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Abstract
Background Retinal microvascular diameters and large artery stiffness are valid biomarkers of cardiovascular risk. This study
assessed short- and long-term micro- and macrovascular improvements after bariatric surgery (BS).
Methods Sixteen patients (44 ± 12 years) underwent BS in this observational study. Two weeks before as well as 6 weeks and
4 years after surgery, retinal vessel analysis and assessment of brachial-ankle pulse wave velocity (baPWV), cardio-ankle
vascular index (CAVI), and anthropometry were performed. Three patients were lost to follow-up.
Results Six weeks after BS, retinal arteriolar diameters (CRAE) were wider (180.1 μm vs. 188.1 μm; p = 0.001), and the
arteriolar-to-venular diameter ratio (AVR) was higher (0.82 vs. 0.86; p < 0.001) compared to baseline levels. During the 4 years
of follow-up, the retinal changes sustained but further improvements did not occur. Both indices of large artery stiffness, baPWV
and CAVI, remained unchanged 6 weeks and 4 years after surgery.
Conclusions Retinal microvascular phenotype improved 6 weeks after BS. The improvements in microvascular health were
maintained during 4 years of follow-up but, despite significant further reductions in body mass index, did not improve further
long-term. baPWVand CAVI were unaffected after surgery indicating that BS primarily affects microvascular phenotype rather
than large artery stiffness. Retinal vessel imaging seems to be a feasible diagnostic tool to monitor microvascular health after BS.
Normalization of BMI and blood pressure may be necessary to achieve long-term improvement of large artery phenotype after
BS.

Keywords Retinal microcirculation . Arterial stiffness . Obesity . Bariatric surgery . Pulse wave velocity . Cardio-ankle vascular
index

Non-standard Abbreviations
AVR retinal arteriolar-to-venular diameter ratio
baPWV brachial-ankle pulse wave velocity (m/s)
BMI body mass index (kg/m2)
BS bariatric surgery
CAVI cardio-ankle vascular index
CRAE central retinal arteriolar equivalent (μm)
CRVE central retinal venular equivalent (μm)
MAP mean arterial pressure (mmHg)

PWV pulse wave velocity (m/s)

Introduction

Bariatric surgery (BS) reduces cardiovascular morbidity
and mortality [1–3] by improving associated risk factors,
such as high body fat, inflammatory status, glucose and
lipid metabolism, blood pressure, and left ventricular dia-
stolic function [4–6]. Several studies show that these
pleiotropic effects of weight-loss by surgery translate into
reduced cardiovascular risk by improving different vascu-
lar biomarkers. Habib et al. showed a reduced intima-
media thickness and higher flow-mediated dilation in 50
subjects 24 months after BS [7]. Aortic elastic properties
and left ventricular diastolic function improved during a
36 months follow-up after BS in 60 subjects [8].
Shargorodsky et al. showed improved large arterial elas-
ticity, which is assessed by pulse wave contour analysis in
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21 patients with a high cardiovascular risk 16 weeks after
BS [9]. Carotid intima-media thickness was reduced in a
type 2 diabetic population 12 months after BS [10].
Bäckdahl et al. found a reduced aortic pulse wave velocity
(PWV) in 82 subjects 2 years after BS and associated this
effect to a reduction in white adipose tissue [11].
However, the effects of BS on the microvascular structure
and function are less clear. Nerla and Tarzia showed an
improved microcirculatory coronary blood flow in re-
sponse to intravenous adenosine application and cold
pressure test 3 months and 4 years after BS [12, 13].
Martin-Rodriguez et al. found improved post-occlusive
reactive hyperemia in the forearm skin in obese patients
without signs of metabolic syndrome after BS [14].

No study to date has investigated the combined short- and
long-term effects of BS on macro- and microvascular pheno-
types in the same population. It remains to be shown which
vascular bed is most sensitive to the metabolic changes after
BS. Retinal vascular diameters and arterial stiffness are sensi-
tive micro- and macrovascular biomarkers, which may be
used for monitoring cardiovascular risk after BS. Therefore,
the aim of this observational study was to assess short- and
long-term improvements of both, small and large artery struc-
ture and function 6 weeks and 4 years after BS.

