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ABSTRACT

Purpose: To evaluate retinal thickness changes of individual retinal layers using spectral-domain optical coherence tomography (SD-OCT) after
uneventful cataract surgery over a 3-months period.

Design: Prospective cohort study.

Methods: 41 patients who underwent uneventful cataract surgery were included. Retinal SD-OCT images of both eyes were acquired preoperatively,
1 day after surgery as well as 1 month and 3 months postoperatively. Changes of retinal layer thickness were estimated after semi-automated
segmentation for the following individual layers in the central subfield (CS, 1 mm) and inner ring (IR, 1-3 mm) of the early treatment diabetic
retinopathy study (ETDRS) grid: retinal nerve fiber layer (RNFL), ganglion cell layer (GCL), inner plexiform layer (IPL), RNFL-GCL-IPL complex,
inner nuclear layer (INL), outer plexiform layer (OPL), INL-OPL complex, outer nuclear layer (ONL), inner retina layer (IRL) and the total retina
(TR). Furthermore, a sub-analysis with exclusion of patients devoid CME and an analysis in regard of patient age, lens status of the fellow eye, best
corrected visual acuity and duration of surgery was conducted.

Results: This study found significant alterations in all analysed retinal layers except for the RNFL (p = 0.33) and the GCL (p = 0.06) in the central
subfield and the INL-OPL complex (p = 0.07) in the inner ring over the 3-months period (all p < 0.05). Retinal thickness decreases on the first
postoperative day, followed by a significant increase 1 month after surgery and subsequent reduction at 3 months following uneventful cataract
surgery could be observed.

Conclusion: These results assume the hypothesis that the apex of inflammatory response, characterized by an augmentation in the thickness of
individual retinal layers, occurs around 1 month after uneventful cataract surgery, and subsequently experience a reduction in activity. Therefore,
we suggest that additional therapy for cystoid macular edema does not have to be initiated as early as the first month in mild cases.

1. Introduction

Cystoid macular edema (CME) is one of the most prevalent postoperative complications after otherwise uncomplicated cataract
surgery. It usually develops within 3 months postoperatively, with a peak incidence at 4-6 weeks after surgery [1-3].
It is considered the most important cause of suboptimal visual acuity within the first weeks postoperatively. Most cases are self-
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limiting and patients experience no or only minimal reduction in visual acuity [4]. Up to 6 % of nondiabetic subjects develop visual
complaints and suffer from CME [5,6].

Etiologically, CME occurs due to the breakdown of the inner blood-retina barrier secondary to an inflammatory process mediated
by prostaglandins and other inflammatory mediators. These inflammatory mediators result from the surgical trauma to lens epithelial
cells, the iris and ciliary body and then diffuse into the vitreous cavity and retina leading to the breakdown of the blood-retinal barrier
(BRB) and subsequent leakage of fluids across the retinal vessel wall and into the perifoveal retinal tissues [7-9].

The development of spectral-domain optical coherence tomography (SD-OCT) was a milestone in ophthalmological clinical
practice and retinal research. Using OCT disclosed that pseudophakic CME occurs in a significantly higher extent than previously
thought, ranging from 4 to 41 % [10-12].

The investigations conducted so far [11-17] have yielded incongruous findings regarding alterations in retinal layer thickness.
These findings have encompassed variations within the inner retinal layers, changes in the outer retinal layers, as well as modifications
across all retinal layers.

The objective of our investigation is to assess the average alterations in retinal layer thickness following uncomplicated phaco-
emulsification surgery in healthy eyes, employing SD-OCT scans up to 3-months postoperatively considering patient age, lens status of
the fellow eye (phakic and pseudophakic), duration of surgery and best corrected visual acuity preoperative.

2. Methods

We recruited 41 patients who were scheduled for cataract surgery between February 2016 and October 2017 at the Department of
Ophthalmology, Medical University Graz, Austria.

The exclusion criteria comprised the following conditions: macular pathologies, retinal vascular occlusion, a prior history of ocular
disorders (inclusive of uveitis, eye trauma, glaucoma), previous ocular surgeries, systemic disorders such as diabetes and systemic
inflammation as well as ongoing usage of topical anti-inflammatory medications or systemic anti-inflammatory agents as well as
topical glaucoma agents, and intraoperative complications such as posterior capsular rupture, vitreous loss, iris prolapse, and
impossibility of SD-OCT examination due to dense cataracts at baseline examination.

Cataract surgery was performed by phacoemulsification and intraocular lens (IOL) insertion within the capsular bag. At the end of
the surgery, 1 mg cefuroxime was injected into the anterior chamber in all patients (Curocef®, Glaxo Wellcome Pharma, Vienna,
Austria). All operations were performed by 13 experienced cataract surgeons with at least 323 operations before the respective cataract
procedure.

Postoperatively the patients were locally treated with neomycin and betamethasone drops (Betnesol N®, TubiluxPharma, Rome,
Italy) 5 times per day in a tapered frequency for 5 weeks and with a dexamethasone and gentamycin ointment (Dexagenta® Croma
Pharma GmbH, Leobendorf, Austria) once a day in the evening for 1 week.

