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Abstract

Study aim Retinal microvasculature changes reflect systemic small vessel damage from obesity. The impact of bariatric
surgery induced weight loss on the microvasculature is relatively unknown. We hypothesized that weight loss following
bariatric surgery would be associated with improved structural changes in the retinal microvasculature, reflecting an overall
improvement in microvascular health.

Methods The study included 22 obese subjects scheduled for bariatric surgery (laparoscopic Roux-en-Y gastric bypass or a
sleeve gastrectomy) and 15 lean, age-matched controls. Ophthalmic examination, including fundus photography, was
performed at baseline and 6-months. Retinal microvasculature caliber was analysed quantitatively using a semi-automated
computer program and summarized as central retinal artery equivalent (CRAE) and venular equivalent (CRVE).

Results Mean weight loss at 6 months was 26.1 kg + 8 kg in the bariatric surgery group. Retinal artery caliber increased
(136.0+1.4 to 141.4+ 1.4 um, p =0.013) and venular caliber decreased (202.9 +1.9 to 197.3 £ 1.9 um, p =0.046) in the
bariatric surgery group by 6 months, with no change in arteriolar (136.6 + 1.1 to 134.5 + 1.2, p = 0.222) or venular (195.1 =
2.1 to 193.3+£2.2, p=0.550) caliber in the control group. The arteriolar to venular ratio increased in the bariatric surgery
group, with no change in the control group at 6 months.

Conclusions The findings suggest obesity-related microvascular changes are reversible after bariatric surgery-induced
weight loss. The capacity for the retinal microvasculature to improve following bariatric surgery suggests plasticity of the
human microvasculature early in the disease course.

Introduction cardiovascular disease (CVD) events and mortality [1, 2]. It
improves glucose homeostasis, often more effectively than
Bariatric surgery has been shown to be an effective treat-  pharmaceutical and behavioral approaches, leading to

ment for metabolic abnormalities and reduces the risk of  remission of type 2 diabetes (T2D) [3, 4]. However, little is
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known about the impact of bariatric surgery on the micro-
vasculature [5]. This association is particularly important as
the role of the microvasculature in the pathogenesis of
obesity related CVD [6, 7] and as a particularly distin-
guishing feature of increased CVD mortality among those
with T2D, are recognized [8].

Changes in the retinal microvasculature reflect damage
from obesity [9-11], and related conditions including
hypertension [12, 13], T2D [14, 15] and other chronic
disease processes [16]. The retinal arterioles are narrower in
patients with hypertension [17, 18] and the venules are
wider in people with obesity, diabetes or higher levels of
systemic inflammatory markers [15, 19]. It is thought these
retinal changes may be mediated through endothelial dys-
function [20], inflammation [21] and other mechanisms
activated by increased adiposity [21]. Such a pattern of
retinal microvascular changes (narrower arterioles and
wider venules) have been observed early in the course of
impaired glucose metabolism [22] and are closely asso-
ciated with an increased future risk of diabetes [23] as well
as its microvascular complications: diabetic retinopathy [24]
and diabetic nephropathy [16]. Evidence of an association
between retinal arteriolar narrowing and myocardial perfu-
sion has also been shown, suggesting retinal arteriolar
narrowing may serve as a marker of coronary microvascular
disease [25].

To study the impact of bariatric surgery on the retinal
microvasculature provides an important opportunity to
further our understanding of the impact of obesity on
microvascular disease, and the reversibility of these chan-
ges, essential for the development of appropriately timed
treatment and intervention in high-risk populations. We
hypothesized that weight loss from bariatric surgery would
be associated with improved structural changes in the retinal
microvasculature, specifically with a reduction in retinal
arteriolar narrowing and venular widening.

Methods

We conducted a prospective comparative study among 27
morbidly obese women who were scheduled to undergo
bariatric surgery and 15 age-matched, lean controls. Full
details are available elsewhere. In brief the Inclusion criteria
for the bariatric surgery group were: (1) BMI > 40 kg/m?” or
>35kg/m® with an additional risk factor, (2) age 18-60
years or (3) conservative treatments for obesity had failed.
Exclusion criteria for patient population were: (1) BMI > 60
kg/m? or weight>170kg, (2) mental disorder or poor
compliance, (3) eating disorder or excessive alcohol con-
sumption, (4) active ulcus disease and (5) fasting plasma
glucose >7 mM or requiring insulin treatment [26]. Before
surgery, 11 obese subjects had type 2 diabetes and 4 had
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impaired glucose tolerance. Anti-diabetic and anti-
hypertensive drugs were discontinued before the study
started. The study followed the tenets of the Declaration of
Helsinki. The ethics committee of the Hospital District of
Southwestern Finland approved the study, and all subjects
gave their written informed consent before commencing the
study. Four patients withdraw their consent before the study
commenced and 1 during the study phase, so 22 obese
subjects were studied before and 6 months after bariatric
surgery. Fifteen control subjects were studied at baseline
and 6 months.