Methods

Study Design

Between January and June 2012, we recruited participants
scheduled for BS at St. Claraspital Basel (Switzerland).
After signing the informed consent, participants had to attend
three appointments: the pre-surgery appointment 2 weeks be-
fore surgery and two post-surgery appointments 6 weeks and
4 years after surgery. The surgery was performed in the
Claraspital Basel. All measurements and data analysis were
performed in the Department of Sport, Exercise, and Health of
the University Basel in accordance with the Declaration of
Helsinki. The local ethical committee (Ethikkommission
Nordwest- und Zentralschweiz 2015-00250) approved the
study.

Inclusion and Exclusion Criteria

Inclusion criteria were a (body mass index) BMI > 40 kg/m2

or a BMI > 35 with comorbidities, such as hypertension or
diabetes. Exclusion criteria were age > 65 years, macular de-
generation, glaucoma, or any chronic eye disease, which
might affect the retinal microcirculation.

Assessment of Anthropometric Data

Assessment of anthropometric data included standardized
measurement of height, total body mass, waist circumference,
and BMI.

Macrovascular Assessment

Patients were advised to refrain from moderate and vigorous
physical activity for 24 h, to refrain from smoking on the day
of assessment and to remain fasting for 12 h with the excep-
tion to drink water or unsweetened tea up to 2 h prior to the
appointment. We used the non-invasive oscillometric VaSera
VS-1500N vascular screening system (Fukuda Denshi Co.
Ltd., Tokyo, Japan) to obtain brachial-ankle pulse wave ve-
locity (baPWV) and cardio-ankle vascular index (CAVI).
Both parameters are well established and widely used as sur-
rogate markers of arterial stiffness and are associated with
overall cardiovascular morbidity and mortality [15].
Reproducibility of this method is excellent with mean varia-
tion coefficients of 3.9% for baPWV and 4.4% for CAVI,
respectively [16]. The basic methodological principle has
been described elsewhere, and the procedure was conducted
as previously described [16]. After the participant had rested
for at least 10 min in a lying position, two measurements on
each side were taken in a supine position at 3–5-min intervals.
Measurements with a good or very good quality, quantified by
the VaSera System, were used for further analysis.
Additionally, heart rate and oscillometric blood pressure were
measured non-invasively twice at each arm with a VaSera VS-
1500N device. Systolic and diastolic blood pressure and mean
arterial pressure (MAP = [2 × diastolic blood pressure + sys-
tolic blood pressure] / 3) were calculated as the mean of two
measurements on the left and two on the right side.

Microvascular Assessment

After 5minutes of rest in a sitting position, retinal microvascular
imaging was conducted with a static retinal vessel analyzer
(SVA-T, Imedos Systems UG, Jena, Germany). For static retinal
vessel analysis, we analyzed two valid pictures from both eyes
with an angle of 45° and the optic disc in the center. Venular and
arteriolar diameters were analyzed semi-automatically by cours-
ing through an area of 0.5–1 disc diameter from the optic disc
margin, at higher magnification and using special analyzing soft-
ware (Vesselmap 2, Visualis, Imedos Systems UG). Diameters
were averaged to the central retinal arteriolar equivalent (CRAE)
and the central retinal venular equivalent (CRVE) by using the
Parr-Hubbard formula [17]. The retinal arteriolar-to-venular ratio
(AVR) was calculated from the CRAE and CRVE. The inter-
observer and intra-observer interclass correlation coefficient for
the measurement of retinal vessel diameters ranges from 0.97 to
0.98.
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Statistical Analysis and Sample Size Calculation

Data analysis was performed with R version 3.4.2 for
Windows (R Foundation for Statistical Computing, Vienna,
Austria). Descriptive analysis included means and standard
deviation (SD). The level of significance was set at p < 0.05.
To analyze the progression of our main outcome (AVR) from
baseline to 4-years follow up, we usedmulti-level modeling as
an analysis tool for repeated measures data [18]. Model selec-
tion was based on Akaike’s information criterion. In case of
significance, we applied post hoc tests for pairwise analysis. In
the presence of repeated measurements, observations are no
longer independent, which makes usual analysis methods,
such as linear regression model unsuitable for the analysis of
our data. Multilevel models (or linear mixed models) are re-
gression models that take the correlation between repeated
measurements into account [18].