2.1. SD-OCT and grading modalities

Retinal layer thickness analysis was conducted using SD-OCT scans using volume scanning with 31 B-scans and a wavelength of
825 nm. Images have a resolution of 7 pm axially x 14 pm laterally and a distance of 240 pm between sections and are centered on the
anatomical fovea perioperative, one day, one month and three months after cataract surgery. These scans were processed and
examined using a Heidelberg SpectralisTM device (HEYEX version 2.5.6, Heidelberg Engineering, Heidelberg, Germany). The baseline
assessment was carried out before cataract surgery, while follow-up assessments occurred at one day, one month, and three months
post-surgery, utilizing the device’s built-in follow-up mode. Image acquisition was followed by an automated intraretinal layer seg-
mentation process carried out by the integrated Spectralis software, with manual adjustments made as necessary by individuals JG and

Fig. 1. Boundaries of segmented retinal layers on spectral domain optical coherence. The segmented boundaries in order from top to bottom are:
Internal Limiting Membrane (ILM); Retinal Nerve Fiber Layer (RNFL) outer border; Ganglion Cell Layer (GCL) outer border; Inner Plexiform Layer
(IPL) outer border; Inner Nuclear Layer (INL) outer border; Outer Plexiform Layer (OPL) outer border; External Limiting Membrane (ELM) and
Bruch’s membrane.
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DD. Retinal thickness measurements were derived from the "early treatment diabetic retinopathy study" (ETDRS) grid, specifically
focusing on the 1 mm central subfield and the 1-3 mm inner ring. The retinal layer thickness of the inner ring was evaluated in the 4
quadrants (inferior, superior, nasal and temporal). These 4 quadrants were combined, and the mean thickness of individual retinal
layers was calculated to ensure better readability of the study. Analysis of the SD-OCT scans involved evaluating changes in the mean

thickness of the retinal layers, as described below (Fig. 1).

2.2. Boundaries and layers

Table 1

Retinal Nerve Fiber Layer (RNFL) — region between the inner limiting membrane (ILM) and the outer boundary of the RNFL.
Ganglion Cell Layer (GCL) - region between the outer boundary of the RNFL and the outer boundary of the GCL.
Inner Plexiform Layer (IPL) - region between the outer boundary of the GCL and the outer boundary of the IPL.
Superficial capillary plexus — region between the ILM and the outer boundary of the IPL.
Inner Nuclear Layer (INL) — region between the outer boundary of the IPL and the outer boundary of the INL.
Outer Plexiform Layer (OPL) - the region between the outer boundary of the INL and the outer boundary of the OPL.
Deep capillary plexus — region between the outer boundary of the IPL and the outer boundary of the OPL.

Outer Nuclear Layer (ONL) - region between the outer boundary of the OPL and external limiting membrane (ELM).
Inner Retinal Layer (IRL) — region between the Inner ILM and the ELM.
Total Retina (TR) - region between the ILM and Bruch’s membrane.

Estimated changes in the individual retinal layer thickness [pm] in the central subfield and the inner ring analysed accross the 4 visits with exclusion
of patients with occurrence of cystoid macular edema adjusted for patient age, best corrected visual acuity, lens status of the fellow eye (phakic and
pseudophakic) and duration of surgery.

retinal layers ETDRS grid Baseline values of the mean thickness [pm] + standard deviation p-value
Preoperative n = 35 day 1 month 1 month 3
postoperative n = 25 postoperative n = 36 postoperative n = 30
RNFL central subfield 13.86+ 13.42+ 13.44+ 13.17+ 0.5930
2.92 2.87 2.80 2.95
inner ring 21.60+ 21.32+ 23.28+ 22.54+ <0.0001
2.29 2.08 3.41 3.03
GCL central subfield 15.44+ 14.38+ 15.94+ 15.73+ 0.1243
3.94 3.25 4.55 4.51
inner ring 46.80+ 46.36+ 50.37+ 49.70+ <0.0001
5.61 6.39 6.48 6.39
IPL central subfield 20.32+ 20.08+ 22.00+ 21.83+ 0.0009
3.92 4.86 4.50 4.27
inner ring 38.83+ 38.50+ 41.58+ 41.03+ <0.0001
4.41 4.48 4.70 4.33
RNFL-GCL-IPL Complex central subfield 49.53+ 47.88+ 51.39+ 50.73+ 0.1578
9.68 9.62 11.20 10.88
inner ring 107.18 + 10.90 106.17 + 11.65 115.24 + 13.18 113.27 + 12.66 <0.0001
INL central subfield 21.91+ 20.92+ 23.36+ 22.90+ 0.1558
6.69 6.47 7.68 7.31
inner ring 40.08+ 39.38+ 41.81+ 40.69+ 0.0009
4.63 4.98 5.20 4.39
OPL central subfield 27.21+ 26.19+ 26.44+ 25.10+ 0.1159
7.91 7.79 7.84 6.54
inner ring 34.11+ 33.53+ 32.59+ 32.93+ 0.0803
5.00 5.20 4.85 5.19
INL-OPL Complex central subfield 49.12 + 11.67 47.12+ 49.81+ 48.00+ 0.1242
12.50 12.90 11.73
inner ring 74.19+ 72.91+ 74.40+ 73.63+ 0.4100
7.60 7.87 7.86 7.14
ONL central subfield 93.15 +£11.15 90.81+ 100.64 + 17.43 98.60+ <0.0001
11.71 12.93
inner ring 68.71+ 69.15+ 76.22+ 74.09+ <0.0001
6.97 7.91 11.25 10.82
IRL central subfield 189.56 + 19.70 182.77 + 20.19 200.17 £+ 29.99 195.37 + 23.64 <0.0001
inner ring 250.17 +£17.59 248.34 + 18.35 265.85 + 23.20 260.83 + 19.81 <0.0001
TR central subfield 276.77 £ 19.12 269.15 + 19.39 288.14 + 31.65 282.57 + 24.47 <0.0001
inner ring 330.81 + 18.34 327.72 £ 19.57 346.86+ 341.33 + 20.23 <0.0001
24.01