Clinical screening included physical examination, med-
ical history, anthropometric measurements, blood pressure
(BP) and laboratory tests (fasting plasma glucose, lipid
profile and high sensitivity C-reactive protein). Bariatric
surgery was laparoscopic Roux-en-Y gastric bypass or
sleeve gastrectomy as previously described [27]. The oph-
thalmic study included corrected visual acuity and biomi-
croscopy. Pupils were dilated using tropicamide 1% and
phenylephrine hyprochloride 2.5%, and digital fundus
images were taken using 50-degree camera (Topcon TRC-
50DX type IA, Tokyo, Japan). The images were labelled
with a random number prior to sending for retinal grading.
Two retinal images of each eye were taken, one centred on
the optic disc and the other centred on the fovea. Images of
the right eye were analysed.

The retinal microvasculature was measured using the
Singapore I Vessel Assessment [SIVA], software version 3.0).
SIVA automatically identifies the optic disc, places a grid
with reference to the centre of optic disc, identifies vessel type
and calculates retinal microvascular parameters. A trained
grader was responsible for the visual evaluation of SIVA
automated measurements and manually intervened if neces-
sary, according to a standardized protocol [28]. The measured
area was standardized and defined within the region between
0.5 and 2.0 disc diameters away from the disc margin and all
visible vessels coursing through the specified zone were
measured. The intra- and inter-grader reliability for the mea-
surement was assessed and reported previously [28].

Based on the revised Knudtson-Parr-Hubbard formula,
the retinal arteriolar and venular calibers were summarized
as central retinal artery equivalent (CRAE) and central
retinal vein equivalent (CRVE) [29]. Total, arteriolar and
venular fractal dimensions were calculated from a skeleto-
nized line tracing using the box-counting method, and
represents a “global” measure that summarizes space-filling
by the whole branching pattern of the retinal vascular tree
[30]. Larger values indicated a denser, more complex
branching pattern. Retinal vascular tortuosity was computed
as the integral of the curvature square along the path of the
vessel, normalized by the total path length; this measure is
dimensionless as it represents a ratio measure [31]. The
estimates were summarized as retinal arteriolar and venular
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tortuosity separately, representing the average tortuosity of
arterioles and venules, respectively; a smaller tortuosity
value indicates a straighter retinal vessel. Retinal vascular
branching angle was defined as the first angle subtended
between two daughter vessels at each vascular bifurcation
[32]. The estimates were summarized as retinal arteriolar
branching angle and retinal venular branching angle,
representing the average branching angle of arterioles and
venules, respectively. The retinal vascular branching angle
measurement was not bounded by the standardized mea-
sured region (within 0.5 and 2.0 disc diameters).

Statistical analysis

The data analysis was performed using SPSS version 22
(SPSS Inc., USA). Descriptive information for each variable
was derived and distributions assessed to determine nor-
mality. Data are presented as means+SD. A p value of
<0.050 was considered statistically significant. Student’s ¢
tests and repeated measures anova’s were used to assess
between- and within-group differences.

Results

Characteristics of subjects by study group are shown in
Table 1. The mean age of the bariatric surgery group was 43
years and for the control group was 45 years. There was no
difference in mean systolic (mean + SD, 130 mmHg + 15 vs
128 mmHg + 15, p = 0.716) or diastolic BP (84 mmHg + 10
vs 79 mmHg +9, p =0.137) between the bariatric surgery

and control group at baseline. Mean weight loss 6 months
post bariatric surgery was 26.1 +£8.0kg. Fasting plasma
glucose and high sensitivity C-reactive protein decreased
and HDL cholesterol increased in the bariatric surgery
group, 6 months after surgery.

