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ADVERTIMENT. L'accés als continguts d'aquesta tesi doctoral i la seva utilització ha de respectar els drets 

de la persona autora. Pot ser utilitzada per a consulta o estudi personal, així com en activitats o materials 
d'investigació i docència en els termes establerts a l'art. 32 del Text Refós de la Llei de Propietat Intel·lectual 
(RDL 1/1996). Per altres utilitzacions es requereix l'autorització prèvia i expressa de la persona autora. En 
qualsevol cas, en la utilització dels seus continguts caldrà indicar de forma clara el nom i cognoms de la 
persona autora i el títol de la tesi doctoral. No s'autoritza la seva reproducció o altres formes d'explotació 
efectuades amb finalitats de lucre ni la seva comunicació pública des d'un lloc aliè al servei TDX. Tampoc 
s'autoritza la presentació del seu contingut en una finestra o marc aliè a TDX (framing). Aquesta reserva de 
drets afecta tant als continguts de la tesi com als seus resums i índexs. 
 
 
ADVERTENCIA. El acceso a los contenidos de esta tesis doctoral y su utilización debe respetar los 

derechos de la persona autora. Puede ser utilizada para consulta o estudio personal, así como en 
actividades o materiales de investigación y docencia en los términos establecidos en el art. 32 del Texto 
Refundido de la Ley de Propiedad Intelectual (RDL 1/1996). Para otros usos se requiere la autorización 
previa y expresa de la persona autora. En cualquier caso, en la utilización de sus contenidos se deberá 
indicar de forma clara el nombre y apellidos de la persona autora y el título de la tesis doctoral. No se 
autoriza su reproducción u otras formas de explotación efectuadas con fines lucrativos ni su comunicación 
pública desde un sitio ajeno al servicio TDR. Tampoco se autoriza la presentación de su contenido en una 
ventana o marco ajeno a TDR (framing). Esta reserva de derechos afecta tanto al contenido de la tesis como 
a sus resúmenes e índices. 
 
 
WARNING. Access to the contents of this doctoral thesis and its use must respect the rights of the author. It 

can be used for reference or private study, as well as research and learning activities or materials in the 
terms established by the 32nd article of the Spanish Consolidated Copyright Act (RDL 1/1996). Express and 
previous authorization of the author is required for any other uses. In any case, when using its content, full 
name of the author and title of the thesis must be clearly indicated. Reproduction or other forms of for profit 
use or public communication from outside TDX service is not allowed. Presentation of its content in a window 
or frame external to TDX (framing) is not authorized either. These rights affect both the content of the thesis 
and its abstracts and indexes. 
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Improves Small Artery Reactive Hyperemia in Severely
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A. Bonada & M. Heras & L. Masana

# Springer Science+Business Media, LLC 2012

Abstract

Background Endothelial dysfunction is a major underlying

mechanism for the elevated cardiovascular risk associated

with increased body weight. We aimed to assess the impact

of weight loss induced by an intensive very-low-calorie diet

(VLCD) on arterial wall function in severely obese patients

(SOP).

Methods Thirty-four SOP were admitted to the metabolic

ward of the hospital for a 3-week period. A VLCD charac-

terized by a liquid diet providing 800 kcal/day was admin-

istered. The small artery reactivity to postischemic

hyperemia index (saRHI), a surrogate marker of endothelial

function, was assessed before and 1 week after hospital

discharge. Anthropometry and biochemical parameters were

also measured. Obese and non-obese age- and gender-

matched groups were recruited for baseline comparisons.

Results SOP had significantly lower saRHI compared with

obese and non-obese individuals. SaRHI significantly in-

creased after the intervention in SOP (1.595±0.236 vs.

1.737±0.417, p00.015). A significant improvement in glu-

cose (p00.026), systolic blood pressure (p00.049), LDLc (p<

0.001), and inflammatory parameters was observed. Body

weight loss was associated with a higher saRHI (r0−0.385,

p00.033), and it was the main determinant of saRHI variation

independently of confounders (β −0.049, IC 95 % −0.091–

0.008, p00.021).

Conclusions Weight loss induced by a VLCD in SOP im-

proved small artery reactivity, and it was associated with the

amelioration of metabolic and inflammation markers. Endo-

thelial dysfunction may be softened by body weight loss

interventions and useful in the management of cardiovascu-

lar risk factors in SOP.

Keywords Very-low-calorie diet . Small artery reactive

hyperemia . Severe obesity . Body weight loss . Endothelial

function

Introduction

Obesity is an increasing public health concern because of

consumption of high calorie diets and reduction in daily

energy expenditure [1, 2]. There is an increase of both the

prevalence and severity of obesity. Data from The Spanish

Society for the Study of Obesity have shown that the prev-

alence of morbid obesity in Spain in 2007 was 0.3 % for

men and 0.9 % for women [3]. This represents a serious

public health concern because severe obesity is associated

with a high burden of obesity-related morbidities, which

include cardiovascular diseases and an increased overall

mortality. A strong body of evidence has shown that human

obesity is characterized by profound alterations in the

J. Merino (*) : R. Ferré : N. Plana : J. Girona :G. Aragonés :

A. Cabré :M. Heras : L. Masana

Vascular Medicine and Metabolism Unit, Lipids

and Atherosclerosis Research Unit, Sant Joan University Hospital,

Institut d’Investigació Sanitària Pere Virgili (IISPV),

Faculty of Medicine, Universitat Rovira i Virgili—Spanish

Biomedical Research Network in Diabetes and Associated

Metabolic Disorders (CIBERDEM),

Barcelona, Spain

e-mail: jordi.merino@urv.cat

I. Megias-Rangil :A. Rabasa :A. Bonada

Dietetics and Nutrition Unit,

Sant Joan University Hospital—Reus,

Reus, Spain

OBES SURG

DOI 10.1007/s11695-012-0729-6

Author's personal copy

UNIVERSITAT ROVIRA I VIRGILI 
OBESIDAD MÓRBIDA Y ARTERIOSCLEROSIS SUBCLÍNICA 
Isabel Megias Rangil 
Dipòsit Legal: T 768-2015 



structure and function of large- and medium-sized arteries [4].