Legend: RNFL = Retinal Nerve Fiber Layer; GCL = Ganglion Cell Layer; IPL = Inner Plexiform Layer; RNFL-GCL-IPL Complex = RNFL + GCL + IPL
combined; INL =Inner Nuclear Layer; OPL = Outer Plexiform Layer; INL-OPL Complex = INL + OPL combined; ONL =Outer Nuclear Layer; IRL =
Inner Retinal Layer; TR = Total Retina; Bold: Disparity is statistically significant (p < 0.05).
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CME was identified as a distinct region of any reduced reflectivity within the neurosensory retina using SD-OCT. Patients pre-
senting with CME (5 patients) were excluded in a subsequent subgroup-analysis to more comprehensively evaluate both the subclinical
and clinical progression (Tables 1 and 2).

No postoperative complications (e.g., increased intraocular pressure, excessive fibrin reaction or endophthalmitis) were observed.

2.3. Statistical analysis

Descriptive results are presented as mean + standard deviation for continuous variables and as n and percent for categorical
variables. To investigate changes in the retinal layer thickness over time linear models accounting for the repeated measures by using
an unstructured covariance structure were used for the investigated layers separately. Visit was included as categorical parameter and
overall significance was tested by type 3 tests. The least square means (LSMs) at the single visits (preoperative, postoperative: day 1,
month 1 and month 3) were compared with each other and presented with LSM-differences (LSMDs) and their corresponding 95 %
confidence intervals (CIs). All models were adjusted for patient age, lens status of the fellow eye (phakic and pseudophakic), duration
of surgery and best corrected visual acuity preoperative. For the comparisons of the changes between the visits, Bonferroni correction
was applied. No imputation for missing data was applied. All analyses were performed in the whole cohort (n = 41 patients), and in the

Table 2
Investigation of alterations in the mean retinal thickness across distinct retinal layers throughout the visits with exclusion of patients with occurrence
of cystoid macular edema adjusted for patient age, best corrected visual acuity, lens status of the fellow eye (phakic and pseudophakic) and duration

of surgery (n = 36).

