam technology (Heidelberg Engineering GmbH,
Heidelberg, Germany) was used. We analyzed the images
with the Heidelberg Eye Explorer software (version
1.8.6.0) employing the HRA/Spectralis Viewing Module
(version 5.8.3.0) with an axial resolution of approximately
5-7 pm. The macular volume scan encompassed a 20° X
20° field that was 6 X6 mm, captured through 49 horizon-
tal B-scans with an interscan distance of 120 um.

Central macular thickness (CMT) was derived from a
1000-pm diameter ETDRS inner circle grid map placed
over the macula with the assistance of built-in automated
software that measures the distance between the internal
limiting membrane (ILM) and the outer boundary of the
retinal pigment epithelium (RPE). We diagnosed DME
in cases where eyes presented intraretinal cysts and/or
a CMT value exceeding 305 pm, grouping them accord-
ingly [14].

A horizontal line scan crossing the foveal center was
selected for the analysis of group 1 patients. The scan
chosen for measuring the retinal parameters in patients
with DME (groups 2 and 3) was the one where the cyst
exhibited the greatest height within the first ETDRS cir-
cular grid with a diameter of 1 mm. A cyst was defined
as a circular or ovoid intraretinal hyporeflective space
present either in the inner nuclear layer (INL) or outer
nuclear layer (ONL) devoid of lumen (Fig. 1). Using
the caliper tool from Heidelberg Eye Explorer, we mea-
sured the following parameters: (1) Cyst height: the
vertical distance between the upper and lower edges of
the cyst; (2) Cyst plateau: a region with flat conforma-
tion at the posterior side of the cyst, whose length was
determined as the horizontal distance between its edges
(Fig. 1.2 b); (3) Outer retinal layer thickness (ORLt): the
distance between the inner boundary of the external lim-
iting membrane (ELM) and posterior boundary of the
RPE beneath the center of the cyst and 500 um tempo-
rally and nasally. For patients without a cyst (group 1),
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this measurement was performed in the foveal center;
(4) Retina height: the distance between the ILM and the
outer edge of the RPE; and (5) Disruption of the ellipsoid
zone (EZ): noted when there was a focal discontinuity or
impairment of the EZ band observable in the SD-OCT
(Fig. 1.2¢).

Statistical analysis

All analyses were conducted with the IBM SPSS Statistics
software, v. 15.0 (SPSS Inc., Chicago, IL. USA) and Stata
11.0. Initially, descriptive statistics were obtained for all
variables under consideration. Continuous variables were
characterized via mean and standard deviation (SD) val-
ues, whereas categorical variables were described via fre-
quencies and percentages.

To assess the normality of the distribution, Shapiro-
Wilk’s W test complemented by graphical analysis was
utilized. Comparative analyses were performed via the
Mann—Whitney U test for quantitative variables between
groups, whereas the chi-square test and McNemar test
were employed for categorical variables. The Kruskal-
Wallis test was used to analyze nonparametric data.

The intergrader reliability for both quantitative and
categorical variables was evaluated via the intraclass cor-
relation coefficient for quantitative variables and Cohen’s
kappa coefficient for categorical variables. An analysis of
variance (ANOVA) was conducted to examine variations
in means among groups, considering both quantitative
and categorical descriptive variables in relation to cyst
and ORL parameters. Subsequently, Scheffé’s test was
employed to identify specific pairs exhibiting significant
mean differences.

Additionally, a post hoc analysis was conducted via
the Tukey honest significant difference (HSD) test to
validate statistically significant comparisons. Correla-
tional analyses examining cyst height, plateau, and ORLt
in relation to both quantitative and qualitative variables
were conducted via the Spearman correlation coefficient.
The associated p values were adjusted via the Bonferroni
correction.

Univariate and multivariate logistic and linear regres-
sions were applied to scrutinize the associations of the
cyst parameters with the categorical and quantitative
variables of interest, respectively.

A p value less than 0.05 was considered statistically sig-
nificant unless otherwise stated.