Retinal architecture

Ophthalmic and retinal microvascular characteristics of the
study groups are shown in Table 2. Over 6 months, no
change in refraction was observed in either group. Bariatric
surgery increased CRAE (from 136.0+ 1.4 um to 141.4 +
1.4 um, p = 0.013) and decreased CRVE (from 202.9 + 1.9
pm to 197.3 £ 1.9 um, p =0.046), 6-months after surgery,
with no change in CRAE (from 136.6+ 1.1 to 134.5+1.2,
p=0.222) or CRVE (195.1 +2.1 to 193.3 £2.2, p = 0.550)
in the control group (Fig. 1). The AVR increased in the
bariatric surgery group (from 0.67 £0.01 to 0.72+0.01, p
= 0.002), with no change in the control group (from 0.71 +
0.01 to 0.70+0.01, p =0.550). No change was found for
branching angles or fractal dimension.

Discussion

Our study assessed the beneficial impact of bariatric surgery
induced weight loss on the human microvasculature in vivo.
We showed that over 6 months, bariatric surgery improved
the structure of the retinal microvasculature, leading to a
reduction in retinal arteriolar narrowing and venular
widening (parameters previously associated with increased

Table 1 Characteristics of the

study groups Baseline 6 months
Controls Bariatric surgery p value Bariatric surgery

N 22 22
Age, years 45+12 43+10 0.670 44+9
Weight, kg 61.8+7.1 111.5+15.1 <0.001 853+11.7
BMI, kg/m® 22.6+2.8 40.8+4.0 <0.001 31.3+34
Waist circumference, cm 74.7+8.2 114.5+10.5 <0.001 95.5+9.2
Systolic BP, mmHg 128 £ 15 130+ 15 0.716 127+ 14
Diastolic BP, mmHg 79+9 84+10 0.137 79«11
Fasting glucose, mM 5.1+03 54+09 0.189 5.1+0.5
Matdusa Index 11.4+87 39+22 <0.001 5.7+2.4%*
Total cholesterol, mM 44+0.8 43+0.9 0.668 43+0.8
Triglycerides, mM 0.7+0.3 1.2+04 <0.001 1.1+0.5
HDL cholesterol, mM 1.8+04 1.2+0.3 <0.001 1.4+0.3
hsCRP, mg/L 0.8+1.0 4.0+35 0.002 1.5+ 1.6*%

Data are presented as means + SD or percentages

Data available on 20 participants

BMI body mass index, BP blood pressure, HDL high-density lipoprotein, 2zsCRP high-sensitivity C-reactive

protein.
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Table 2 Retinal

. . Controls Bariatric surgery

microvasculature characteristics

of the study groups at baseline Baseline 6 months  p value Baseline 6 months p value

and 6 months
Refraction in SE, D —14+0.1 —-1.5+0.1 0.139 —1.1+0.1 —1.1+0.1 0.782
CRAE, pm 136.6+1.1 1345+1.2 0.222 136.0+1.4 141414 0.013
CRVE, ym 195.1+2.1 193.3+22 0.550 2029+19 197319 0.046
Arteriolar to venular ratio 0.71£0.01 0.70+0.01 0.550 0.67+0.01 0.72+0.01 0.002
Length/diameter ratio (arteriole) 13.7+1.6 15.0£1.6 0.578 15.0+1.1 139+1.1 0.501
Length to diameter ratio 12415 10715 0432 10.6 £ 1.1 11.7x1.1 0472
(venular)
Branching angle arteriole, 82.7+13 81.8+1.3 0.635 80.3+£2.3 81.9+£23 0.618
degree
Branching angle venule, degree  80.4+1.6 792+1.7 0.618 790+1.6 76.1+x1.6 0.204
Fractal dimension 1.45+0.01 1.45+0.01 0.572 1.44+£0.004 1.44+0.004 0.978

Data are mean and standard errors

Data are presented as means = SD p values, controls at baseline vs controls after 6 months and p values,
obese before vs after surgery were assessed by paired ¢ test

spherical equivalent, D diopter, CRAE central retinal artery equivalent, CRVE central retinal vein equivalent,
AVR arteriole to venule diameter ratio.