Retinal layer ETDRS  Presented are the least square mean differences and 95 % confidence intervals (Bonferroni corrected) in pm
Pre OP - Day 1 Pre OP - Month 1 Pre OP - Month 3 Day 1 - Month 1 Day 1 - Month 3 Month 1 -
Month 3
RNFL Cs 0.03 (—-0.93, 0.34 (—0.78, 1.45) 0.57 (0.6, 1.74) 0.31 (-1, 1.61) 0.54 (—0.98, 2.06)  0.23 (-0.91,
0.99) 1.37)
IR 0.15 (-0.3, 0.6) —1.6 (-2.55, -0.64) —1.29 (-2.01, —1.75 (-2.72, —1.44 (-2.2, 0.3 (—0.23,
-0.57) -0.78) -0.69) 0.84)
GCL CS 0.66 (—0.71, —0.58 (1.7, 0.53) —0.33(-1.25,0.6) —1.24 (-2.66, —0.98 (—2.48, 0.25 (—0.74,
2.02) 0.19) 0.52) 1.25)
IR —0.52 (—1.68, —3.43 (-4.65, -2.2) —2.96 (-3.97, —2.91 (-4.34, —2.45 (-3.64, 0.46 (—0.2,
0.64) -1.96) -1.47) -1.25) 1.13)
IPL CS —0.48 (—1.91, —1.71 (-2.89, —1.43 (-2.34, —1.23 (-2.78, —0.95 (—2.48, 0.28 (—0.54,
0.94) -0.53) -0.52) 0.32) 0.59) 1.1)
IR —0.26 (—1.16, —2.64 (-3.55, —2.23 (-3.18, —2.39 (-3.45, —1.98 (-2.7, 0.41 (—0.48,
0.64) -1.73) -1.29) -1.32) -1.25) 1.29)
RNFL + GCL+  CS 0(-2.1,2.11) —2.02 (—4.52, —1.24 (-3.09, —2.02 (—5.04, —1.25(-3.72, 0.78 (—1.04,
IPL 0.48) 0.61) 0.99) 1.23) 2.6)
IR —-0.59 (-2.12, —7.64 (-9.96, —6.37 (-8.15, —7.05 (-9.91, —5.78 (-8.09, 1.26 (-0.16,
0.94) -5.32) -4.6) -4.19) -3.48) 2.69)
INL CS 0.07 (—2.36, —1.7 (—3.98, 0.58) —1.52 (—3.58, —1.77 (—4.56, —1.59 (—4.16, 0.18 (—1.15,
2.5) 0.54) 1.02) 0.98) 1.51)
IR 0.43 (0.9, —1.81 (-3.08, —0.77 (-1.84,0.3)  —2.24 (-3.77, —1.2 (-2.39, 1.04 (0.02,
1.76) -0.54) -0.71) -0.01) 2.05)
OPL CS 0.82 (-1.87, 0.31 (-2.69, 3.32) 1.91 (-1.49,5.3) —0.51 (-3.8,2.78) 1.08 (—1.51, 3.67) 1.59 (-0.43,
3.52) 3.62)
IR 0.48 (-1.7, 1.42 (—0.59, 3.44) 1.35(-0.7, 3.49) 0.94 (—0.6, 2.48) 0.87 (-0.34,2.07)  —0.08 (—1.26,
2.66) 1.11)
INL + OPL CS 0.57 (—3.47, —1.31 (-5.39, 0.64 (—3.57, 4.85) —1.88 (-6.34, 0.08 (—3.42,3.57)  1.95(-0.38,
4.6) 2.77) 2.59) 4.29)
IR 0.87 (-1.57, —0.36 (—2.67, 0.6 (—1.66, 2.86) —1.23(-3.65,1.2)  —0.27 (—2.08, 0.96 (-0.71,
3.3) 1.95) 1.54) 2.62)
ONL CS 2.92(-1.89, —7.26 (-13.05, —6.12 (-10.67, —10.18 (-16.25, —9.04 (-12.85, 1.14 (-3.93,
7.73) -1.48) -1.56) -4.12) -5.23) 6.21)
IR —0.6 (—3.15, —7.43 (-10.37, —6.23 (-8.93, —6.83 (-9.61, —5.63 (-7.74, 1.2(-0.4, 2.8)
1.94) -4.5) -3.53) -4.05) -3.52)
IRL CS 4.51 (1.32, —11.13 (-20.36, —7.51 (-11.79, —15.64 (-25.33, —12.02 (-17.24, 3.62 (—3.34,
7.71) -1.9) -3.24) -5.96) -6.81) 10.58)
IR 0.28 (—2.71, —15.31 (-20.37, —11.62 (-15.28, —15.59 (-21.65, —11.9 (-16.47, 3.69 (0.38,7)
3.27) -10.25) -7.96) -9.52) -7.33)
TR CS 4.45 (0.7, 8.19) —11.88 (-22.34, —7.22 (-12.3, —16.33 (-27.59, —11.67 (-17.67, 4.66 (—3.34,
-1.43) -2.14) -5.07) -5.67) 12.66)
IR 1.76 (-3.12, —15.91 (-21.64, —11.71 (-16.69, —17.68 (-25.68, —13.48 (-20.36, 4.2 (-0.53,
6.65) -10.18) -6.74) -9.68) -6.59) 8.94)

Legend: ETDRS = Early Treatment Diabetic Retinopathy Study; CS= Central Subfield; IR= Inner Ring; RNFL = Retinal Nerve Fiber Layer; GCL =
Ganglion Cell Layer; IPL = Inner Plexiform Layer; RNFL-GCL-IPL = RNFL + GCL + IPL combined; INL =Inner Nuclear Layer; OPL = Outer Plexiform
Layer; INL-OPL =INL + OPL combined; ONL =Outer Nuclear Layer; IRL = Inner Retinal Layer; TR = Total Retina; Bold: Disparity is statistically
significant (p < 0.05).
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sub-cohort without CME cases (n = 36 patients). For statistical analysis, SAS 9.4 (SAS Institute, Cary NC) was used.
3. Results

41 eyes of 41 patients were included, consisting of 24 right eyes (58.5 %) and 17 left eyes (41.5 %). Of the 41 fellow eyes, 27 (65.85
%%) were phakic, and 14 (34.15 %) were pseudophakic. In one patient, baseline data for retinal layer thickness was missing due to
insufficient image quality (individual retinal layers could not be distinguished). Thus 40 SD-OCT images fulfilled these requirements
preoperative. Owing to the non-appearance at postoperative assessments, we were able to analyse a total of 30 SD-OCT scans on day 1,
41 SD-OCT scans at the end of the first month, and 35 SD-OCT scans at the end of the third month. The 41 (100 %) fellow surgery native
eyes showed no significant alterations in any of the measured parameters over the course of the observation period. The age of enrolled
participants averaged was 71.5 + 8.3 years; 20 participants (48.8 %) were male and 21 (51.2 %) were female. 5 eyes (12.9 %) showed
CME 1 month after cataract surgery. The mean best corrected visual acuity (BCVA) measured 0.4 + 0.1 logMAR prior to the surgery,
0.1 + 0.1 logMAR on the first day following the surgery, 0.0 + 0.1 logMAR one month after the surgery, and 0.0 £ 0.1 logMAR three
months after the surgery.

