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Abstract

Purpose Obese patients have neurodegeneration of the optic nerve demonstrated by decreased peripapillary nerve fiber layer.
Whether bariatric surgery reverses this neurodegenerative process has not been explored. We aimed to evaluate the impact of
bariatric surgery in the structure of the retina and optic nerve.

Methods Multicentric observational study. Obese patients scheduled for bariatric surgery were consecutively recruited and
included in the study and evaluated before and 6—12 months after the intervention. The retinal structure was evaluated as retinal
thickness in the different retinal layers in the foveal, perifoveal, and parafoveal regions using optical coherence tomography.
Choroidal thickness and optic nerve retinal nerve fiber layer thickness were also evaluated.

Results Eighty eyes from 40 participants were included. Globally, we found a significant thickening of the retina after bariatric
surgery (foveal: 273.5 (21.5) um vs 280.0 (28.8) um, p <0.001; parafoveal 332.4+17.8 pm vs 336.6+15.9 um, p =0.003;
perifoveal: 293.4 + 13.8 pm vs 295.7 + 14.9 um; p = 0.001), whereas no significant differences were found for the ganglion cell
layer, choroid, or peripapillary nerve fiber layer thickness. The retinal thickening was confined to inner retinal layers and was
independent of the diabetic status of the patients. After multivariate adjustment, HbAlc variation, preoperative C-peptide,
preoperative hypertension, preoperative OSA, and preoperative LDL and TG levels seem to be clinical predictors of retinal
thickening.

Conclusions We found a significant thickening of the retina after bariatric surgery that was independent of the diabetic status. The
thickening was confined to inner retinal layers and may represent and improve perfusion. The peripapillary nerve fiber layer
remained unchanged after the surgery.
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Introduction

Obesity is a growing worldwide public health problem.
Globally, it is estimated that more than 1.9 billion adults are
overweight and, of these, 650 million are obese [1]. Obesity is
associated with long-term increased mortality and morbidity
due to its effect on the cardiovascular system by acting as a
promoter for pathophysiological changes in vasculature and
tissues [2]. Moreover, obesity has also been linked to diabetes,
cancer, and other chronic diseases, representing around 4 mil-
lion deaths and 120 million disability-adjusted life years
worldwide [3].

It is known that the multiple adverse effects on health that
obesity induces may be reversed or improved by successful
weight loss [4]. As sustained weight loss is hardly achieved by
conservative means, bariatric surgery emerged as a solution to
face the burden that obesity and its associated co-morbidities,
quality of life, and all-cause mortality represent. As more
studies demonstrate that the long-term efficacy and benefits
of this invasive procedure markedly overweigh the possible
complications, bariatric surgery grows as a standard treatment
for obesity and its related comorbidities [4—6].

The demonstrated efficacy of bariatric surgery in reverting
the metabolic status of obese patients rendered this procedure
as an option for the treatment of type 2 diabetes [7]. However,
there is a debate in the literature if the benefits are also true for
microvascular complications [8]. Although normalization of
blood glucose levels is an important goal of diabetic retinop-
athy monitoring, studies 30 years ago demonstrated a para-
doxical early aggravation of diabetic retinopathy during inten-
sive insulin treatment in young type 1 diabetic patients [9—11].
Based on this rationale, some studies have been exploring the
evolution of diabetic retinopathy after bariatric surgery,
achieving controversial results [12—16]. As direct comparison
cannot be performed from the results of these studies due to
the heterogeneity of the samples used (different surgical pro-
cedures, different severity degrees of diabetic retinopathy, ab-
sent matched non-surgical control group), the debate con-
tinues. Besides the importance of documenting the evolution
of diabetic retinopathy, the clinical appearance of fundus dia-
betic signs represents a late stage where the microcirculation is
already damaged. Thus, it is essential to first document the
changes that occur structurally in the retina, choroid, and optic
nerve of obese patients submitted to bariatric surgery in an
early non-diabetic/non-retinopathic phase so that we can bet-
ter perceive the impact of bariatric surgery in these structures
and, consequently, in eye diseases. Spectral-domain optical
coherence tomography (OCT) uses near-infrared light to pro-
vide cross-sectional images of the retinal architecture, thus
enabling the non-invasive monitoring of retinal degeneration
through the quantification of the retinal layers [17]. This de-
vice enables follow-up acquisitions with demonstrated high
reproducibility for the same individual, thus being an

@ Springer

important tool for monitoring changes in the eye structures
along time. By using this technology, we have previously
demonstrated that obese patients have neurodegeneration of
the optic nerve, as demonstrated by the decreased
peripapillary retinal nerve fiber layer thickness that these pa-
tients have when compared with healthy controls [18].
Whether bariatric surgery reverses or not this neurodegenera-
tive process has not been explored yet.