Results

A total of 164 eyes were analyzed in this study. The par-
ticipants were categorized into three groups: group 1
included 48 individuals (29.3%), group 2 comprised 47
individuals (28.7%), and group 3 consisted of 69 individu-
als (42%). The characteristics of the eyes examined in the
study are outlined in Table 1.
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Table 1 Baseline characteristics of control subjects and diabetic patients

Variables Group 1 Group 2 Group 3 p value
N (patients) (%) 48(29.3) 47 (28.7) 69 (42.1) <0.0001
Age (years), mean (SD) 63 (7.8) 65 (84) 70(5.7) 0.67
Sex: men. N (%) 25(52.1) 23 (48.9) 38 (55.1) 0.87
Pseudophakic. N (%) 12 (25) 19 (40.4) 38 (55.1) 0.005
DM type

Type 2. N (%) 48 (100) 47 (100) 69 (100)

Insulin use. N (%) 19 (39.6) 7(14.9) 28 (40.6) 0.008
A1C (%), mean (SD) 8.2 (1.95) 8.5 (1.65) 8.7 (1.48) 0279
DM, mean duration (years) (SD) 6 (4) 7(3) 113) <0.0001
Presence of SAH in DM patients. N (%) 18 (37.5) 15(31.9) 35(50.7) >0.05
Serum creatinine, mean (SD) 0.90 (0.2) 1.1 (0.35)* 1.1 (0.36)* 0.003
Vision loss duration, mean (years) (SD) 0.25 (0.4) 2.62(1.5) 44(2.1) <0.0001
Ophthalmic Measurements

Visual acuity (LogMAR), mean (SD) 0.02 (0.04) 0.15(0.11) 045 (0.21) <0.0001
Central macular thickness (um), mean (SD) 2815 (15.8)* 3242 (43.6)* 479.2 (106.9)* <0.001
DR classification. N (%)

DM without DR 22 (45.8) 0 0

Mild NPDR 15(31.3) 2(4.2) 0

Moderate NPDR 11 (229 25(53.2) 16 (23.2)

Severe NPDR 0 14 (29.8) 36 (52.2)

PDR 0 6(12.8) 17 (24.6)

Legends: *p<0.05; A1C, glycated hemoglobin; DM, diabetes mellitus; SAH, systemic arterial hypertension; DR, diabetic retinopathy; NPDR, nonproliferative diabetic

retinopathy; PDR, proliferative diabetic retinopathy

Table 2 Correlations between demographic data and retinal
parameters

Cyst Cyst ORL CMT
height plateau thickness
Age (years) r 0.150 -0.022 -0.147 0.259*
p 0110 0857 0.060 0.001
Pseudophakic r -0.002 -0.002 -0.093 0.053
p 0980 0.984 0.237 0.499
DM duration (years) r 0.365* 0.078 -0.256* 0482*
p <0001 0522 <0.001 <0.001
DR stages r0422* 0193 -0.346* 0.600*
p <0001 0112 <0.001 <0.001
Time of visionloss 1 0.558* 0.375% -0.506* 0.645%
(years)
p <0.001 0.001 <0.001 <0.001
Insuline use r 0.367* 0.177 -0.220* 0.187t
p <0001 0.146 0.005 0017
SAH r 0.209t -0.021 -0.147 0.1831
p 0024 0864 0.061 0.019
A1C r 0.138 0275t -0.184+ 0.096
p 0.140  0.022 0.018 0.223
Creatinine r 0013 -0291t 0.022 -0.082
p 0.893 0.015 0.782 0.297

Legends: * Correlation is significant at the p=0.01 level. t Correlation is
significant at the 0.05 level. CMT, central macular thickness. ORL, outer retinal
layer. DM, diabetes mellitus. DR, diabetic retinopathy. SAH, systemic arterial
hypertension

In terms of BCVA, a statistically significant difference
was observed between Group 3 and Groups 1 and 2
(p<0.0001), whereas no notable difference was detected
between Groups 1 and 2 (p>0.05) (Table 1). The CMT
displayed statistically significant differences across all
three groups, as presented in Table 1. Moreover, a signifi-
cant correlation between CMT and BCVA was identified
(r=0.36, p<0.001). Further correlation analyses between
retinal parameters and clinical data revealed a consider-
able influence of several variables on retinal characteris-
tics. These relationships are summarized in Table 2.