Interestingly, weight loss induced by diet, weight-lowering

drugs, or surgery has been associated with endothelial func-

tion improvement as assessed by flow-mediated dilatation

(FMD) in general obese and severely obese populations

[5–8]. Although the FMD technique is a popular approach to

measuring medium-sized artery wall function, its clinical use

has not been generalized, which is mainly due to technical

requirements [9]. The measurement of small artery reactive

hyperemia index (saRHI), by peripheral artery tonometry

(PAT), represents a novel clinical method to assess endothelial

function. Although both FMD and saRHI are considered as

surrogate markers of endothelial function, recent data suggest

that they measure different aspects of arterial function, with

PAT technique being more representative of small artery func-

tion [10]. Small arteries not only generate peripheral resistance

and are of increasing interest in the coronary circulation but

also are of particular significance in chronic renal disease and

cerebrovascular disease of the white matter [11].

SaRHI has been associated with the presence of major

cardiovascular risk factors [9]. We have described the im-

pact of smoking, high-density lipoprotein cholesterol

(HDLc), and waist circumference on saRHI [12]. In addi-

tion, we demonstrated that high adherence to healthy life-

style advice is related to saRHI improvement after 1-year

follow-up [13].

In severely obese patients (SOP) with comorbidities,

bariatric surgery induces massive body weight loss, which

is paralleled by a decrease in cardiovascular risk and endo-

thelial function improvement as assessed by FMD. Apart

from the impressive impact on type-2 diabetes (T2D) [14],

other alterations like hypertension, dyslipidemia, obstructive

sleep apnea, and metabolic syndromes are also ameliorated

[15]. Very-low-calorie diets (VLCD) (800 kcal/day) have

been used in SOP to provide a fast decrease in body weight

when usual hypocaloric diets or drugs have failed. The

beneficial effects of weight reduction by VLCD on different

cardiovascular risk factors have been reported. The im-

provement of endothelial function as assessed by FMD of

brachial arteries has also been documented [16, 17], al-

though there is lacking information about the small artery

function in SOP after a VLCD. In this study, we examined

saRHI changes in SOP after losing weight during a 3-week

VLCD intervention period while admitted to the hospital’s

metabolic ward.

Materials and Methods

Study Design, Patients, Clinical Assessment, and Intervention

This was a prospective and interventional study. Thirty-four

severely obese subjects were recruited from the very-low-

calorie diet program of the Dietetics and Nutrition Unit. The

inclusion criterion was severe obesity, which was defined as a

body mass index higher than 40 kg/m2 or higher than

35 kg/m2 with associated and uncontrolled comorbidities,

such as T2D, hypertension, or dyslipidemia, with previously

dietary and pharmacological treatment failure. Patients with

either previous cardiovascular disease, chronic renal, hepatic,

pulmonary and/or neurodegenerative problems, neoplasm

antecedents, or other severe chronic diseases or who were

unable to follow the diet or to remain hospitalized during the

study were not included. Patients were admitted to the meta-

bolic ward of the hospital for 3 weeks. After admission, a

complete physical examination including anthropometry as-

sessment (body weight, waist circumference, and blood pres-

sure) and biochemical and vascular studies, including saRHI,

was performed. Patients were put on a VLCD of 800 kcal/day

for 3 weeks. During the admission period, all patients received

food and nutritional education and a daily physical activity

plan was implemented. To minimize a possible direct impact

of very restrictive diet on vascular reactivity, final vascular

assessment was performed 1 week after hospital discharge

while patients were on a usual low-calorie maintenance diet.

The patients were recalled for a new clinical and biochemical

assessment and the saRHI study was repeated. The patients’

usual pharmacological treatment was maintained. Age- and

gender-matched obese and non-obese control groups were

recruited for baseline comparisons. The study was approved

by the hospital’s ethics and clinical investigation committee.

All subjects provided written informed consent.

Very-Low-Calorie Diet Program Characteristics

The VLCD (Optifast, Nestlé HealthCare Nutrition, Iberia)

was administrated as a liquid solution for four meal replace-

ments (200 kcal per meal), providing a total of 800 kcal/day.

During the 3-week intervention period, the patients

remained admitted in the metabolic unit under continuous

medical and nurse surveillance. During weekends, the liquid

solution diet was delivered to each patient with particular

instructions to follow for treatment at their homes. The

macronutrient profiles of the dietary intervention were

35 % of energy as protein (70 g protein/day), 45 % as

carbohydrates, and 20 % as fat. The diet contains also

almost 15 g of fiber per day and all of the micronutrients

suggested by the required dietary allowances. After dis-

charge from the hospital, patients were put on a hypocaloric

Mediterranean-type diet (1,300–1,500 kcal).

Small Arteries Reactive Hyperemia Index and Arterial

Stiffness Measurement

SaRHI was measured using peripheral artery tonometry

(PAT) technology (EndoPAT- 2000, Itamar Medical Ltd.,
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Israel). Determinations were performed in a quiet room with

controlled temperature (22–24 °C) after the patients had

fasted for 12 h and refrained from smoking or strenuous

exercise for 24 h. The patients lay in a relaxed, quiet, and

evenly illuminated environment and the device measured

changes in pulse waves in the digital arteries. Blood flow

measurements from two fingertips, one from each hand (test

and control), were compared after a stabilization period, and

a second comparison pair of measurements was taken before

and after 5 min of brachial ischemia in one arm (the test

arm). The results were processed by specific software to

calculate the post-ischemia reflex vasodilatation observed

when measurements from the test arm (before and after

ischemia) were compared to those from the control arm.

The value obtained was termed saRHI. The variability of

this technique in our laboratory was 17 %, the intraclass

correlation coefficient was 0.52, and the within-subject var-

iation was 0.19. The sample size considering 80 % power to

detect a difference between means of 0.08 with a level of

significance (alpha) of 0.05 (two-tailed) was calculated re-

garding these conditions. The sample size required was 32

participants in each study group.

Arterial stiffness, measured as AIx, was also determined

during the same exploration and processed by specific soft-

ware to analyze the differences in pulse wave amplitude

before and after ischemia in comparison to the control

arm. We then calculated the AIx adjusted to 75 beats per

minute (AIx@75).