3.1. Central subfield

In the central subfield, significant (all p < 0.05) changes were observed across all patients in each of the four assessments for every
retinal layer, except for the RNFL (p = 0.35) the GCL (p = 0.06), while considering patient age, lens status of the fellow eye (phakic or

Table 3
Estimated changes in the individual retinal layer thickness [pm] in the central subfield and the inner ring analysed over 3 months adjusted for patient
age, best corrected visual acuity, lens status of the fellow eye (phakic and pseudophakic) and duration of surgery.

retinal layers ETDRS grid Baseline values of the mean thickness [pm] + standard deviation p-value
Preoperativen =40  day 1 postoperativen =30  month 1 month 3
postoperative n = 41 postoperative n = 35
RNFL central subfield ~ 13.90+ 13.53+ 13.80+ 13.17+ 0.3463
2.79 2.78 2.96 2.92
inner ring 21.46+ 21.28+ 23.22+ 22.51+ <0.0001
2.23 2.03 3.22 2.90
GCL central subfield ~ 15.33+ 14.53+ 16.27+ 15.66+ 0.0635
3.81 3.09 4.77 4.24
inner ring 46.76+ 46.28+ 50.45+ 49.56+ <0.0001
5.34 6.17 6.13 6.01
IPL central subfield  20.41+ 19.97+ 22.56+ 21.80+ <0.0001
3.75 4.80 4.62 4.11
inner ring 38.74+ 38.53+ 41.73+ 41.02+ <0.0001
4.14 4.21 4.45 4.03
RNFL-GCL-IPL central subfield ~ 49.56+ 48.03+ 52.63+ 50.63+ 0.0188
Complex 9.20 9.38 11.46 10.42
inner ring 106.92 + 10.32 106.08 +11.13 115.40 + 12.45 113.09 + 11.87 <0.0001
INL central subfield  21.90+ 21.23+ 24.22+ 23.14+ 0.0294
6.37 6.37 7.84 7.16
inner ring 40.06+ 39.43+ 42.11+ 40.67+ <0.0001
4.39 4.71 5.01 4.08
OPL central subfield  27.44+ 26.57+ 26.61+ 24.86+ 0.0341
7.46 7.62 7.56 6.22
inner ring 34.44+ 33.43+ 32.89+ 32.68+ 0.0268
5.10 5.07 5.02 4.90
INL-OPL Complex central subfield  49.33 &+ 11.07 47.80+ 50.83+ 48.00+ 0.0144
12.35 12.84 11.05
inner ring 74.51+ 72.86+ 75.00+ 73.35+ 0.0676
7.37 7.43 7.74 6.68
ONL central subfield ~ 94.23 £+ 11.19 91.63+ 102.76 + 18.11 101.03 + 14.21 <0.0001
12.34
inner ring 69.26+ 70.04+ 77.51+ 75.44+ <0.0001
6.92 7.79 11.38 10.59
IRL central subfield  191.05 + 19.06 184.53 + 19.54 204.56 + 30.74 197.71 + 23.03 <0.0001
inner ring 250.79+ 249.03+ 267.91 + 22.49 261.76 + 18.56 <0.0001
16.57 17.29
TR central subfield ~ 278.18 + 18.84 270.57 + 18.62 292.51 + 32.08 284.71 + 23.78 <0.0001
inner ring 331.53+ 328.4+ 348.76+ 342.49 + 19.08 <0.0001
17.33 18.47 23.11

Legend: RNFL = Retinal Nerve Fiber Layer; GCL = Ganglion Cell Layer; IPL = Inner Plexiform Layer; RNFL-GCL-IPL Complex = RNFL + GCL + IPL
combined; INL =Inner Nuclear Layer; OPL = Outer Plexiform Layer; INL-OPL Complex = INL + OPL combined; ONL =Outer Nuclear Layer; IRL =
Inner Retinal Layer; TR = Total Retina; Bold: Disparity is statistically significant (p < 0.05).
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pseudophakic) and best corrected visual acuity as presented in Table 3)
In comparing the preoperative assessment with the evaluation at 1 day post-operation, retinal layers exhibited a reduction in
thickness, with a LSMD of the TR measuring 5.39 (95 % CI 1.8, 8.98) pm.
Furthermore, from 1 day postoperatively to 1 month after surgery, retinal layers demonstrated a subsequent increase in thickness.
The RNFL-GCL-IPL complex, exhibited an LSMD of —3.43 (95 % CI -6.7, —0.16) pm, the INL-OPL -2.49 (95 % CI -6.78, 1.8) pm, and the
ONL -11.62 (95 % CI -17.38, —5.87).
Subsequently, from one month postoperatively to 3 months after surgery, a decrease in mean thickness was evident in all retinal
layers. The RNFL-GCL-IPL complex showed a LSMD of 2.11 (95 % CI -0.4, 4.62) pm, the INL-OPL complex 3.04 (95 % CI 0.52, 5.55)
pm, and the ONL 1.16 (95 % CI -3.55, 5.87) pm, as visualized in Table 4.

3.2. Inner ring

Heliyon 10 (2024) e35096

The inner ring displayed statistically significant changes in mean retinal thickness across all analysed retinal layers in the whole
cohort, with p-values less than 0.05 except for the INL-OPL complex (p = 0.07) at the four time points (Table 3).
From the preoperative examination to day 1 post-operation, retinal layers demonstrated an increase in mean thickness. The LSMD
of the RNFL-GCL-IPL complex exhibited an increase of —0.57 (95 % CI -2.02, 0.87) pm, the INL-OPL 1.26 (95 % CI-0.94, 3.45) pm, and

Table 4

Investigation of alterations in the mean retinal thickness across distinct retinal layers throughout the visits adjusted for patient age, best corrected
visual acuity, lens status of the fellow eye (phakic and pseudophakic) and duration of surgery (n = 41).