The intraclass correlation coefficients for various
parameters, including the ORLt beneath the cyst, cyst
height and the cyst plateau length, were recorded as 0.98,
0.96, and 0.97, respectively. Cohen’s kappa coefficient for
the EZ disruption was 0.85.

The dimension of cyst height (mean+SD, in pm) was
significantly different between groups 2 (87+57) and 3
(299£169), with a p value<0.0001. The mean*SD cyst
plateau length of the eyes in group 3 was 4931436 pm.
Both the cyst height and the cyst plateau length were
significantly positively correlated with BCVA, with cor-
relation coefficients of r=0.58 and r=0.64, respectively
(p<0.0001).

In analyzing the difference in cyst height accord-
ing to groups 2 and 3 based on the presence of the pla-
teau, the area under the curve yielded favorable results
(AUC=0.921). The optimal cutoff point for cyst height
that best discriminates plateau formation was determined
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Table 3 Mean (SD) outer retinal layer thickness

500 um Beneath 500 pm p
nasal cyst temporal
G1 (no cyst) 85 (6) 84 (7)*  84(6) >0.05
G2 (cyst without 85 (7) 82 (8) 84 (6) >0.05
plateau)
G3 (cyst with plateau) 81 (17) 71 (15 78 (14) <0.001

Legends: * For group 1, the ORLt measurement corresponding to the point
beneath the center of the cyst was performed in the foveal center. fp=0.0001
between groups 1 and 2, measured beneath the cyst. Group 1, diabetic patients
without cysts; Group 2, diabetic patients with cysts without plateaus; Group 3,
diabetic patients with cysts and plateaus

to be 130.5 um, with a sensitivity of 89.9% and specificity
of 83%.

Further analyses, outlined in Table 3, demonstrated
the ORLt at specific locations relative to the cyst across
all groups. Notably, the ORL beneath the cyst was sig-
nificantly thinner in patients in group 3 than in those in
groups 1 and 2 (p<0.0001). However, no significant dif-
ference in this parameter was observed between groups
1 and 2 (p=0.73). Additionally, ORLt was significantly
negatively correlated with BCVA (r=-0.48, p<0.0001).

In groups 2 and 3, which included only patients with
cysts, none of the patients in group 2 presented with EZ
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disruption, in contrast to 34 individuals (49.3%) in group
3. This difference was statistically significant (»<0.0001).
The presence of EZ disruption was also associated with
the dimensions of the cyst height, the cyst plateau and
the ORLt beneath the cyst (p<0.0001, as determined
through the Mann-Whitney U test). Moreover, EZ dis-
ruption was significantly associated with BCVA (r=0.55,
»<0.0001).

Significant correlations were identified among various
retinal parameters. The cyst height dimension was nega-
tively correlated with ORLt beneath the cyst (r=—0.32,
»<0.001) and positively correlated with the length of
the cyst plateau (r=0.60, p<0.001). The ORLt beneath
the cyst was negatively correlated with the cyst plateau
length (r=—0.56, p<0.001) and central macular thickness
(r=—0.8, p<0.001) (Fig. 2).

For every increase of 10 pym in the plateau width,
there is a reduction of 0.16 um in ORLt. Additionally, an
increase in the cyst height of 10 um results in a reduction
of 0.29 pm in ORLt, independent of the other parameters.

The multivariate linear regression revealed that, among
the analyzed retinal parameters, only the cyst plateau was
significantly associated with BCVA (p<0.001). However,
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Fig. 2 a and b: Scatter plots illustrating the direct correlation between cyst height and outer retinal layer thickness (ORL) and between cyst height and
cyst plateau length, respectively. c and d: Scatter plots demonstrating the inverse correlation between the cyst plateau and ORL thickness and between

central macular thickness and ORL thickness, respectively
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24 months of follow-up
20/50