The evaluation of structural changes in the retina, choroid,
and optic nerve of obese patients submitted to bariatric surgery
may bring some insights on the effect of the metabolic rever-
sion not only in the eye but also in a systemic perspective. The
aim of this study is to evaluate the impact of bariatric surgery
in the structure of the retina, choroid, and optic nerve in obese
non-diabetic and diabetic non-retinopathic patients.

Methods

This is a prospective study that was conducted in two
Reference Centers for Obesity Treatment (Centro Hospitalar
e Universitario Sdo Jodo, Porto, Portugal and Centro
Hospitalar de Entre o Doutor e Vouga, Santa Maria da Feira,
Portugal). Informed consent was obtained from all partici-
pants, and all procedures were performed in accordance with
the ethical standards of the Hospital Ethics Committees and
with the 1964 Helsinki Declaration and its later amendments
or comparable ethical standards.

Sampling and Preoperative Evaluation

Participants were prospectively recruited from January 2018
to December 2018. Obese patients that were candidates for
bariatric surgery after multidisciplinary evaluation were con-
secutively invited to participate in the study. A preoperative
systemic evaluation was performed including the evaluation
of comorbidities, and body mass index (BMI) was determined
using the formula: weight (kg)/height (m?). We only included
patients with BMI > 35 kg/m? with no previous systemic dis-
ease besides hypertension, diabetes, dyslipidemia, or obstruc-
tive sleep apnea. In this evaluation, a blood sample and urine
were collected. All included subjects were also submitted to
preoperative complete ophthalmological exam, including the
imaging study detailed below. Individuals were excluded if
they had any stage of diabetic retinopathy, a personal or fa-
milial history of glaucoma or ocular hypertension, uveitis,
optic neuropathy, age-related macular degeneration,
vitreoretinal, optic nerve or choroidal vascular diseases, re-
fractive error greater than 6/— 6 diopters, recent history of
decreased visual acuity, previous refractive or intraocular sur-
gery, narrow anterior chamber angle, and secondary causes of
glaucoma, such as of pigment dispersion syndrome or
pseudoexfoliation syndrome.
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Follow-up Evaluation

Participants were submitted to bariatric surgery (gastric by-
pass) and both systemic and ophthalmological follow-up sys-
temic evaluations were scheduled between 6 and 12 months
after the surgery. The parameters evaluated included those
from the preoperative evaluation detailed below.

Clinical and Serum Analyses

Anthropometric data (weight, height) were converted to the
body mass index (BMI) for analysis, according to the formula:
BMI = weight (kg)/height (m?). Data on comorbidities (hyper-
tension, diabetes, dyslipidemia, and existing obstructive sleep
apnea (OSA)) were also collected.

The fasting serum profile included serum hemoglobin (Hb,
g/dL), total protein content (g/dL), total cholesterol (mg/dL),
high-density lipoprotein cholesterol (HDL, mg/dL), low-
density lipoprotein cholesterol (LDL, mg/dL), triglycerides
(TG, mg/dL), glucose (Glu, mg/dL), glycosylated hemoglobin
(HbAlc, %), creatinine (Cr, mg/dL), C-peptide (ng/mL), and
insulin (uU/mL). Urine microalbumin (mg/24 h) was also
quantified. Glomerular filtration rate (GFR, mL/min/
1.73 m?) was estimated using the CKD-EPI equation [19].

Image Acquisition and Analysis

The imaging protocol was explained to the participants before
any acquisition. All images were obtained by the same trained
ophthalmic professional and in the same environment condi-
tions. Acquisitions were repeated if necessary to obtain high-
quality images. Both eyes from the same participant were
inputted for analysis.