Biochemical Determinations

Standard biochemical parameters were determined via the

usual methods. Glucose, total cholesterol, triglycerides, apo-

lipoprotein B100, apolipoprotein A1, direct low-density lipo-

protein cholesterol (LDLc), HDLc, high-sensitivity C-reactive

protein (hs-CRP), and non-essential fatty acids (NEFA) were

measured using enzymatic and immunoturbidimetric assays

(Spinreact, SA, Spain, and Wako Chemicals GmbH, Ger-

many) adapted to a Cobas Mira Plus autoanalyzer (Roche

Diagnostics, Spain). sE-Selectin, vascular cell adhesion mol-

ecule 1, glycerol, and insulin were assessed using commercial

ELISA kits (R&D Systems, Spain; Mercodia, Sweden; Zen-

Bio, USA). Insulin resistance was estimated by the homeosta-

sis model assessment (HOMA) index, which was calculated

as fasting glucose (in mmol/L) multiplied by fasting insulin

(in mlU/L) divided by 22.5 [18].

Statistical Analyses

Anthropometric, biochemical, and vascular data are pre-

sented as the mean ± SD or as the median and interquartile

range for continuous variables and as frequencies for cate-

gorical ones. Differences between baseline study groups

were assessed using an ANOVA or Kruskall–Wallis test

for continuous variables or chi-square test for categorical

ones. Differences between baseline and after-intervention

data were assessed using Student's t-test or Wilcoxon test.

Pearson's correlation was used to determinate the associa-

tion between body weight loss and endothelial function

improvement. Differences in saRHI improvement according

to body weight loss were assessed using Wilcoxon's test. A

multivariate stepwise linear regression model was per-

formed to assess the modulators of saRHI. The dependent

variable was saRHI, and the independent variables were

body weight loss, decreases in systolic blood pressure, glu-

cose improvement, LDLc improvement, hs-CRP improve-

ment, and age. Statistical tests and corresponding p-values

were two-sided, and SPSS version 18.0 (SPSS Inc., Chi-

cago, IL, USA) was used for all statistical analyses.

Results

Baseline demographic, anthropometry, biochemical, and

vascular characteristics of SOP compared with those of the

control group are shown in Table 1. No significant differ-

ences were observed in major cardiovascular risk factors. As

expected, body weight and waist circumference were higher

in SOP compared with other study groups.

Anthropometry, Biochemical, and Vascular Changes

After Body Weight Loss by VCLD Intervention

Figure 1 shows baseline differences in saRHI according to

each study group and the differences between before and

post-intervention in SOP (1.595±0.263 to 1.737±0.417, p0

0.015). The main biochemical and clinical determinants of

cardiovascular risk factors were significantly decreased after

the intervention. Body weight loss after the intervention was

–6.1±3.3 kg (p<0.001), representing a mean reduction of

5.9 % of baseline. Waist circumference decreased by 5.2±

4.1 cm (p<0.001).Glucose levels decreased in 7.7 % (p0

0.026), systolic blood pressure in 4.5 % (p00.049), and

LDLc in 12.7 % (p<0.001). Consequently, the global car-

diovascular risk assessed by the Framingham risk score

decreased significantly (−1±2, p00.033). Interestingly, the

main reductions were observed in insulinemia, glycerol, and

NEFA with a decrease of 28, 25, and 20 %, respectively.

Moreover, HOMA index and hs-CRP were also decreased

by 19 and 16 %. We also observed a significant decrease in

sE-selectin concentrations (44.1±14.5 vs. 36.4±12.2 ng/ml,

p<0.001), representing 17.5 % of change (Table 2). There

were no statistical differences in saRHI improvement or

metabolic and inflammation markers when diabetic and

non-diabetic patients were compared. We analyzed the im-

paired fasting glucose individuals (n06) and we did not
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observe significant differences in saRHI changes between

impaired fasting glucose individuals and those with normal

glucose metabolism (0.117±0.05 vs 0.135±0.03, p00.872).

Determinants of saRHI

In univariate test analysis, the saRHI were inversely associ-

ated with body weight loss (r0−0.385, p00.033). More-

over, changes in saRHI were correlated with changes in

sE-selectin (r00.271, p00.043). Multivariate stepwise line-

ar regression analyses were performed to assess the main

Table 1 Baseline characteristics

of study participants according

to each study group

Compared with an ANOVA test

or Kruskall–Wallis test for con-

tinuous variables or chi-square

test for categorical ones. Values

are given as the mean ± SE,

median ± interquartile range, or

percentage of patients

SOP severely obese patients, OB

obese patients, NOB non-obese

patients
aP-value<0.05 between SOP

and obese group (OB)
bP-value<0.05 between SOP

and non-obese group (NOB)
cKruskall–Wallis test
dMedian ± interquartile range

SOP (n034) OB (n034) NOB (n034)

Age, years 52±13 55±7 59±5

Gender, % women 68.6 71.5 67.6

T2DM, % 42.9 40.7 35.3

Dyslipidemia, % 45.7 52.9 47.1

Hypertension, % 74.3 86.1 76.5

Smoking, % 14.3 14.3 11.8

Body weight (kg) 120±26.3 80.8±17.3a 71.2±7.4b

BMI (kgm−2) 45.6±7.1 31.1±5.6a 27.1±2.1b

Waist circumference, cm 131±16 101±11a 92±7b

Systolic BP (mmHg) 135±17 139±21 135±18

LDL cholesterol (mmolL−1) 3.16±0.96 3.46±0.97 3.48±0.84

HDL cholesterol (mmolL−1) 1.43±0.28 1.49±0.35 1.5±0.46

Triglycerides (mmolL−1)c, d 1.54±0.74 3.51±4.43a 3.27±4.87b

Apolipoprotein B100 (mg dL−1) 1.04±0.23 1.21±0.21 1.05±0.33

Glucose (mmolL−1) 6.42±1.74 7.43±3.49 7.35±3.45

Baseline Post intervention

1.3
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Fig. 1 Differences in saRHI according to baseline study groups and

post-intervention in SOP. Baseline differences in small artery reactive

hyperemia index (saRHI) according to each study group. Severely obese

patients (SOP)01.595±0.263; obese group (OB) (n034) 1.747±0.454, p

<0.05; non-obese group (NOB) (n034) 1.784±0.638, p <0.05. Post-

intervention differences in SOP; 1.595±0.263 to 1.737±0.417, p0

0.015. *P-value <0.05 between saRHI in SOP compared with other study

groups. **P-value <0.05 between saRHI in SOP before and post-

intervention. Data obtained with Kruskall–Wallis test and Wilcoxon test.