Fig. 3 (See legend on next page.)
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Fig. 3 Sequential evolution of a cyst in the inner nuclear layer (INL) and subsequent impingement on the outer retinal layer (ORL) in an included patient.
a, Following the formation and growth phase, large cysts begin to compress the inner layers, as indicated by the arrowhead, which exhibits hyperreflectiv-
ity due to the compaction of cells and impinges on the ORL, as shown by the arrow. In this instance, the external limiting membrane (ELM), ellipsoid zone
(E2), and interdigitation zone (I2) are thinned and appear to disappear. The ORL thickness measured at different points - underneath the cyst and at 500
microns temporal and nasal - were 60, 80, and 98 microns, respectively. b, Over the one-year follow-up under bevacizumab treatment, the cyst height
decreased, allowing the ellipsoid zone to be identifiable once more, albeit with disruption (indicated by a black asterisk). Concurrent ORL thinning is also
observed. The ORL thickness was measured at different points: 72, 79, and 96 microns underneath the cyst and 500 microns both temporally and nasally.
¢, Ultimately, there is noticeable disruption of the ellipsoid zone and ORL thinning after the resolution of the cyst, without concurrent retinal pigment

epithelium (RPE) atrophy in this case, as marked by the black asterisk

no statistically significant correlation was observed
between cyst height or ORLt and BCVA (p=0.14 and
p=0.07, respectively). Furthermore, a multivariate logis-
tic regression model revealed that none of the following
investigated retinal parameters was associated with EZ
disruption: cyst height (p=1.0), cyst plateau (p=0.09),
ORLt (p=0.50) or CMT (p=0.50).

Discussion

This study aims to enhance our understanding of the
complex mechanisms underlying visual impairment in
DME patients, investigating large cysts as a potential bio-
marker for visual deterioration in DME patients.

In the present study, we identified a correlation between
large central macular intraretinal cysts and worse BCVA
outcomes compared to their smaller counterparts, cor-
roborating earlier studies [7]. We also observed a mod-
erate correlation between CMT and cyst height with
BCVA, which is consistent with earlier publications [3,
4,9, 15-17]. Existing studies, including post hoc analyses
of the RIDE/RISE and RESTORE/RESTORE-extension
studies, support the hypothesis that an increase in cyst
size may lead to poorer visual outcomes [18]. Large foveal
cysts, mainly those greater than 380 um, exhibit a sig-
nificant deterioration in BCVA even after post-treatment
reduction [4]. Figure 3 illustrates a case that supports the
aforementioned statement and aligns with the results of
our study.

When evaluating the CMT, we observed that it is com-
posed of cysts of various sizes. Smaller intraretinal cysts
located at the foveal center have been associated with
better visual outcomes compared to larger cysts, as noted
by Gerendas and Pelosini et al. [4, 9] Thus, when CMT
is predominantly composed of smaller cysts, visual func-
tion tends to be less affected than when larger cysts are
present. This variability in cyst size may help explain
the low to moderate correlation between CMT and
BCVA reported in multiple studies. Our findings sug-
gest that there may be a threshold in cyst growth, beyond
which retinal neurons are at greater risk of damage. This
emphasizes the critical need for timely intervention in
the management of DME and highlights the importance
of early treatment to preserve visual function.

We also explored the evolving morphology of enlarg-
ing cysts, whereupon reaching a critical volume

— constrained by the retina’s accommodative elasticity —
they begin to spread laterally, changing their character-
istic spherical form to a posterior flat conformation, i.e.,
the cyst plateau. This transformation may be influenced
by the relative stiffness of the ORL, leading to photore-
ceptor compression. Indeed, when evaluating the general
trend of the degree of elasticity across the various retinal
layers, a gradual increase in rigidity is observed towards
the outermost layers, with the photoreceptor layer being
the least elastic [19, 20]. This phenomenon could explain
the significant correlation observed in our study between
the cyst plateau and worse BCVA, as well as a higher
incidence of EZ disruption.

In a groundbreaking study, Karahan et al. reported that
cysts within the retina can exert substantial pressure on
the internal retinal layers, potentially leading to signifi-
cant damage. They developed a mathematical formula
that demonstrated that, in some scenarios, the cyst could
generate a pressure of approximately 60 mmHg, poten-
tially impeding axoplasmic flow and causing injury to
the retinal nerve fiber layers [10]. However, their model
proposed that the pressure exerted by the intraretinal
cystoid space was equivalent to the force applied per
unit area, a simplification that may not fully capture the
complexity of the process involved. Although our study
did not investigate the effects of cysts on the inner retinal
layers, we propose an additional explanation through the
mechanical compression of cysts on the ORL to rational-
ize the more deleterious impact on vision observed with
large cysts compared to smaller ones.