Retinal layer ETDRS  Presented are the least square mean differences and 95 % confidence interval (Bonferroni corrected) in pm
Pre OP - Day 1 Pre OP - Month 1 Pre OP - Month 3 Day 1 - Month 1 Day 1 - Month 3 Month 1 -
Month 3
RNFL Cs —0.03 (-0.88, 0.03 (—1.04,1.09)  0.63 (-0.42,1.68)  0.06 (—1.12, 1.24) 0.66 (—0.65,1.97) 0.6 (—0.51,
0.82) 1.72)
IR 0.06 (—0.36, —1.68 (-2.52, —1.37 (-2.02, —1.74 (-2.58,-0.9) —1.43 (-2.11, 0.31 (=0.19,
0.48) -0.84) -0.73) -0.75) 0.8)
GCL Cs 0.45 (-0.75, —-1.01 (-2.27, —-0.36 (—1.19, —1.46 (—2.96, —-0.81 (-2.11, 0.65 (—0.5, 1.8)
1.66) 0.26) 0.48) 0.04) 0.49)
IR —0.44 (-1.47, —3.55 (-4.64, —2.84 (-3.73, —3.11 (-4.44, —2.4 (-3.49, 0.71 (0.07,
0.59) -2.47) -1.95) -1.78) -1.31) 1.36)
IPL CS —0.05 (—1.43, —2.17 (-3.4, —1.33 (-2.25, —2.13 (-3.89, —1.28 (—2.65, 0.84 (0.4,
1.34) -0.95) -0.41) -0.36) 0.09) 2.09)
IR -0.27 (1.1, —2.88 (-3.74, —2.26 (-3.08, —2.61 (-3.6, -1.62) —1.99 (-2.71, 0.61 (—0.23,
0.56) -2.02) -1.44) -1.27) 1.46)
RNFL + GCL+  CS 0.23 (-1.69, —3.2 (-5.93, —1.09(-2.78,0.6) —3.43(-6.7,-0.16)  —1.32(—3.46, 2.11 (-0.4,
IPL 2.15) -0.47) 0.81) 4.62)
IR —-0.57 (-2.02, —8.08 (-10.18, —6.37 (-7.92, —7.51 (-10.15, —5.8 (-8.03, 1.71 (0.33,
0.87) -5.98) -4.83) -4.87) -3.56) 3.08)
INL (& —0.1 (-2.32, —2.55 (-4.85, —1.67 (-3.59, —2.45 (-5.22, —1.58 (—4.22, 0.87 (-0.71,
2.13) -0.24) 0.24) 0.32) 1.07) 2.46)
IR 0.42 (—0.76, —2.11 (-3.28, -0.73 (-1.73, —2.53 (-3.91, —1.15 (-2.25, 1.38 (0.3, 2.47)
1.59) -0.95) 0.27) -1.14) -0.04)
OPL (&5 0.67 (—1.8, 0.45 (—2.27, 3.18) 2.4 (—0.65, 5.46) —0.22 (-3.14, 2.7) 1.73 (—0.81, 4.28) 1.95 (-0.02,
3.14) 3.93)
IR 0.99 (-1.03, 1.48 (—0.32, 3.27) 1.9 (-0.16, 3.95) 0.48 (-1, 1.96) 0.91 (-0.19, 2) 0.42 (—1.03,
3.01) 1.88)
INL + OPL Cs 0.46 (—3.22, —2.03 (-5.83, 1.01 (-2.7, 4.73) —2.49 (-6.78, 1.8) 0.55 (—2.87,3.96)  3.04 (0.52,
4.15) 1.77) 5.55)
IR 1.26 (—0.94, —0.63 (—-2.72, 1.2 (-0.98, 3.39) —1.89 (—4.19, —0.05 (-1.63, 1.83 (—0.05,
3.45) 1.46) 0.41) 1.52) 3.72)
ONL CS 3.25 (-1.19, —8.37 (-13.8, —7.21 (-11.44, —11.62 (-17.38, —10.46 (-14.38, 1.16 (—3.55,
7.7) -2.95) -2.98) -5.87) -6.54) 5.87)
IR —0.62 (-2.82, —8.22(-11,-5.44) —6.74 (-9.2, —7.6 (-10.15, —6.12 (-8.02, 1.48 (-0.33,
1.57) -4.29) -5.04) -4.21) 3.29)
IRL Cs 4.93 (1.95, —14.03 (-22.79, —7.8 (-11.59, —18.95 (-28.35, —12.73 (-17.52, 6.23 (—0.52,
7.91) -5.26) -4.01) -9.56) -7.93) 12.98)
IR 0.62 (—2.04, —16.81 (-21.6, —11.56 (-14.72, —17.42 (-23.15, —12.18 (-16.25, 5.25 (1.74,
3.27) -12.01) -8.4) -11.7) -8.1) 8.75)
TR (& 5.39 (1.8, 8.98) —14.82 (-24.61, —7.42 (-11.88, —20.21 (-31.03, —12.81 (-18.1, 7.4 (—0.24,
-5.04) -2.96) -9.38) -7.51) 15.05)
IR 2.23 (—2.08, —17.12 (-22.35, —11.77 (-16.05, —19.35 (-26.66, —13.99 (-20.07, 5.36 (0.99,
6.53) -11.9) -7.48) -12.04) -7.92) 9.72)

Legend: ETDRS = Early Treatment Diabetic Retinopathy Study; CS= Central Subfield; IR= Inner Ring; RNFL = Retinal Nerve Fiber Layer; GCL =
Ganglion Cell Layer; IPL = Inner Plexiform Layer; RNFL-GCL-IPL = RNFL + GCL + IPL combined; INL =Inner Nuclear Layer; OPL = Outer Plexiform
Layer; INL-OPL =INL + OPL combined; ONL =Outer Nuclear Layer; IRL = Inner Retinal Layer; TR = Total Retina; Bold: Disparity is statistically
significant (p < 0.05).
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the ONL -0.62 (95 % CI -2.82, 1.57) pm.