Values are expressed as the median ± interquartile range

Table 2 Antrophometry, biochemical, and vascular changes after

follow-up in SOP

SOP (n034) P valuea

Body weight (kg) −6.1±3.3 <0.001

BMI (kgm−2) −2.68±1.09 <0.001

Waist circumference, cm −5.2±4.1 <0.001

Systolic BP (mmHg) −6±2 0.049

LDL cholesterol (mmolL−1) −0.44±0.57 <0.001

HDL cholesterol (mmolL−1) −0.14±0.18 <0.001

Triglycerides (mmolL−1)b, c −0.18±0.46 0.024

Apolipoprotein B100 (mg dL−1) −0.13±0.16 <0.001

Glucose (mmolL−1) −0.47±1.04 0.026

Insulin (mlU/L) −5.3±5.5 0.009

HOMA-index −1.3±2.2 0.012

NEFA (umol/L) −158±234 0.001

Glycerol (umol/L) −23.3±−43.3 0.004

Framingham risk score (%) −1±2 0.033

Hs CRP (mg/L) −1.07±2.54 0.009

E-Selectin (ng/mL) −8.84±7.41 <0.001

VCAM (mg/mL)b, c 32±119 NS

saRHI 0.139±0.03 0.015

AIx@75b, c 1.23±0.55 NS

Values are given as the mean ± SE and/or median ± interquartile range

HOMA-index homeostasis model assessment index, NEFA non-

essential fatty acids, Hs-CRP high-sensitivity C-reactive protein,

VCAM-1 vascular cell adhesion molecule 1, saRHI small artery reac-

tive hyperemia index, AIx@75 augmentation index adjusted to 75 bpm
aBaseline compared with after the intervention with a paired t-test or

Wilcoxon test for continuous variables
bWilcoxon test
cMedian ± interquartile range
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predictors of endothelial function using saRHI as a depen-

dent variable. The independent variables included body

weight loss, decreases in waist circumference, decreases in

systolic blood pressure, glucose and LDLc improvement,

hs-CRP improvement, and age. After adjusting for interac-

tions, the best predictor model included body weight loss

and decreases in systolic blood pressure. When this model

was forced, body weight loss (β −0.049, IC 95 % −0.091−

0.008, p00.021) remained an independent predictor of

saRHI. A trend of significance was observed in systolic

blood pressure decrease (β −0.008, IC 95 % −0.016–

0.000, p00.06) (Fig. 2).

Discussion

This study aimed to assess the small artery reactivity by PAT

in a group of SOP following a VLCD program. Our main

observation was that, after the intervention period, the saRHI

was significantly improved, and this reduction was inversely

associated with weight loss. In fact, weight loss was the main

determinant of the final saRHI according to a multivariate test.

Although the impact of weight loss on endothelial function

has been already documented [6, 8, 19], our results show the

acute benefits of body weight loss by a liquid VLCD on small

artery reactivity in SOP. This aspect is interesting because

previously available data regarding endothelial function im-

provement after weight loss in SOP are focused on the effect

of bariatric surgery [7, 20] or pharmacological interventions

[8]. The impact of bodyweight loss by a VLCDon endothelial

function has only been evaluated in overweight or obese

patients with or without cardiovascular risk factors [21, 22],

and these studies were performed using the brachial FMD

method. We confirm these data and extend them to SOP using

the PAT method.

Our data support the outcome that peripheral vascular

reactivity is immediately modified after reducing body

weight. By measuring the saRHI at 1 week after hospital

discharge, we minimized the impact of a very restrictive

intake on vascular tone.

It is difficult to define the mechanisms associated with

the change in peripheral arterial reactivity observed, al-

though it has been demonstrated that nitric oxide is the main

determinant of saRHI. Previous work from our group has

shown that different metabolites, including HDLc and apo-

lipoprotein A1, are directly associated to saRHI [12]. In the

present study, changes in saRHI cannot be attributed to these

lipid changes because HDLc and apolipoprotein A1 were

significantly reduced, reinforcing the strong impact of

weight loss on vascular reactivity. In addition, we previous-

ly observed that the concentrations of sE-selectin, which is a

plasma endothelial function biomarker, are inversely asso-

ciated with saRHI [23]. In this study, sE-selectin decreased

significantly after body weight loss by a VLCD, thereby

reinforcing this association.

Changes in glucose, lipid metabolism, and inflammation

parameters, secondary to body weight loss, were so gener-

alized that it is difficult to attribute the observed effects on

saRHI to a single modification. It is well known that NO

bioavailability is dependent on insulin resistance and in-

flammatory status [24]. Accordingly, in our group of

patients, a clear improvement of insulin sensitivity parame-

ters was observed, including glycemia, insulinemia, HOMA

index, and NEFA concentrations, which are considered to

have a direct deleterious effect on artery wall biology. The

subclinical inflammatory state of obesity has also been

considered as a causal mechanism of endothelial dysfunc-

tion in this setting [25]. In this respect, the improvement in

hsCRP levels after intervention has to be taken into account

to explain the impact on vascular function.

Another factor associated with body weight loss was a

decrease in systolic blood pressure and thus with saRHI

improvement. This association was unexpected because sev-

eral reports, including ours, suggest a paradoxical direct asso-

ciation between blood pressure and saRHI [13, 26]. Other

studies have already demonstrated that low-energy diets di-

minish blood pressure, which is probably mediated by both

insulin and norepinephrine decreases along with a reduction in

the sympathetic neural system tone [27, 28]. According to

these data, the Landsberg's hypothesis supports that insulin

saRHI

-0.15 -0.10 -0.05 -0.00 0.05 0.10 0.15

CRP improvement,mmol/L

Glucose improve, mmol/L

LDLc improvement, mmol/L

SBP decrease, mmHg

Age, years

Body weight loss, kg

β -regression coefficient

Fig. 2 Determinants of saRHI

improvement in SOP.

Multivariate stepwise linear

regression test. Dependent

variable: saRHI; independent

variables: body weight loss,

decreases in systolic blood

pressure, glucose improvement,

LDLc improvement, CRP

improvement, and age. Durbin–

Watson02.345, R200.499
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resistance in obese subjects is a component of a complex

physiologic response aimed at limiting weight gain via sym-

pathetic stimulation which, in turn, increases systolic blood

pressure and energy expenditure [29]. Interestingly, the sym-

pathetic system seems to be one of the main determinants of

small artery reactivity. Moreover, nitric oxide plays a physio-

logical role in adipose tissue vascular bed and it is increased

by body weight loss [30]. This effect could explain the better

insulin sensitivity that is also observed in our study.