Based on previous findings, we assumed an expected dif-
ference in AVR between baseline and 4-years follow-up of
0.04 with a SD of 0.08 [19]. A total sample size of 15 patients
was needed to reach a target power of 80% with a two-sided
significance level of 0.05. G*Power software 3.1.9.2 was used
for the sample size calculation.

Results

Patients’ Characteristics at Baseline and 6 Weeks
and 4 Years After Bariatric Surgery

Sixteen participants with a mean age of 44 ± 12 years (22–
61 years, 13 male and three female) at the baseline appoint-
ment were included in this trial. Three participants refused to
participate in the follow-up appointment after a mean follow-
up of 4 years (Fig. 1). Three patients were smokers and seven
were ex-smokers. Fasting metabolic blood parameters at base-
line were total cholesterol (5.1 ± 1.1 mmol/L), high-density
lipoprotein (1.4 ± 0.3 mmol/L), low-density lipoprotein (3.1
± 0.9 mmol/L), triglycerides (1.4 ± 0.6 mmol/L), fasting blood
glucose (5.2 ± 1.1 mmol/L), and HbA1c (5.7 ± 0.4%). The
inflammatorymarkers were high sensitivity C-reactive protein
(5.0 ± 4.6 mg/L) and leucocytes (7.4 ± 2.0 × 109/L). Markers
for hepatic function were aspartate aminotransferase (25.2 ±
6.7 U/L), alanine aminotransferase (33.8 ± 18.3 U/L), and γ-
glutamyltransferase (42.3 ± 17.8 U/L). Ten participants took
anti-hypertensive medication, and ten patients were on lipid-
lowering medication. The surgical method of choice was lap-
aroscopic sleeve gastrectomy in five patients and Roux-en-Y
gastric bypass in 11 patients. Anthropometric measures and
blood pressure improved throughout the study period
(Table 1). Three participants reduced their anti-hypertensive
medications after 6 weeks post-surgery, and seven participants
reduced their anti-hypertensive medications until the follow-

up after 4 years. Despite improved blood pressure, three pa-
tients still had high-normal values, and six patients were hy-
pertensive 4 years after BS. The mean weight loss during the
study period was 39.5 kg (Fig. 2). Despite extensive weight
loss, six patients were still overweight and obesity remained in
seven patients after 4 years.

Microvascular Changes after Bariatric Surgery

The retinal microcirculation showed wider arteriolar diame-
ters 6 weeks and 4 years after BS compared to baseline, with-
out further significant improvements between 6 weeks and
4 years after BS (Table 1). Venular diameters did not change
between the time points. AVR increased 6 weeks and 4 years
after BS compared to baseline, without further changes be-
tween 6 weeks and 4 years after BS. Microvascular short-
and long-term effects were independent of MAP changes
(p < 0.01).

Macrovascular Changes After Bariatric Surgery

CAVI and baPWV did not change significantly during the
follow-up period compared to baseline in the models without
and with adjustment for MAP (Table 1).

Discussion

This study was designed to investigate microvascular and
macrovascular improvements 6 weeks and 4 years after BS.
Our preliminary results demonstrated an improved microvas-
cular phenotype independent of blood pressure changes in the
early post-surgical phase after 6 weeks. CAVI and baPWV did
not change, suggesting that the macrovascular system might
be less sensitive to early metabolic changes after BS than the
microvascular system. Neither retinal vessel diameters nor
CAVI or baPWV further improved during the 4 years of
follow-up despite ongoing body weight reduction in our
patients.