Heidelberg Spectralis spectral-domain optical coherence
tomography (SD-OCT Heidelberg Engineering, Heidelberg,
Germany) was employed to all patients to evaluate macular
ultrastructure by acquiring a horizontal raster cube scan cen-
tered at the fovea with 61 lines (120 pwm apart) covering the
30° x 25° posterior pole area. All scans were averaged nine
times using the TruTrack technology from Heidelberg.
Images were manually reviewed, and low-quality scans were
excluded. Retinal layers were segmented using an automated
proprietary software algorithm (Version 1.10.2.0, Spectralis;
Heidelberg Engineering, Heidelberg, Germany): the global
retinal (all layers), the retinal nerve fiber layer, the ganglion
cell layer, the inner retinal layers, the outer retinal layers. Each
image was reviewed in a masked fashion. To enhance accu-
racy, if necessary, segmentation lines were adjusted, and non-
centered or poor-quality images were discarded. For the reti-
nal layers, three concentric regions were defined based on the
Early Treatment Diabetic Retinopathy Study (ETDRS) mac-
ula grid centered on the umbo: the fovea of 1 mm diameter,
the parafoveal ring 1-3 mm from the umbo, and the perifoveal

ring 3—6 mm from the umbo. The automated quantification of
retinal thickness included in the device was used. The choroid
was manually segmented in the acquired images. Choroidal
thickness was measured using the calipers provided in the
Spectralis Heidelberg software in the subfoveal area and at
500-pum intervals from the fovea to 1500 pum in the nasal
and temporal regions. The “follow-up” function from the de-
vice was used to prospectively acquire scans in the same po-
sition in follow-up evaluations.

Heidelberg Spectralis SD-OCT (Heidelberg Engineering,
Heidelberg, Germany) was also employed to assess optic nerve
retinal nerve fiber layer thickness. A 256 A-scan image with 3.5-
mm diameter circular rings, centered on the optic nerve, was
acquired, and the mean value was expressed as retinal nerve fiber
layer thickness. Each image was reviewed in a masked fashion.
To enhance accuracy, if necessary, segmentation lines were ad-
justed, and non-centered or poor-quality images were discarded.
Retinal nerve fiber layer thickness (ium) was recorded as global
and six regional (temporal, temporal superior, nasal superior,
nasal, nasal inferior, and temporal inferior) sectors. The follow-
up function from the device was used to prospectively acquire
scans in the same position in follow-up evaluations.

Fundus photography was also performed in each evalua-
tion to access diabetic retinopathy signs or other relevant fun-
dus abnormalities.

Statistics

The sample size was estimated to detect an effect size 0f 0.5, a
power of 90%, and an alpha value of 0.05. Using these
criteria, at least 36 individuals should be used as reference
for sampling. Descriptive statistics for continuous variables
are presented as mean and standard deviation (SD) or as me-
dian (interquartile range or range), according to the skewness
of the distribution that was evaluated using Kolmogorov-
Smirnov test. Categorical variables are presented as number
(n) and percentage (%). For continuous variables, intragroup
comparisons were performed using paired ¢ test or Wilcoxon
test depending on the skewness of the distributions. A linear
regression model was used for adjustments to possible clinical
predictors. Univariate analysis was primarily performed for
clinically relevant predictors selected according to literature,
and a final multivariate model using the forward approach was
applied to significant predictors found in univariate analysis.
All statistical analyses were performed using IBM SPSS
Statistics v. 25 (SPSS Inc., Chicago, IL, USA). Significance
was set at 0.05.

Results

Eighty eyes from 40 patients were included in this study (19
from Centro Hospitalar de Entre o Douro e Vouga and 21
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from Centro Hospitalar e Universitario Sdo Jodo). The main
baseline preoperative characteristics of our sample are de-
scribed in Table 1.

No patients were excluded from the study as none of the
patients had diabetic retinopathy or any other condition that
was an exclusion criterion.

Postoperative Evolution

The BMI curve after bariatric surgery is demonstrated in
Fig. 1. No relevant systemic intercurrences were registered
along follow-up evaluations.

Retinal, Choroid, and Optic Nerve Structure

Table 2 represents the retinal layers, optic nerve, and choroid
thickness before bariatric surgery and at the final follow-up.
Globally, we verified a significant increase in the retinal thick-
ness after bariatric surgery that was due to increased inner
layer thickness. No significant differences were found for cho-
roidal and optic nerve retinal nerve fiber layer thickness.