To further explore this phenomenon, we suggest apply-
ing Hertz’s theory of contact mechanics [12]. This theory
can be used to measure the tension in the contact area,
depending on the applied forces, the radii of curvature
of the two bodies, and their moduli of elasticity. It is also
possible to calculate the size of the contact area and the
depth of deformation of the two bodies, represented by
simple geometric figures, such as two spheres or a sphere
and a flat surface (Fig. 4a and b).

According to Hertz’s theory, the maximum contact
pressure arises at the center of the interacting spheres,
giving rise to a semi elliptic pressure distribution. Theo-
retically, the contact area of two spheres is a single point.
As a result, high pressure, which tends to infinity, arises
between the two curved surfaces, causing immediate
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For two spheres, where a << R1 and a << R2, considering
for sphere 1 the Poisson's ratio being v1 and for sphere 2
represented by v2, where the elastic moduli are
respectively E1 and E2, the stresses are obtained through
the following relations, according to the modified Hertz
expression:

Normal sphere
surface

L | }l«% -E

In the particular case where only one of the spheres
presses against a rigid flat surface, the following
simplifications apply:

R, =R e R; > e hence R* = R .... The flat surface has na
infinite radius.

E,=EeE, - oo hence E* =E .... Undeformable solid.
n,=ne n, =0 ... Poisson’s effect does not occur.

With this, the above expressions become valid for this
particular case.

i

V N\
//’ / R )
/
[ \

\

\ a
d]
Normal sphere
F surface
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According to Chokshi et al. (1993),27the acting force between
two spheres, as shown above, should be expressed as

follows: 1 1 1
R* R; R,
1 1- v,)2
1_a-w? o
E* Eq
4.E*.a3
F = 2.m.a

Where y represents the surface energy per unit area of each
contact surface (y1 and y2), approximated by the respective
surface tensions, and given by:

Y =VY1-Y2

From the above force expression, the following expression
for the contact radius 'a' is derived:

1/3

3R’
a= {(E) |[F+6myR + /(6myR)? + 12nym-"|}

If y = 0, meaning without the presence of surface tension,
the above expression reduces to the Hertzian relationship
between force and contact radius, given by:

_ <3R*F> 1,
= ar

Thus, it is observed that the contact radius 'a’, when
considering the surface tension of the contact areas, leads to
larger values than when only using the Hertz expression.
Similarly, for a given radius 'a', the acting force F is lower
than that predicted by Hertz, once surface tension is present.

Fig. 4 Schematic representation of contact stress and deformation according to contact mechanics. a, The image illustrates two interacting spheres
where the point of maximum contact pressure is located centrally, resulting in a semi elliptic pressure distribution, as depicted by the green dashed
elliptic area in C. b and ¢, These images demonstrate that the theory is applicable even when a spheroid object, such as a retinal cyst, engages with a
more or less flat surface, akin to the retina. This principle holds because even a“flat” plate can be equated to a sphere with an infinite radius, as shown in B
Legends: F, forces between the bodies; R, radii of curvature; a, radius of the contact area; d, depth of deformation; E, moduli of elasticity; v, Poisson’s ratios;
d, depth of identation; R*, flat surface with an infinite radius; E*, undeformable solid

deformation of both surfaces. However, owing to the
elastic deformation of the bodies, the contact point is
converted into a small contact area [12, 21]. We believe
that this theory can be useful in understanding the devel-
opment of a posterior flat conformation in large cysts

when certain critical volumes are reached according to
the accommodative elasticity of the retina. Nevertheless,
the classical Hertz model has limitations since it remains
accurate only when the ratio of the indentation depth to
the indenter radius is less than 0.1 [22].
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In real-world scenarios, materials with different prop-
erties interact, leading to a diverse range of indentations.
This has spurred several authors to evolve the Hertz
model to characterize contact behaviors under finite
indentations using both linear and nonlinear regimes of
elasticity [23—27], akin to the approach we have adopted
in our study. These refined models (modified theories),
validated through comparative simulations with the clas-
sical Hertz theory, revealed congruent curve patterns,
thereby substantiating the applicability of the fundamen-
tal principles of the theory.