Our study has several limitations, and one of them is

sample size. The sample size was calculated according to

the saRHI determination variability. However, the type of

patients included and the nature of the intervention, requir-

ing 3 weeks of hospital admission, curtailed the recruitment

numbers. Nevertheless, the prospective nature of our study

and the robustness of these results lower the potential effect

of this limitation. The aim of our study was to observe

differences in saRHI after an acute weight loss induced by

VLCD. In our unit, this type of intervention is exclusively

addressed to severely obese patients who require a fast

reduction on weight because of uncontrolled comorbidities

such as T2D, hypertension, or dyslipidemia with previously

dietary and phramacological tretament failure. For these

reasons, in the present study, there are no longitudinal

long-term data available. Our patients lost about 6 % of

body weight, thereby remaining severely obese. Thus, we

could not analyze the impact of normalizing weight on

saRHI. However, we confirmed that these relatively small

changes in weight were associated with clear metabolic and

vascular benefits, which encourages the pursuit of any level

of weight loss among obese/overweight patients. We ap-

praised the reactivity of distal arteries as a surrogate marker

of endothelial function. This measure is only homologated

in USA, although PAT technique has been increasingly

used, and there is an increasing amount of evidence support-

ing its clinical application. On the other hand, the assess-

ment of small artery reactivity has an important value in

itself.

In conclusion, body weight loss with a very-low-calorie

diet program in a group of severely obese patients improves

small artery reactivity, thereby suggesting an improvement

in endothelial function. The determinants of this result are

probably an aggregate of metabolic, inflammation, and vas-

cular effects associated with weight loss. saRHI improve-

ment after body weight loss by VLCD program may be of

benefit on cardiovascular risk in SOP. Large and prospective

studies are warranted to study the longitudinal effects of

weight loss on saRHI in morbidity and mortality.
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Abstract Background and aims: Obesity is associated with increased cardiovascular risk. How-

ever, the impact of morbid obesity on vascular structure and function is not well understood. This

study was designed to appraise subclinical atherosclerosis markers, including carotid intima me-

dia thickness (cIMT), endothelial function, and arterial wall stiffness, and their determinants, in

morbidly obese patients.

Methods and results: In this cross-sectional study 194 overweight and obese patients were

distributed in morbid-obese patients (MOP, n Z 110), obese (OP, n Z 84) and overweight pa-

tients (OwP, n Z 33) groups. Demography, anthropometry, clinical and standard biochemical

data were recorded. cIMT, endothelial function, defined as the small artery reactivity index (saR-

HI), and artery wall rigidity, studied by the augmentation index, were determined.

More than 50% of the MOP, OP and OwP had a cIMT above the 75th percentile per age and

gender. No differences in cIMT or saRHI were observed, although overweight and obese patients

(OOP) had higher arterial rigidity compared with the morbid-obese patients. In a multivariate

regression test, while cholesterol was the main determinant of cIMT in overweight and obese pa-

tients, glucose metabolism was the determinant in MOP.

Conclusion: More than half of the population have a cIMT above general population ranges. OwP,

OP and MOP have similar cIMT and saRHI. However, OOP have greater arterial wall rigidity. Dys-

glycemia is the main factor associated with subclinical atherosclerosis in MOP.

ª 2014 Elsevier B.V. All rights reserved.

Introduction

The prevalence of obesity, specifically morbid obesity, is
increasing in developed countries. Obesity is considered a
cardiovascular risk factor, but the association between
different degrees of obesity and cardiovascular disease and
mortality is under discussion [1]. Focusing on morbid
obesity, only a few studies have evaluated cardiovascular
morbidity and mortality risk, suggesting an increase in this
population [2,3]. Subclinical atherosclerosis markers,
including structural and functional arterial wall changes,

are accepted surrogate markers of early atherosclerosis.
Increased carotid intima-media thickness (cIMT) has been
proposed as a signal of subclinical atherosclerosis [4]. cIMT
is related to atherosclerotic status in patients with several
cardiovascular risk factors, such as diabetes [5], hyperten-
sion [6] or dyslipidemia [7,8]. Overweight and obesity have
also been related to higher cIMT [9,10].

Endothelial dysfunction (ED) has been related to an in-
crease in the risk of cardiovascular events [11e13]. ED can be
assessed by plasma biomarkers such as intercellular adhe-
sion molecule (ICAM), vascular cell adhesion molecule
(VCAM) or E-selectin or by functional tests such as flow-
mediated dilatation or peripheral artery tonometry (PAT).
Bothmeasure the endothelium dependent vasodilation after
an induced ischemia. The measurement of the small artery* Corresponding author. Tel.: þ34 977 310300.

E-mail address: imegias@grupsagessa.com (I. Megias-Rangil).
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reactive hyperemia index (saRHI) by PAT represents a novel
non-invasive clinical method that measures the vascular
reactivity of the peripheral artery bed [14]. SaRHI has been
associated with the presence of major cardiovascular risk
factors [15] and can predict future adverse cardiovascular
events [16]. ED in obese patients has been investigated in
several studies [17], but endothelial function (EF) inmorbidly
obesepatients remains controversial, reportedas impaired in
some studies [18] and preserved in others [19]. SaRHI has not
been evaluated in the morbidly obese.

Another vascular alteration that precedes atheroscle-
rosis is increased rigidity of the arterial wall. The
augmentation index (AI) has been proposed as a marker of
arterial stiffness and has been related to an increase in
cardiovascular events [20]. It is accepted that obesity has
an impact on arterial stiffness, but only few studies have
evaluated the effect of morbid obesity on arterial stiffness.

So, based on scientific background, we hypothesized
that morbid-obese patients had more extensive subclinical
atherosclerosis (cIMT, saRHI and AI) than obese and over-
weight patients regardless of the presence of classical
cardiovascular risk factors.