Clinical Predictors for Retinal Thickening

We investigated possible clinical predictors for global retinal
thickening after bariatric surgery in the foveal, parafoveal, and
perifoveal regions. The results from the univariate analysis are
presented in supplementary table 1. The final predictors for
global retinal thickness included in multivariate adjustment
are presented in Table 3. Briefly, increased HbAlc drop after
surgery was associated with retinal thickening after surgery in
the foveal region. In the parafoveal region, the same was ver-
ified for increased preoperative C-peptide. In the perifoveal
region, both preoperative hypertension and OSA predicted an

Table 1 Clinical and

demographic Age, years 49.4+8.6

characteristics of the

sample (n =40 Male (n (%)) 8 (20)

participants) BMI (kg/m?) 43.9+49
—35<BMI<40 7 (17.5)
—40<BMI <45 20 (50)
— BMI>45 13 (32.5)
Hypertension (1 (%)) 20 (50)
Diabetes (1 (%)) 17 (42.5)
Dyslipidemia (n (%)) 20 (50)
OSA (n (%)) 12 (30)

Continuous variables are presented as
mean =+ standard deviation (SD) or as me-
dian (interquartile range, IQR).
Categorical variables are presented as n
(% of total). BMI body mass index, OSA
obstructive sleep apnea
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increase in retinal thickness after surgery. Serum LDL and TG
also remained associated with postoperative retinal thickening
in this region.

Diabetic Retinopathy

No diabetic patient developed fundoscopic or tomographic
signs of diabetic retinopathy or maculopathy in the follow-
up evaluations.

Discussion

In this study, we explore the impact of bariatric surgery on the
structure of the retina, choroid, and optic nerve. Globally, we
found a significant thickening of the retina after bariatric sur-
gery, whereas no significant differences were found for the
choroid and optic nerve thickness. The retinal thickening
was confined to inner retinal layers and was independent of
the diabetic status of the patients. After multivariate adjust-
ment, HbA I¢ variation, preoperative C-peptide, preoperative
hypertension, preoperative OSA, and preoperative LDL and
TG levels seem to be clinical predictors of retinal thickening
after bariatric surgery.

As bariatric surgery grows worldwide as a standard proce-
dure for obesity and its comorbidity treatment, it is essential to
recognize the multiorgan impact of the procedure so that we
can further understand the possible long-term complications
and need of monitoring these patients. Regarding the eye, few
studies have documented the impact of bariatric surgery, and
the interest has been focused on documenting the evolution of
clinically evident signs of diabetic retinopathy after the sur-
gery. Diabetic retinopathy represents a late phase of the mi-
crovascular disease process. Thus, our aim with this study was
to evaluate the impact of bariatric surgery on the structure of
the retina, optic nerve, and choroid in an earlier stage in non-
diabetic or diabetic non-retinopathic patients, so that we can
perceive the impact of the procedure in the absence of clini-
cally evident pathological conditions. In our sample, no pa-
tients were excluded due to the presence of diabetic retinopa-
thy, and no additional case of diabetic retinopathy was noted
after the surgery. Thus, in our study, bariatric surgery did not
trigger the development of diabetic retinopathy, which corrob-
orates the findings of previous studies [20-22].

To our knowledge, only three human-based studies have
explored the association between bariatric surgery and eye
structures. Dogan et al. [23] documented the increased macu-
lar thickness in obese patients submitted to sleeve gastrecto-
my, whereas topographic optic nerve parameters did not show
significant differences. Posarelli et al. [24] studied a sample of
obese patients submitted to gastric bypass and also document-
ed an increase in foveal thickness. Brynskov et al. [25] restrict-
ed their study to type 2 diabetic patients submitted to bariatric
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Fig. 1 Mean body mass index (BMI) at baseline and at the different follow-up evaluations after the surgery