Subsequently, retinal layers revealed an increase in thickness from day 1 to month 1 postoperatively, with the RNFL-GCL-IPL
complex exhibiting an LSMD of —7.51 (95 % CI -10.15, —4.87) pm, the INL-OPL complex —1.89 (95 % CI -4.19, 0.41) pm, and the
ONL -7.6 (95 % CI -10.15, —5.04) pm.

Moreover, between month 1 and month 3 after surgery, the retinal layers became thinner again without reaching the preoperative
thickness. The LSMD of the RNFL-GCL-IPL complex showed a decrease of 1.71 (95 % CI 0.33, 3.08) pm, the INL-OPL complex 1.83 (95
% CI -0.05, 3.72) pm, and the ONL 1.48 (95 % CI -0.33, 3.29) um (Results presented in Table 4).

Type 3 tests examining the possible influence of patient age, the duration of surgery, initial best corrected visual acuity, and the lens
status of the other eye (phakic and pseudophakic) revealed no significant association with retinal layer thickness. In both the entire
cohort and the sub-analysis excluding patients with CME, similar outcomes were observed in both groups in the central subfield and
the inner ring (Tables 1-4).

4. Discussion

In this study, we performed a comprehensive evaluation of the thickness of individual retinal layers using SD-OCT in healthy eyes
both pre- and post-uncomplicated cataract surgery, with a particular focus on the central subfield and the inner ring of the ETDRS grid
considering patient age, lens status of the fellow eye (phakic and pseudophakic), duration of surgery and best visual acuity preop-
erative. Postoperative assessments were performed at 1 day, 1 month, and 3 months post-surgery. Subsequent analyses were con-
ducted, excluding patients with CME, to enable investigation of retinal layers demonstrating initial thickening prior to the
manifestation of clinically apparent edema. This approach facilitated a comprehensive assessment of both subclinical and clinical
progression. Moreover, comparisons of the timepoints within each individual retinal layers were conducted. We observed significant
changes (p < 0.05) in all retinal layers, except for the RNFL (p = 0.33) and the GCL (p = 0.06) in the central subfield. Additionally,
significant alterations were noted in all retinal layers (p < 0.05), except for the INL-OPL complex (p = 0.07) within the inner ring of the
ETDRS grid.

Our study demonstrates an increase in retinal layer thickness 1 month after uncomplicated catarct surgery, consistent with previous
literature [13-15,17]. Layers of both, the superficial (RNFL-GCL-IPL complex) and the deep capillary plexus (INL-OPL complex) as well
as the ONL nourished by the choroidal vasculature revealed an increase in mean retinal thicknes from day 1 to month 1 post un-
complicated surgery. The RNFL-GCL-IPL complex showed an increase in LSMD of —3.43 (95 % CI -6.7, —0.16) pm, the INL-OPL -2.49
(95 % CI -6.78, 1.8) pm and the ONL of —11.62 (—17.38, —5.87) pm, within the central subfield and an increase in LSMD of the
RNFL-GCL-IPL complex of —7.51 (95 % CI -10.15, —4.87) pm, the INL-OPL complex of —1.89 (95 % CI -4.19, 0.41) pm and the ONL of
—7.6 (95 % CI -10.15, —5.04) pm in the inner ring from day 1 to month 1 postoperative in the whole group. Hence, we posit that the
postoperative inflammatory cascade subsequent to uncomplicated cataract surgery exerts an influence on each retinal layer, resulting
in heightened thickness of individual layers as well as cumulative retinal thickness peaking approximately one month post-surgery.

A retrospective study conducted by Sigler et al. [18] identified intraretinal cysts within the INL and the OPL preceding the onset of
subretinal fluid in patients with CME. Comparing the subgroup excluding patients with CME regarding the increase in thickness of the
INL -2.24 (95 % CI -3.77, —0.71) pm to the entire study population —2.53 (95 % CI -3.91, —1.14) pm, both groups demonstrated a
significant increase in the thickness of the INL in the inner ring from the 1st day to the 1st month postoperative. The INL, comprising
nuclei of bipolar, horizontal, amacrine, and Miiller cells, has been observed to undergo thickening in other inflammatory conditions
such as multiple sclerosis as well [19]. None of the patients in our study cohort displayed cystoid formation in the OPL or subretinal
fluid, suggesting a lack of pronounced CME cases within our population.