Methods

Study population

This was a cross-sectional study. One hundred and ninety-
four patients with moderate/high cardiovascular risk ac-
cording to European Guidelines [21] attending the Meta-
bolism and Nutrition Units of our Hospital were
consecutively. All patients presented overweight (BMI
25e29.99 kg/m2) or obesity (BMI 30e39.99 kg/m2) with
associated comorbidities (typically diabetes, hypertension
or dyslipidemia) or morbidly obesity (BMI � 40 kg/m2)
with or without associated comorbidities. Three groups
were defined for the statistical analysis: morbidly obese
patients (MOP; n Z 110), obese patients (OP; n Z 51) and
overweight patients (OwP; n Z 33). The exclusion criteria
were liver, lung or renal chronic major disease or cancer.
Non-alcoholic fatty liver disease and non-alcoholic stea-
tohepatitis, without liver failure, were not exclusion
criteria. A complete physical examination was performed,
including body weight and BMI, waist circumference and
blood pressure. The usual pharmacological treatments
were recorded for all patients. Clinical and biochemical
data were obtained, including biochemical markers of ED.
Vascular studies were undertaken in all patients.

The study has been performed according to the Decla-
ration of Helsinki and was approved by the hospital’s
ethics and clinical investigation committee. All subjects
provided written informed consent.

Vascular assessments: intima-media thickness, small

artery reactive hyperemia index and augmentation index

determination

B-mode ultrasound imaging of the right and left common
carotid arteries, carotid bifurcations and internal carotid

arteries was performed with an ultrasound apparatus
(Sequoia Acuson; Siemens, Germany) equipped with a
15 MHz high-resolution Doppler color multi-frequency
transducer and ECG synchronization. A standardized im-
aging protocol was used for cIMT measurements, as
described in detail elsewhere [4]. The outcome was the
mean value of the six carotid areas, defined as the mean
cIMT. The pathologic cIMT was defined using the reference
intervals proposed by Engelen et al. [22].

SaRHI was measured using PAT technology (EndoPAT-
2000, Itamar Medical Ltd., Israel). The measurements were
taken in a quiet room with a controlled temperature
(22e24  C) after a 12 h fast and no smoking or strenuous
exercise during the preceding 24 h. The subjects lay in a
relaxed, quiet and evenly illuminated environment while
the device recorded changes in pulse waves in the digital
arteries. Briefly, after a 5 min baseline measurement, a cuff
was placed around the forearm and inflated to produce
ischemia above the baseline systolic blood pressure. After
occlusion for 5 min, the cuff was rapidly deflated, and the
PAT tracingwas recorded for an additional 5min. Bloodflow
measurements from two fingertips, one from each hand
(test and control), were compared after a stabilization
period, and a second comparison pair ofmeasurementswas
taken before and after 5 min of brachial ischemia in the test
arm. The results were processed by specific software to
calculate the post-ischemia reflex vasodilatation observed
in the test arm (before and after ischemia) in comparison
with the control arm. The value generated was termed the
saRHI. The variability of saRHI measurements in our labo-
ratory was 17%, with an intra-class correlation coefficient of
0.52 and a within-subject variation of 0.19%.

Arterial stiffness, measured as AI, was determined
during the same procedure and processed by specific
software to analyze the differences in pulse wave ampli-
tude before and after ischemia in comparison to the con-
trol arm. We then calculated the AI adjusted to 75 beats
per minute (AIx75).

Biochemical determinations

Total cholesterol, direct LDL cholesterol (cLDL), HDL
cholesterol, apolipoprotein A1 (ApoA1), apolipoprotein
B100 (ApoB), triglycerides (TG), glucose, gamma-glutamyl
transferase (GGT), aspartate aminotransferase (AST),
alanine aminotransferase (ALT) and high-sensitivity C
reactive protein (hs-CRP) were measured using enzymatic
and immunoturbidimetric assays (Spinreact, SA, Spain)
adapted to a Cobas Mira Plus autoanalyzer (Roche Di-

agnostics, Spain). Insulin, oxidized LDL, vascular cell
adhesion molecule (VCAM) and E-selectin levels were
assessed using commercial ELISA kits (Mercodia, Sweden
and R&D Systems, Spain). Insulin resistance was estimated
by the homeostasis model assessment (HOMA) index,
which was calculated as fasting glucose (in mmol/L)
multiplied by fasting insulin (in mlU/L) divided by 22.5.
Fatty acid binding protein 4 (FABP4) levels were deter-
mined with commercial ELISA kits (Bio Vendor Laboratory
Medicine INC., Czech Republic).
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All biochemical determinations were performed after a
minimum of 10 h fasting.

Statistical analysis

The anthropometric, biochemical and vascular data are
presented as the means � SD or as medians and inter-
quartile ranges for continuous variables, and as fre-
quencies for categorical variables. Differences between
groups were assessed using ANOVA or the KruskalleWallis
test for continuous variables, previously checking for
normality by the KolmogoroveSmirnov test, and using the
chi-square test for categorical variables. Spearman’s cor-
relation was used to determine the association between
cIMT and AIx75 with anthropometric and biochemical
parameters. Multivariate stepwise linear regression

models were used to assess the main predictors of cIMT in
groups. CIMT was defined as the dependent variable. As
independent variables we include those clinically related
to IMT and those with significant correlation in the uni-
variate tests. A p value of less than 0.05 was considered
significant. Statistical tests and corresponding p values
were two-sided. SPSS version 20 (SPSS Inc., IL, USA) was
used for all statistical analysis.

Results

Clinical, anthropometric, biochemical and vascular data
are shown in Table 1.

To summarize, OwP and OP had higher lipid levels
(non-HDLc, ApoB, TG) and had a higher frequency of tak-
ing lipid-lowering drugs, while MOP had higher inflam-
matory biomarker levels (hs-CRP, VCAM, FABP4).
Antihypertensive drug usage was higher in MOP, although
not significant difference was found.

In order to have a large enough sample population, two
groups were defined for the statistical analysis about the
determinants of subclinical atherosclerosis markers:
morbidly obese patients (MOP; n Z 110) and overweight
and obese patients (OOP; n Z 84).

Carotid intima-media thickness in MOP and OOP

cIMT was similar between groups. The percentage of pa-
tients with pathologic cIMT was similar in all groups.

cIMT determinants varied according to the study group.
In MOP cIMT was positively associated with GGT, glucose,
insulin, HOMA, TG and age; but in OOP it was associated to
systolic blood pressure (SBP), total cholesterol, HDL
cholesterol, LDLc, non-HDL cholesterol and age (Table 2).

Figure 1 shows the correlation between cIMT and glucose
in the subjects.