Short- and Long-Term Changes in Microvascular
Function After BS

Subacute improvements in the coronary microcirculation
and peripheral endothelial function after BS have been
shown before [12]. Our results demonstrate that retinal
vessels might also be sensitive to the surgery-related met-
abolic and physiological changes in the early post-surgical
period. These changes are reflected by reductions in blood
pressure and weight loss, which might therefore be the
main contributors for early microvascular improvements
after BS. Blood pressure changes are known as an impor-
tant factor for alterations of retinal arteriolar diameters
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[20]. Nevertheless, we demonstrated an MAP-independent
increase in AVR based on wider arteriolar diameters, in-
dicating that there are blood pressure independent mech-
anisms responsible for the microvascular improvements.
A previous meta-analysis demonstrated that higher BMI
is associated with narrower arterioles and wider venules

[21]. Systemic inflammation has been argued to be re-
sponsible for wider venular diameters in patients with
obesity [21]. Nevertheless, CRVE did not change in our
study population after BS, despite considerable improve-
ments in body composition. As overweight or obesity
were still prevalent in most patients at this point,

Table 1 Anthropometric and
vascular parameters at baseline
(n = 16), 6 weeks (6w-post; n =
16), and 4 years (4y-post; n = 13)
after BS

Baseline 6w-post 4y-post

Mean ± SD Mean ± SD pa Mean ± SD pb pc

Anthropometry

Weight (kg) 124.4 ± 19.4 111.9 ± 17.4 < .0001 88.2 ± 16.0 < .0001 < .0001

BMI (kg/m2) 43.0 ± 4.4 39.1 ± 3.5 < .0001 30.4 ± 3.1 < .0001 < .0001

WC (cm) 125.7 ± 15.3 118.4 ± 13.8 0.0492 95.2 ± 15.3 < .0001 < .0001

Sys. BP (mmHg) 138.9 ± 14.0 129.4 ± 10.3 0.0041 134.5 ± 22.3 0.8866 0.0030

Dia. BP (mmHg) 83.8 ± 8.1 80.4 ± 5.1 0.0801 82.0 ± 10.7 0.9924 0.0977

MAP (mmHg) 104.0 ± 7.4 96.7 ± 6.0 0.0126 99.5 ± 14.1 0.9547 0.0127

Vascular parameter

CAVI 6.6 ± 1.6 6.8 ± 1.2 0.6895 6.8 ± 0.9 0.9943 0.7849

baPWV (m/s) 12.0 ± 1.9 12.0 ± 1.3 0.5667 12.0 ± 1.8 0.9158 0.3881

CRAE (μm) 180.1 ± 17.0 188.1 ± 17.5 0.0011 186.1 ± 18.4 0.7938 0.0005

CRVE (μm) 218.0 ± 16.6 219.5 ± 16.4 0.4885 215.0 ± 14.8 0.5915 0.9973

AVR 0.82 ± 0.06 0.86 ± 0.05 0.0002 0.87 ± 0.07 0.1110 < .0001

BMI = body mass index, WC =waist circumference, Sys. BP = systolic blood pressure, Dia. BP = diastolic blood
pressure, MAP =mean arterial pressure, CAVI = cardio-ankle vascular index, baPWV = brachial-ankle pulse
wave velocity, CRAE= central retinal arteriolar equivalent, CRVE= central retinal venular equivalent, AVR=
retinal arteriolar-to-venular diameter ratio
a p value baseline vs 6w-post
b p value 6w-post vs 4y-post
c p value baseline vs 4y-post

Fig. 1 Flow-chart. PWV= pulse
wave velocity
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normalization of body weight might be necessary to
achieve relevant improvements of CRVE.

In contrast, retinal arterioles widened in our study popula-
tion post-surgery. Stapleton and colleagues showed that the
bioavailability of nitric oxide is reduced in an obesogenic
environment and that weight loss may lead to an attenuation
of this deficit [22]. Therefore, increased bioavailability of ni-
tric oxide after BS may be a main reason for the widening of
arterioles. Further studies should include biomarkers of sys-
temic inflammation, glucose, and lipid metabolism in order to
identify possible metabolic effects of BS on the
microcirculation.

