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Abstract

Purpose Cardiovascular disease is one of the leading causes of mortality in patients with obesity. Metabolically healthy obe-
sity (MHO), in which people do not have metabolic disorders, is a transient state of obesity. However, over the long term, a
proportion of individuals with MHO develop metabolic syndrome (MetS). We aimed to investigate the effect of substantial
weight loss following bariatric surgery in MHO on carotid intima-media thickness (CIMT) and pulse-wave velocity (PWV),
which are independent predictors of subclinical atherosclerosis.

Methods This prospective study included 38 patients (34 women, four men) undergoing bariatric surgery who had severe
obesity but without comorbidities (hypertension, diabetes, and hyperlipidemia), and 28 control individuals who were
matched for age and sex. CIMT and PWYV of the left common carotid artery were measured. At 12-month follow-up after
bariatric surgery, measurements were repeated in the 38 patients with obesity.

Results Mean baseline body mass index (BMI) in the MHO group was 40.55 +3.59 kg/m?, which decreased by 33.1% after
bariatric surgery. Compared with controls, CIMT and PWV were increased in MHO (543.53 +£55.29 vs. 407.82 +53.09 pum,
6.70+1.22 vs. 5.45+0.74 m/s, respectively; all P<0.001). At 12 months post-bariatric surgery, CIMT in MHO was lower
than baseline (466.79+53.74 vs. 543.53+55.29 um, P=0.009), but PWV was not significantly different from baseline
(6.27+0.86 vs. 6.70 + 1.22 m/s, P=0.132). Multivariate regression showed that BMI was an independent predictor of CIMT
(B=0.531, P<0.001).

Conclusion Carotid artery structure and function were impaired in MHO, and improved carotid artery structure was associ-
ated with weight loss in MHO after bariatric surgery.
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Introduction

Obesity, which has become a global epidemic, places
patients at a greater risk for cardiovascular morbidity and
mortality by increasing blood pressure, dyslipidemia, and
glucose intolerance [1]. The American Heart Association
has identified obesity as an independent risk factor for
cardiovascular disease (CVD) [2]. However, not all obese
individuals have metabolic disorders, this condition being
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termed “metabolically healthy obesity” (MHO) [3, 4]. Most
studies [5—7] suggest that MHO is obesity (body mass index
[BMI) > 30 kg/m?) without the presence of metabolic dis-
eases, such as type 2 diabetes, dyslipidemia, or hyperten-
sion. However, there is great inconsistency in the definitions
of MHO, with a high degree of variability surrounding the
prevalence of this phenotype, which has been estimated to
be between 10 and 47% depending on the criteria used [4,
8, 9]. Long-term studies have suggested that MHO is a tran-
sient state. Ten-year observational studies have reported that
individuals with MHO develop metabolic syndrome (MetS)
[10, 11]. An increased risk for cardiovascular events was
observed in obese middle-aged men (hazard ratio 1.95, 95%
confidence interval 1.14 to 3.34) without MetS, as com-
pared with normal-weight individuals without MetS, during
more than 30 years of follow-up [12].
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The guidelines state that patients with a BMI > 40 kg/m>
without coexisting medical problems or with a BMI> 35 kg/
m? and one or more severe obesity-related complications
are eligible for bariatric surgery [13]. Regarding surgical
types, there are sleeve gastroplasty (SG), Roux-en-Y gastric
bypass (RYGB), and laparoscopic adjustable gastric band
(LAGB). Bariatric surgery is the only treatment that pro-
duces sustainable weight loss and improvement in obesity-
related comorbidities and quality of life among patients
with extreme obesity.

Carotid intima-media thickness (CIMT) is defined as the
combined thickness of the inner two layers of the carotid
arteries; aortic pulse wave velocity (PWV) is a surrogate
marker for atherosclerosis and CVD risk [14, 15]. Many
studies indicate that carotid structure, estimated as CIMT,
and arterial stiffness, estimated as PWYV, are improved in
obesity after bariatric surgery [16—18]. However, MHO has
not received much attention in these studies, while the ben-
eficial effect of bariatric surgery in MHO is as yet unclear.
We investigated the effect of substantial weight loss follow-
ing bariatric surgery on CIMT and PWV in MHO.