Kurt et al. [16] conducted an investigation, revealing hardly any difference in the mean retinal thickness of both the central subfield
and the inner ring in all retinal layers from postoperative month 1 to month 3. Moreover, they mentioned that there was no formation
of intraretinal cysts during their observation. Conversely, our investigation unveiled a reduction in the LSMD in retinal thickness of
retinal layers analysed in the whole group, reaching statistical significance in the INL-OPL complex with 3.04 (95 % CI 0.52, 5.55) pm
within the central subfield and the GCL with 0.71 (95 % CI 0.07, 1.36) pm, the RNFL-GCL-IPL complex with 1.71 (95 % CI 0.33, 3.08)
pm the INL with 1.38 (95 % CI 0.3, 2.47) pm, the IRL with 5.25 (95 % CI 1.74, 8.75) pm and the TR with 5.36 (95 % CI 0.99, 9.72) pm in
the inner ring from postoperative month 1 to month 3. These alterations between the studies may arise due to the employment of
non-steroidal anti-inflammatory drugs (NSAIDs) as a treatment regime in the study conducted by Kurt et al.

Xu et al. [20] noted that, in the aftermath of extracapsular cataract surgery, there is an elevation in the expression of acute
pro-inflammatory genes and a consequent increase in protein response within the posterior segment of the eye in mice modelling.
Moreover, they reckon that this phenomenon suggests the initiation of the inflammasome and concurrent activation of the complement
system also in humans. Based on the changes examined in our study, we assume that these genes reach their peak expression level
around month 1 post-surgery and subsequently undergo a downregulation afterwards in accordance with the retinal layers analysed in
our study over 3 months.

Nakatani et al. [13] found a significant increase of the GCL after cataract surgery in patients with and without glaucoma. They
assumed that their observation was attributable to the biased preoperative thickness measurement secondary to the low signal strength
in eyes with cataract. The same observation as a decrease of retinal thickness on day 1 after surgery was already reported by Ching et al.
[2] stating that this phenomenon is attributable to the increased signal strength after the replacement of the crystalline lens by an
intraocular lens. We also observed a reduction in the mean thickness of the individual retinal layers examined one day after cataract
operation compared to the preoperative control, with the exception of the ONL (increase of thickness from 68.71 + 6.97 pm at the
baseline visit to 69.17 + 7.91 pm at day 1 postoperative) in the inner ring. In our investigation, the thickness of individual retinal
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layers increased until month 1, followed by a subsequent decrease from month 1 to month 3 in individual retinal layers analysed. We
attribute this pattern to an inflammatory response, characterized by an initial increase in individual retinal thicknesses up to month 1,
followed by a decline in inflammation between month 1 and month 3.

Our study is subject to several limitations. Firstly, a larger sample size and a longer follow-up period would have enhanced the
statistical robustness of our findings as the retinal thickness values showed a decrease from the 1 month postoperative to the 3-month
postoperative without reaching baseline values. Therefore, the follow-up should be longer than 3 months. We did not include cataract
grading, effective phacoemulsification time (EPT) and total energy (TE) in our analysis. EPT, total energy and dense cataract are
known to be significantly correlated to visual impairment and development of CME [21]. Although we did not evaluate EPT and TE,
longer duration of surgery possibly correlates to higher EPT and in accordance TE and increased manipulation during surgery, being a
risk factor for CME itself and was therefore included in our model in addition to patient age, the lens status of the fellow eye (phakic
and pseudophakic) and the best corrected visual acuity preoperative. However, we didn’t assess alterations in individual retinal layers
based on surgeons’ training levels. Nonetheless, List et al. [22] showed that surgeons with a training level of <300 cataract operations
were 1.58 times more prone to developing CME compared to those with >300 cataract operations. Given that all surgeons in our study
had conducted a minimum of 323 operations before the respective cataract procedure, this influence should be considered negligible.
Furthermore, we did not assess anterior chamber inflammation at various time points, despite its known impact on CME development
[23]. Additionally, post-operative therapeutic regimen consisted of glucocorticoids and antibiotics what may have influenced the
development of CME in our study cohort. However, it’s important to note that the postoperative treatment regimen was identical for
both groups, thus affecting them equally. A recent meta-analysis conducted by Li et al. [24] revealed that in postoperative scenarios,
simultaneous administration of NSAIDs alongside corticosteroids resulted in a notable decrease in the risk of CME development
compared to using either medication alone.

This study shows in a prospective and consecutive design changes in the retinal layers nourished by both the superficial and deep
capillary plexus as well as the ONL nourished by the choroidal vasculature following uncomplicated cataract surgery. Furthermore, a
reduction in the mean thickness of individual retinal layers 1-day post-surgery, followed by an increase in mean retinal layer thickness
after 1 month postoperative and a decline of mean retinal thickness after 3 months postoperative were observed. Hence, it can be
inferred that the apex of inflammatory response, characterized by an augmentation in the thickness of individual retinal layers, occurs
around 1 month after uneventful surgery. These findings may be useful in further understanding the pathophysiological pathways of
CME. During the period spanning from the first to the third month, the LSMD of the TR 7.4 (—0.24, 15.05) underwent a reduction
within the central subfield, with a significant decrease of 5.36 pm (95 % CI 1.74, 8.75) observed in the inner ring. Thus, we assume that
additional therapy for the treatment of CME in mild cases does not have to be initiated as early as the first month. Further studies with
different therapeutic arms and a longer duration are necessary to see whether total retinal and segmental changes return to preop-
erative levels.
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