Multivariate stepwise linear regression analysis was
used to assess the main predictors of cIMT in MOP and
OOP, using the mean cIMT as the dependent variable. In
MOP; after adjusting for antihypertensive drugs, BMI,
gender, systolic blood pressure, triglycerides, antidiabetic
drugs, total cholesterol and CRP; the best prediction model
included glucose (bZ 0.356, pZ 0.00) and age (bZ 0.221,

p Z 0.030). When the model was forced, all factors
remained independent predictors of cIMT (Table 3).
Glucose was the strongest variable associated to cIMT in
MOP.

In OOP; after adjusting for BMI, systolic blood pressure,
triglycerides, antidiabetic drugs, hypolipidemic drugs,
glucose, smoking and CRP, the best prediction model
included total cholesterol, gender, age and anti-
hipertensive drugs as independent variables; being age
(b Z 0.289, p Z 0.008) and total cholesterol (b Z 0.215,
p Z 0.046) the determinants of cIMT in this study group.

EF and AIx75 in MOP and OOP

As shown in Table 1, no significant differences between
groups were observed in saRHI. AIx75 show a clear trend
to be lower according to obesity category, although the
differences did not reach statistical significance. However
when we pool overweight and non-morbid obese groups,

values for AIx75 were higher in OOP (10.38 � 16.157 vs.
5.87 � 12.82; p Z 0.045).

In morbid-obese patients AIx75 was positively associ-
ated with age (r Z 0.364, p < 0.001), HDL cholesterol
(rZ 0.321, pZ 0.001), ApoA1 levels (rZ 0.312, pZ 0.002)
and cIMT (r Z 0.298, p Z 0.008); and negatively associ-
ated with weight (r Z  0.375, p < 0.001) and waist
circumference (r Z  0.254, p Z 0.014). In OOP, AIx75 was
positively associated with age (r Z 0.417, p < 0.001), total
cholesterol (rZ 0.258, pZ 0.021), FABP4 levels (rZ 0.248,
p Z 0.026) and HDL cholesterol (r Z 0.243, p Z 0.029);
and negatively associated with weight (r Z  0.333,
p Z 0.002) and waist circumference (r Z  0.236,
p Z 0.042).

Discussion

Our results do not support the hypothesis that MOP had
worst subclinical atherosclerosis markers than overweight
or obese patients. We observed that saRHI and cIMT were
similar between groups, although the percentage of pa-
tients with increased cIMT was very high in all groups. Our
results shown that arterial wall stiffness assessed by AIx75
was lower in MOP compared with OOP.

We observed that MOP showed higher levels of hs-CRP,
FABP4 and VCAM, whereas overweight and obese patients
had a classical pattern of cardiovascular risk factors, with
higher non-HDLc and hypertriglyceridemia. cIMT de-
terminants in MOP were related to insulin resistance, liver
enzymes and age. These results suggest that different

factors are associated with vascular derangements in both
MOP and OOP. While subclinical atherosclerosis markers
are associated with dyslipidemia and hypertension in OOP;
in MOP dysglycemia seems to be the most important
factor. Other studies have reported similar findings, indi-
cating that glucose metabolism is an important determi-
nant of subclinical atherosclerosis in patients with
metabolic syndrome [23].

We did not observe differences in saRHI, suggesting
that EF assessed by peripheral artery reactivity did not
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differ between obesity groups. Most studies that have
evaluated ED in obesity have found that obese patients
have worse values for EF than the normal weight popu-
lation [18,24]. Nevertheless, some authors have observed a
paradoxical preservation of vascular function in severely

obese patients [19], in concordance with our study.
On the other hand we have assessed EF using the pe-

ripheral artery reactivity index (EndoPAT), which has been
shown to have a good correlation with coronary dilatation
with acetylcholine perfusion and has been shown to be a
predicting factor of cardiovascular disease complications
[16]. However, the concordance between classical FMD
and saRHI is a matter of discussion, most likely because
both methods measure different vascular beds. In our

hands, saRHI has been associated with improvements in
small artery reactive hyperemia after weight loss in
severely obese patients [25]. In addition, therapeutic life-
style changes have been shown to be beneficial for RHI in
patients with abdominal obesity [26], suggesting that an
excess of body weight or intra-abdominal fat could affect
the EF in the small arteries.

Interestingly, AI, a marker of artery wall stiffness, was
lower in MOP. Moreover, weight was inversely associated
with AI. These data are in agreement the results of other
studies. Faintuch et al. [27] found no correlation between
carotid-femoral pulse-wave velocity (PWV) and BMI and
less aberrant than expected PWV in 29 morbidly obese
patients, suggesting that high obesity levels are more

Table 1 Clinical, anthropometric, biochemical and vascular data in Overweight (OwP), Obese (OP) and Morbid-Obese Patients (MOP).