surgery and also documented a thickened macula that corre-
lated with the fall in HbA 1¢ value. Our study corroborates the
findings of the previous studies as, globally, we found a sig-
nificant thickening of the retina after bariatric surgery.
However, we further explored the structural changes and con-
cluded that the inner retina layers were thickened, not the outer
ones, and this occurred independently of diabetic status of the
patients. In addition, we found no significant differences for
the choroid and neuronal structures after the surgery, includ-
ing the retina and optic nerve fiber layer thickness and gangli-
on cell layer thickness. Thus, our study brings some new im-
portant insights to the previous literature. Firstly, as men-
tioned, we documented a retinal thickening after bariatric sur-
gery that was due to increased inner retinal layers. As the inner
retina is densely vascularized [26], it is possible that this thick-
ening of the retina represents an increased and improved per-
fusion of the retina that is triggered by bariatric surgery. It is
known that obesity is associated with microvascular dysfunc-
tion that culminates in reduced vasodilator reactivity to flow
[27]. By improving the metabolic profile, bariatric surgery
may reverse this stage. In fact, recent studies have demonstrat-
ed that bariatric surgery may improve peripheral endothelial
function and coronary microvascular dilator function [28] as
well as improve vascular reactivity in the brain [29]. Future
studies documenting the changes in retinal microvasculature
using OCT angiography may further clarify our findings and
explore the pathophysiology behind this process.

Besides the potential vascular improvement, there were no
specific changes in the peripapillary nerve fiber layer. Our
group has previously demonstrated that obese patients have
optic nerve degeneration when compared with matched con-
trols [18]. As no significant changes were noticed in neuronal

components after bariatric surgery, the neurodegenerative
component of obesity may be irreversible despite the im-
proved metabolic condition; this is in accord with what occurs
in other retinal neurodegenerative diseases [30].

In our study, we also explored the association between
clinical factors and the retinal thickening after bariatric
surgery. Interestingly, although the clinical diagnosis of
diabetes did not impact the retina changes, we found both
increased HbA lc drop after the surgery and increased pre-
operative serum C-peptide to be predictors of retinal
changes after the intervention, regardless of the diabetic
status. Our findings support the recent evidence that the
hyperglycemia and insulin resistance in obesity may have
a role in microvascular tissue damage even before the clin-
ical diagnosis of diabetes [31]. In fact, Carlsson et al. [32]
have recently reported the results from a prospective, non-
randomized, matched cohort study of 4047 patients that
supports our findings. Carlsson and colleagues compared
microvascular disease outcomes after obesity surgery ver-
sus usual care, with analyses stratified by baseline glyce-
mic status (normal, prediabetes, screen-detected diabetes,
and established diabetes). The researchers showed that
obesity surgery was associated with reduced risk of inci-
dent microvascular disease in all subgroups of patients, but
that the greatest reduction in relative risk was in patients
with prediabetes at baseline. The association between hy-
perglycemia, insulin resistance, and microvascular impair-
ment in non-diabetic obese individuals is a topic that war-
rants further research.

We acknowledge that our study has several limitations.
Firstly, we are aware that preoperative obese patients’ meta-
bolic status is heterogeneous and may vary according to
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Table 2 Retinal layer, optic
nerve, and choroid thickness
(um) before surgery and at final
follow-up evaluation (n =80
eyes)