Tarzia and colleagues showed no further changes of sub-
acute improvements in micro- and macrovascular function
4 years after BS despite ongoing weight loss and reduced
cardiovascular risk factors in 19 patients [13]. However, they
used flow mediated dilation and ultrasound-guided coronary
flow reserve as markers of vascular function. Thus, our study
is the first to investigate transition of short-term to long-term
changes in retinal microvascular health compared to large ar-
tery stiffness after BS. Our results are in line with findings of
Tarzia and colleagues, showing no additional improvement of
microvascular health despite ongoing weight loss and reduced
waist-circumference. Based on our results and two previous
studies on the effects of BS on retinal microvascular health,
we would like to postulate the following assumptions: The
positive effects of BS on retinal microvascular health seem
to occur during the first post-surgical year [19, 23]. We per-
formed a short-term follow-up after 6 weeks in our study, and
the effects of BS were more or less immediate. Lammert et al.
[18] found wider arterioles, narrower venules, and a higher
AVR 9 months after BS. However, the time of post-surgical
follow-up varied from six to 23 months in their sample of 30
patients. Bachmayer et al. [22] also observed an improved
microvascular phenotype in a population of 21 patients
10 months after BS. They reported narrower venules and a

higher AVR, whereas the retinal arterioles were unaffected
after BS. Depending on the development of the individual risk
profiles of the patients after BS, amelioration of retinal micro-
vascular health is detected by improvements of either retinal
arteriolar or venular diameter or both. This finding is support-
ed by the above-mentioned meta-analysis by Boillot et al.
[20], which demonstrated that obesity is associated with either
retinal arteriolar narrowing or venular widening. In line with
our findings, retinal arteriolar diameters have been found to be
more strongly associated with the CV risk profile in obesity.

Further improvements in microvascular health after BS do
not seem to be facilitated by further continuous weight loss
alone. Although considerable weight loss was achieved in our
patients, overweight or obesity was still prevalent, and blood
pressure levels were still elevated or high-normal in most of
our patients. Further improvements and actual amelioration of
microvascular health may depend on achieving normal values
for weight, blood pressure, and metabolic regulation. In addi-
tion to dietary measures and drug treatment of comorbidities,
an active lifestyle may play a key role in improvement of
microvascular health. We have previously shown that endur-
ance exercise training can reverse alterations of retinal vessel
diameters in individuals with obesity [24]. A tendency to-
wards further improvement of AVR after 4 years was detected
and may also have reached statistical and clinical significance
in a larger cohort.

Short- and Long-Term Changes in Macrovascular
Function After BS

In contrast to the microvascular markers, CAVI and baPWV
did not change during the early post-surgical phase, despite
reductions in blood pressure. These results are in contrast to
previous reports, which found a reduction in PWV after
weight loss [25, 26]. However, baseline baPWV was not ele-
vated in all but two of our patients, and a post-surgical

Fig. 2 Mean post-surgical weight
loss. Body weight at baseline
(0 months) and during follow-up
(n = 13) after bariatric surgery.
Bars depict standard deviation
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improvement was seen only in these two participants.
Accordingly, the previously reported independent effect of
weight loss on PWV might occur in people with increased
PWV but not in those with baPWV values within the normal
range [5]. Our observation that CAVI and baPWV did im-
prove neither short-term nor long-term after BS seems to stand
in contrast to several other studies [27, 28]. Based on our data,
we would like to speculate that baPWV and CAVI do not
improve after BS unless pre-surgical values are elevated.
Moreover, most of the above referenced studies assessed
carotid-femoral PWV, which is calculated including the super-
ficial distance between the two measurement points [29].
Hence, this method is vulnerable to overestimation of PWV
especially in individuals with extensive central obesity [30].
Therefore, the use of carotid-femoral PWV for monitoring of
changes in arterial stiffness after BS-induced weight loss
carries the risk of misinterpretation, as a reduction in follow-
up measurements might simply reflect the concurrent weight
loss. Utilization of baPWV might be advantageous in studies
with participants having morbid obesity, as the simplified
measurement of pulse wave travel distance, using linear re-
gression of body height, eliminates body surface-related mea-
surement errors [31]. This is also the reason why we applied
measures of systemic (global) arterial stiffness in our study
setting. We further considered the oscillometric nature of
baPWV and CAVI measurement to enhance accuracy com-
pared to tonometric measurement of arterial stiffness. This
study is the first to use markers of systemic arterial stiffness
(baPWV and CAVI) rather than central arterial stiffness to
assess changes in arterial wall integrity after BS. However,
systemic arterial stiffness may not be the best marker to pick
up changes in arterial stiffness after BS. Future studies should
consider the concomitant use of diagnostic methods to assess
both central and systemic arterial stiffness in patients with
metabolic disease.