OwP (n Z 33) OP (n Z 51) MOP (n Z 110) p between groups

Age (years)a 52.85 � 10.22 51.59 � 9.07 51.0 � 12.2 NS

Gender (% women) 51.5 64.7 72.7 NS

Weight (kg)a 75.02 � 9.45 90.16 � 12.71 122.3 � 20.8 <0.001

BMI (kg/m2)a 27.81 � 1.40 33.94 � 2.95 46.6 � 5.4 <0.001

Waist circumference (cm)a 95.05 � 6.048 106.46 � 7.72 131.7 � 11.8 <0.001

Smokers (%) 24.2 31.4 20.0 NS

Diabetes mellitus (%) 36.4 45.1 38.2 NS

Antidiabetic drugs (%) 33.3 33.3 31.8 NS

Hypertension (%) 51.5 52.9 60.9 NS

Antihypertensive drugs (%) 36.4 37.3 54.5 NS

Hypercholesterolemia (%) 63.6 60.8 34.0 0.001

Hypertriglyceridemia (%) 39.4 27.5 20.0 NS

Statins (%) 45.5 45.1 22.7 0.004

Fibrates (%) 30.3 21.6 4.5 <0.001

Systolic blood pressure (mmHg)b 134 � 20 130 � 16 135 � 20 0.003

Diastolic blood pressure (mmHg)b 80 � 5 80 � 20 84 � 10 NS

Total cholesterol (mmol/l)a 5.37 � 1.28 5.39 � 1.22 5.00 � 1.05 NS

HDLc (mmol/l)b 1.37 � 0.27 1.45 � 0.43 1.40 � 0.40 NS

LDLc (mmol/l)a 3.30 � 0.95 3.47 � 1.10 3.10 � 0.95 NS

Oxidized LDLc (U/l)b 186.59 � 90.37 189.72 � 64.73 105.42 � 56.75 <0.001

Non-HDLc (mmol/l)a 3.95 � 1.23 3.94 � 1.08 3.54 � 0.95 0.035

Apolipoprotein B100 (mg/dl)a 118 � 20 119 � 26 103 � 25 <0.001

Apolipoprotein A1 (mg/dl)a 138 � 11 138 � 14 135 � 12 NS

Triglycerides (mmol/l)b 2.11 � 2.02 1.90 � 1.57 1.46 � 0.79 <0.001

Glucose (mmol/L)b 6.06 � 2.09 5.85 � 2.34 6.04 � 1.88 NS

Insulin (mU/l)b 12.32 � 11.44 14.78 � 11.98 17.1 � 11.9 NS

HOMA-IRb 3.10 � 6.54 4.03 � 3.49 4.34 � 4.03 NS

Hs-CRP (mg/l)b 1.25 � 1.40 1.97 � 3.55 5.20 � 4.67 <0.001

FABP4 (mg/l)a 31.93 � 14.52 37.83 � 22.75 68.4 � 30.1 <0.001

VCAM (ng/ml)b 635 � 309 656 � 204 786.90 � 233.2 <0.001

E-selectin (ng/ml)a 41.80 � 10.47 41.37 � 14.15 46.25 � 14.85 NS

AST (U/l)b 27 � 12 26 � 13 23 � 11 NS

ALT (U/l)b 30 � 26 24 � 17 20 � 14 0.021

GGT (U/l)b 35 � 46 30 � 32 29 � 25 NS

saRHIb 1.62 � 0.27 1.55 � 0.387 1.64 � 0.438 NS

cIMTb 0.751 � 0.22 0.775 � 0.15 0.793 � 0.254 NS

Pathologic cIMT (%) 51.5 64.7 55.7 NS

AIx75a 11.00 � 18.14 9.90 � 14.88 5.87 � 12.82 NS

Values are given as percentages of patients.

p values between groups: differences between study groups compared by ANOVA, KruskalleWallis or chi-square test. MOP: Morbid-Obese

Patients, OOP: Overweight-Obese Patients, HDLc: High Density Lipoprotein cholesterol, LDLc: Low Density Lipoprotein cholesterol, HOMA-IR:

Homeostasis Model Assessment of Insulin Resistance, hs-CRP: High-sensitivity C Reactive Protein, FABP4: Fatty acid binding protein 4, VCAM:

vascular cell adhesion molecule, AST: Aspartate aminotransferase, ALT: Alanine aminotransferase, GGT: Gamma-glutamyl transferase, saRHI:

small artery Reactive Hyperemia Index; cIMT: carotid Intima Media thickness mean; AIx75, Augmentation Index adjusted by 75 bpm. NS: non-

significant.
a The means � SD.
b Medians � interquartile ranges.
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compatible with healthier blood vessels than suspected.
Nordstrand et al. [28] evaluated PWV in 133 morbidly
obese patients and found that PWV was positively corre-
lated with BMI in women, but negatively correlated in
men. In multiple linear regression analysis, those authors
found that BMI was independently associated with higher
PWV in women but not in men. Both studies suggested
that BMI was not a good predictor for arterial stiffness and

that a relationship between arterial stiffness and BMI is
not confirmed in morbidly obese patients. However, BMI
and excess body weight have been related to arterial
stiffness in other populations with or without other car-
diovascular risk factors [29].

One of the limitations of this study is the limited
sample size. Furthermore we do not have a normal weight
control group. Our study sample was a Mediterranean
population, so vascular studies in other populations must
be performed to confirm these results. In addition, we did
not control other factors that could influence EF and
vascular stiffness. The study had an observational design,
so we cannot conclude that differences found are due to
the degree of obesity. Moreover, the groups presented
basal differences in SBP levels and in use of hypolipidemic
drugs.

Table 2 Relationship between carotid intima media thickness and

biochemical parameters in morbid and non-morbid obese patients.

cIMT

r p Value

Morbid-obese patients

Glucose 0.385 <0.001

Age 0.346 0.001

HOMA-IR 0.324 0.002

Triglycerides 0.240 0.025

GGT 0.228 0.034

Insulin 0.225 0.038

Non-morbid obese patients

Total cholesterol 0.334 0.002

Non-HDLc 0.293 0.008

Systolic blood pressure 0.266 0.016

LDLc 0.254 0.022

Age 0.243 0.029

HDLc 0.223 0.046

Spearman correlations. Only significant correlations are shown.

cIMT: carotid intima media thickness mean, r: Spearman correlation

coefficient, GGT: Gamma-glutamyl transferase, HOMA-IR: homeo-

stasis model assessment insulin resistance index.

Figure 1 Intima-Media Thickness and glucose in Overweight-Obese Patients and Morbid-Obese Patients. IMT: Intima-Media Thickness, OOP:

Overweight-Obese Patients, MOP: Morbid-Obese Patients.

Table 3 Intima-media thickness determinants in morbidly obese

patients.

b-Regression coefficient p Value

Glucose 0.356 0.001

Age 0.221 0.030

R2 0.210

Multivariate stepwise linear regression test.

Dependent variable: Intima-media thickness.

Independent variables: Age, Glucose, Hypolipemiants drugs, LDL

cholesterol and smoking.

Adjusted by antihypertensive drugs, BMI, gender, Systolic Blood

Pressure, triglycerides, antidiabetic drugs, total cholesterol and PCR.

DurbineWatson: 1,72.
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Our data suggest that overweight, obese and morbidly
obese individuals, have a high prevalence of increased
cIMT. Morbid obesity is not associated with a higher de-
gree of subclinical atherosclerosis when evaluated by cIMT
and saRHI compared to non-morbidly obese and over-
weight subjects. On the other hand, the morbidly obese
have lower arterial wall rigidity. While lipid parameters
and blood pressure are the main determinants of vascular
alteration in OOP, dysglycemia and, most likely, inflam-
matory mediators play a role in MOP. Thus, these aspects
must be taken into account in cardiovascular risk pre-
vention strategies in morbidly obese patients.
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