a Central Retinal Artery Equivalent b Central Retinal Vein Equivalent c Arteriolar to Venular Ratio
p=0.046
150~ p=0.013 2101 — 0.8
— o p=0.550 p=0002 e Baseline
_ p=0.222 _ p=0.550 - O 6 Months
o — o | | o ﬁ
x 1404 = 200 <od % f
) } % in o I
o o (=]
: ! : :
g § §
S 1304 S 1904 3 0.6+
= = =
120 T T 180 T T 0.5 T T
Controls Bariatric Surgery Controls Bariatric Surgery Controls Bariatric Surgery

Fig. 1 a Central retinal artery equivalent. b Central retinal vein equivalent. ¢ Arteriolar to venular ratio

CVD risk), with no changes observed in the control group.
These findings are consistent with the well-known associa-
tion of bariatric surgery with a reduction in obesity [33] and
CVD risk factors [34] and provides additional insights into
the effect of weight loss on improving microvascular health.

The present study suggests that bariatric surgery has a
beneficial impact on the microvasculature 6 months after
surgery. While increased adiposity has been independently
associated with widening of venules [9] and prospectively
venule widening has been positively associated with an
increased risk of becoming obese [35], implicating micro-
vascular dysfunction in the etiology of obesity, only one
previous study has assessed the impact of bariatric surgery
directly on the retinal microvasculature. A study by Lam-
mert et al. who followed a group (predominantly without
diabetes) for 9 months post bariatric surgery, showed sig-
nificant improvement in retinal venular widening [5]. This
change was associated with improved insulin-sensitivity
and reduced inflammatory markers. The present study
confirms this finding and extends it, with the important

SPRINGER NATURE

addition of a control group, which showed across 6 months,
that the retinal microvasculature of age-matched lean con-
trols, remained unchanged. This suggests the changes
observed in the bariatric surgery group were a result of the
surgery and not time-dependent change of the micro-
vasculature in middle-age. In a study by Johnson et al,
bariatric surgery among a group with T2D was associated
with an adjusted hazard ratio of 0.22, (95% CI 0.09-0.49)
for microvascular events [34]. The study used a combined
measure of microvascular events, which included end stage
complications: blindness, laser eye or retinal surgery, post-
traumatic amputation and arteriovenous access creation.
The study did not include any analysis of earlier clinically
significant microvascular measures and did not have infor-
mation available on the duration of diabetes, which may
have led to residual confounding between the groups.

It is well established in the literature that arterioles and
venules are differentially associated with cardiometabolic
risk factors. Narrower arterioles in general are associated
with higher BP [12], while wider venules with inflammation
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and obesity [9]. The AVR provides a ratio of the two
measures. We have previously reported that each SD
reduction in the AVR was associated with a 30% increased
risk of hypertension, independent of baseline blood pressure
and other risk factors over 10 years [36]. The present study
and that of Lammert et al. both support the differential
association between arterioles and venules. The change in
CRAE and the AVR were possibly a consequence of the
lowering of systolic BP (by 3 mmHg and diastolic BP by 5
mmHg) that occurred with weight loss, though this requires
confirmation in a larger study, powered to assess covariates.
In general both studies of children and adults have observed
narrowing of CRAE and a reduction in the AVR with
increased BP [36, 37]. While few prospective studies have
assessed the impact of blood pressure lowering on the ret-
inal microvasculature [6, 38, 39], a study of untreated
hypertensive patients by Hughes et al showed that arterioles
widened with anti-hypertension treatment over 12 months
[38]. The blood pressure drop was large (31 mmHg in the
amlodipine arm and 25 mmHg in the lisinopril arm) com-
pared to the current study as the population had untreated
hypertension. Additional changes in arteriolar branching
angles and arteriolar density were observed. In the present
study, no change was observed for tortuosity, branching
angles or fractal dimension, while BP was reduced in the
present study after surgery, the drop may not have been
sufficient to observe changes in these measures and as the
population mean BP was within the normal range, a large
drop was not expected.

The primary limitation of this study is its small sample
size, along with only recruiting women. Further investiga-
tion is warranted in a well-documented, large prospective
study of patients undergoing bariatric surgery, where the
findings of this study can be confirmed with covariate
adjustment. Future directions for this work could include an
assessment of weight loss maintenance and weight regain
with changes in the retinal microvasculature over time.

Conclusions

The findings suggest obesity-related microvascular changes
(retinal arteriolar narrowing and venular widening) are
reversible after bariatric surgery-induced weight loss. The
capacity for the retinal microvasculature to improve fol-
lowing bariatric surgery suggests plasticity of the human
microvasculature early in the disease course.
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