Previous studies showed an association of PWV with col-
lagen depositioning, serum elastase activity, and metallopro-
teinase-9, suggesting that obesity might cause arterial stiffen-
ing by promotion of vascular wall remodeling [32]. The re-
gression of such profound structural alterations is likely to
take longer than a few weeks. Hence, post-surgical improve-
ments of central arterial stiffness may need months or years to
occur. This suggests that the macrovascular system might be
less sensitive to early metabolic changes after BS than the
microvascular system. However, in our study, baPWV and
CAVI did not change during the 4-year follow-up period de-
spite ongoing weight loss and blood pressure reduction. The
normal baseline values of baPWV and CAVI might help ex-
plain the results of our study. Moreover, arterial stiffness was
our secondary endpoint, and the study was not powered to
detect changes in large artery stiffness. Larger sample size
may be necessary to detect significant changes in arterial stiff-
ness after BS.

Limitations

This study was powered for the main outcome AVR. Due to
the patients lost to follow-up, the long-term follow-up was
slightly underpowered. Nevertheless, the retinal microcircula-
tion seems to be sufficiently sensitive to monitor vascular
regeneration after BS in a short- and a long-term setting.
Future prospective larger scale studies are warranted to inves-
tigate the predictive value of retinal microvascular health for
long-term cardiovascular outcome after BS.

In patients with metabolic syndrome, the effect of BS on
micro- and macrovascular health may be different compared
tometabolically healthy patients [14]. Hence, it is important to
note that the small sample size of our study did not allow
grouping of our patients according to metabolic criteria, such
as glucose tolerance, insulin sensitivity, blood lipids, free fatty
acids, and inflammatory markers. The normal baseline values
of baPWV and CAVI might be responsible for the lack of
significant results for these macrovascular biomarkers. In
terms of their interpretation, it is important to note that current
reference values only exist for central Asian populations [33,
34]. We did not monitor changes in lifestyle behavior.
Changes in physical activity and eating habits may influence
weight loss and should therefore be considered in future stud-
ies on vascular changes after BS. Three patients did not attend
the follow-up appointment 4 years after BS. However, tenden-
cies of changes in retinal vessel analysis parameters, CAVI
and baPWV in the early post-surgical appointment, were in
line with those of the whole study cohort.

Conclusions and Perspectives

This study is the first to investigate early post-surgical
changes of macro- and microvascular phenotype in pa-
tients with morbid obesity 6 weeks after BS and to track
long-term effects over a 4-year follow-up period. CAVI
and baPWV were used for the first time to investigate
macrovascular effects of BS. We found an amelioration
of the microvascular phenotype 6 weeks after BS, which
was maintained but not improved any further after 4 years,
despite further long-term reduction in BMI. Large artery
stiffness remained unaffected after BS both short- as well
as long-term. Despite extensive weight loss, normalization
of body weight and blood pressure might be necessary to
achieve further improvements of vascular health and risk
reduction. In the future, a larger prospective cohort study
should aim at exploring the underlying mechanisms and
causality of post-surgical changes in micro- and
macrovascular phenotype. Our results indicate that retinal
vessel phenotyping may proof to be a valid diagnostic and
more sensitive diagnostic tool than large artery stiffness to
monitor development of cardiovascular risk after BS.
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