Layer Location Preoperative Follow-up p value
Retina (all) (um) Foveal 273.5 (21.5) 280.0 (28.0) <0.001*
Parafoveal 3324+17.8 336.6+15.9 0.003*
Perifoveal 293.4+13.8 295.7+14.9 0.001*
RNFL (um) Foveal 13.0 (2.0) 13.0 (2.0) 0.638
Parafoveal 21.8+1.9 222+1.9 0.005%*
Perifoveal 36.1 (6.4) 36.8 (6.9) 0.081
GCL (um) Foveal 14.5 (5.0) 15.4 (5.0) 0.604
Parafoveal 51.3(5.5) 51.3 (8.8) 0.384
Perifoveal 35.6+3.8 35.8+4.0 0.114
Retina (inner) (um) Foveal 186.5+17.7 188.0+17.9 0.008*
Parafoveal 257.1 (23.4) 257.5(21.8) 0.003*
Perifoveal 217.0+15.6 218.8+14.1 0.027*
Retina (outer) (um) Foveal 88.0+3.86 88.6+8.8 0.558
Parafoveal 79.8 (4.2) 80.3 (4.6) 0.765
Perifoveal 76.8 (3.7) 76.4 (3.7) 0.002*
Choroid (tm) Subfoveal 289.0+91.1 291.6+88.1 0.663
500 pm, nasal 269.5 (114.8) 280.5 (131.0) 0.709
1000 pm, nasal 253.0 (117.8) 261.0 (119.3) 0.994
1500 pm, nasal 231.0 (129.5) 238.0 (133.3) 0.780
500 pm, temporal 288.4+87.9 286.4+83.7 0.699
1000 pum, temporal 272.1+81.5 279.4+82.6 0.200
1500 pum, temporal 266.4+64.9 268.3+£74.9 0.758
Optic nerve RNFL (pm) Global 96.3+15.3 96.1+15.1 0.682
Superior-temporal 135.0 (31.5) 135.0 (30.0) 0.089
Superior-nasal 109.2+26.3 106.6 +£29.6 0.218
Nasal 69.0 (21.5) 69.0 (22.0) 0.692
Inferior-nasal 110.0 (36.0) 109.0 (37.0) 0.548
Inferior-temporal 136.0 (30.0) 135.0 (30.5) 0.426
Temporal 67.5+12.4 672+12.6 0.674

Retina thickness values (um) are presented globally and divided into inner and outer layers. Specific values for
retinal nerve fiber layer (RNFL) and ganglion cell layer (GCL) are also presented. Choroid thickness (tm) is
presented as subfoveal and into predefined foveal distances, accordingly. Optic nerve RNFL thickness (um) is

presented by sectors
*p <0.05

several non-controllable factors: the duration of the exposition
to high-fat diet, the severity and duration of the comorbidities
(and the treatment that was applied), the genomic and familiar
environment, and the individual predisposition to a pro-
inflammatory response, among others. Secondly, a longer
follow-up would determine if these changes are correlated or
not with possible clinically relevant findings in the future.
Besides all the potential limitations, our study has as an im-
portant strength the fact that it explores the structural remod-
eling that occurs after bariatric surgery in the eye, thus bring-
ing new insights into the possible subjacent physiological pro-
cesses. OCT is a robust technology with high repeatability that
has been previous demonstrated [33]. This technology has
been widely used in ophthalmology as a strong correlation
has been demonstrated between OCT images and retina his-
tology [34]. Although these changes are not clinically mean-
ingful in the sense that no changes in vision occurred and no
clinical attitude (treatment, intervention) is expected to be per-
formed because of the retinal thickness increase, they are
meaningful in a research perspective as retinal thickness is
not expected to increase with time [35].
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Table 3  Multivariate analysis for possible clinical predictors of global
retina thickening after bariatric surgery
Retina region  Variable B 95%C1 p
Foveal Preoperative
- HbAlc 0.08 0.04;0.16 0.80
- Insulin 0.19 0.19; 0.86 0.16
HbAlc variation —11.6 —19.0;—4.2 0.003*
Parafoveal C-Peptide 224 0.154.34 0.04*
Perifoveal Hypertension 572 1.72-9.72 0.006*
OSA 497 0.57,9.37 0.027*
Preoperative
- BMI -0.01 -0.01;0.87 0.94
- Total cholesterol ~ —0.06 —0.03;0.12 0.83
-LDL 0.13 0.08;0.18 <0.001*
-TG -0.09 -0.13;-0.05 <0.001*

OSA obstructive sleep apnea, BMI body mass index, GFR glomerular
filtration rate, DL high-density lipoprotein cholesterol, LDL low-
density lipoprotein cholesterol, 7G triglycerides, HbA1c glycosylated he-
moglobin, UA uric acid
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Conclusion

With bariatric surgery implementation as a first-line treatment
continuing to grow worldwide, it is essential to monitor its
impact at a multisystemic level. Bariatric surgery induces a
retinal thickening that was independent of the diabetic status
of the patient. The retinal thickening was confined to inner
retinal layers and may represent and improve perfusion after
the surgery. Neuronal structures, including the ganglion cell
layer and macular and optic nerve layer thickness, remained
unchanged after the surgery; and thus, the neurodegeneration
component in obesity may not be reversible with bariatric
surgery. Further studies exploring retinal microvasculature
changes using OCT-angiography may explore and reinforce
these findings.
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