Furthermore, when applying the modified Hertz theory
in scenarios involving liquids, it is imperative to account
for surface tension — a critical factor highlighted in
Chokshi’s 1993 publication. The article ingeniously incor-
porated this aspect into Hertzian theory, underscoring
its practicality in elucidating the microphysics of coagu-
lation between two colliding, smooth, spherical grains
at the elastic limit and demonstrating its adaptability to
analyses involving diverse materials or tissues [28].

In our clinical observations, we noted that large cysts
exhibit signs of compressing the ORL, resulting in its
thinning (Fig. 4c) and adopting a flat punch shape of
pressure distribution [29]. This phenomenon can be con-
ceptualized through Hertzian theory, which outlines how
perpendicular and tangential forces interact between
spheres at the point of contact (Fig. 4a). Intriguingly,
this theory retains its applicability even when a spherical
entity, such as a retinal cyst, contacts a substantially flat
surface, such as the ORL (Fig. 4c). This is attributable to
the theoretical equivalence of a flat plate to a sphere with
an infinite radius (Fig. 4b).

In alignment with the assumption that a retinal cyst
functions analogously to a sphere, our investigation sug-
gests the presence of both perpendicular and tangential
contact forces at the junction between the cyst and the
ORL. Furthermore, as the cyst enlarges, increasing its
contact with the ORL, reciprocal deformation occurs,
characterized by plateauing and compression phenom-
ena, respectively (Fig. 1.2b, Fig. 3a, and Fig. 4c) [11].

In our cohort, ORL thinning was observed exclu-
sively in eyes with a plateau, and this thinning was cor-
related with both worse BCVA and increased cyst height
according to multivariate regression analysis. Despite the
absence of a direct correlation between ORLt and BCVA,
a greater number of eyes with ORL thinning exhibited a
decline in BCVA. We hypothesize that the minor varia-
tions in ORLt, combined with the sample size, might be
the underlying factors preventing the achievement of sta-
tistical significance.

In light of the findings gained from this research, we
acknowledge the suitability of the modified Hertz’s the-
ory of contact mechanics as a congruent model to elu-
cidate our observations. This theoretical framework
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provides a more profound understanding of the adverse
effects that large intraretinal cysts exert on the retina and
vision, thereby reinforcing its crucial role as a pivotal bio-
marker in diabetic macular edema (DME).

Our findings, while clinically significant, should be
approached with caution due to several limitations inher-
ent to this study. There is potential for other underlying
structural alterations induced by DR concurrent with
macular edema; these alterations can affect the integrity
of both the ORL and the inner retinal layers, leading to
damage to other cells, including bipolar cells, thereby
contributing to visual dysfunction. Moreover, the rela-
tively small sample size constitutes a limitation, as the
compressed inner retinal layers situated above the cyst
were not evaluated for thickness, nor was the foveal avas-
cular zone measured. Although linear rather than volu-
metric measurements were taken during the analysis of
the morphological characteristics of the cysts, the results
obtained provide practicality for clinical use. Given these
constraints, we recommend interpreting the results care-
fully while acknowledging the need for further research
to substantiate our findings with a more comprehensive
analysis encompassing a larger and more diverse patient
cohort.

Conclusions

Our study suggests that large central intraretinal cysts in
DME, while causing disruptions in the synapses within
the inner retinal layers between ganglion cells and pho-
toreceptors, also induce compression and deformation
of the ORL, leading to photoreceptor impairment and
eventual visual degradation. For this reason, large cysts
can assume a flat configuration in their inferior region,
termed a plateau, which signifies compression of the
ORL and is associated with morphological damage to the
outer retina.

These findings can be understood based on the modi-
fied Hertz’s theory of contact mechanics, as large cysts
can compress the outer retina, damaging the photore-
ceptors. Consequently, we advocate for sustained explo-
ration and scrutiny of retinal cysts through the laws of
contact mechanics, a scientific perspective poised to add
significant value to the nuanced understanding and man-
agement of this condition.
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