Methods
General information

We prospectively collected data from 275 patients who
underwent sleeve gastrectomy for obesity between March
2020 and September 2023 at our institution. All patients,
with BMI>40 kg/m? without coexisting medical problems
or BMI > 35 kg/m? and one or more severe obesity-related
complications are eligible for bariatric surgery. A total of
121 patients with severe obesity were free of hypertension
(systolic blood pressure [SBP] > 140 mmHg and/or diastolic
blood pressure [DBP]>90 mmHg), diabetes mellitus, dys-
lipidemia, atrial fibrillation, heart failure, or previous isch-
emic cardiac and cerebral events. Finally, 38 patients (34
women, four men) were included in our study 12 months
after bariatric surgery. The lost to follow-up rate was 68.6%.

We also included 28 metabolically healthy normal-
weight individuals, matched for age and sex. The controls
were outpatients who were undergoing physical examina-
tion during the study period and who volunteered to partici-
pate in this study.

Thirty-eight participants were evaluated at baseline
(pre-surgery) and 12 months after bariatric surgery (post-
surgery). Anthropometry, BP measurements, metabolic
changes, and ultrasound (US) examinations were performed
on each occasion. The control group was evaluated only
once.
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Anthropometric and blood pressure measurements

Body weight, waist, abdomen circumference, and hip cir-
cumference were measured, and BMI, body surface area
(BSA), and waist-hip ratio were calculated. Brachial BP
was measured using a digital electronic manometer (705cp;
Omron, Kyoto, Japan) with a suitable adult-sized cuff
according to arm circumference after > 10-min rest.

Metabolic changes

Blood samples were taken after fasting for at least 10 h.
Plasma triglycerides (TG) and total cholesterol were quanti-
fied using a commercially available enzymatic kit (Beck-
man Coulter biochemical analysis System, Suzhou, China).
Plasma glucose was measured using the hexokinase method
on a Beckman Coulter biochemical analyzer.

US assessment

Doppler US of the carotid arteries was performed by a dedi-
cated cardiac radiologist. All measurements were taken by
one of two investigators using a MyLab Twice (Esaote,
Italy) US device equipped with a 4—-13 MHz vascular probe
(LAS523) and automatic quality intima-media thickness
(QIMT) and quality arterial stiffness (QAS) capability.

Two sonographers performed a standardized US exami-
nation. QIMT measurement was performed in a longitudinal
section, strictly perpendicular to the US beam, with the arte-
rial wall clearly visualized. A high-quality standard B-mode
image was acquired along a section of the left common
carotid artery at least 1.5 cm in length, and automatic QIMT
calculation was activated, measuring the IMT in real time,
using the radiofrequency reception signal (Fig. 1A).

Automatic QAS measurements were performed on the
same left common carotid arterial segments as those used
to measure IMT, evaluating the modification in arterial
internal diameter between systolic and diastolic phases
(Fig. 1B). Carotid arterial internal diameter waveforms were
assessed with US and converted to carotid arterial pressure
waveforms using an empirically derived exponential rela-
tionship between pressure and arterial cross-section. The
derived carotid arterial pressure waveform was calibrated
to brachial end-diastolic pressure and mean arterial pressure
by iteratively changing the wall rigidity coefficient, allow-
ing for calculation of arterial stiffness. The carotid stiffness
index PWV (m/s) was obtained, as described previously
[19]. Unlike the method used for measuring carotid-femoral
(cf-PWV), we performed ‘local’ pulse wave tracking and
PWYV measurements using a radiofrequency-based ultra-
sound vessel-wall tracking technique to assess local elastic
arterial PWV.
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Fig.1 Demonstration of measurement of: (A) left carotid artery intima-
media thickness (IMT) and (B) Quality Arterial Stiffness (QAS). (A):
In the two-dimensional ultrasound image, the region of interest (ROI)
cursor and a vertical reference line (to left of cursor) were superim-
posed, as shown. The line was placed below 0.5 cm of the carotid
bulb and the ROI was placed at a fixed distance of 1 cm from the line.
The green line inside the ROI indicates the intima and the orange line
indicates the adventitia. The data to the left of the screen comprise
six successive measurements, which are computed and continuously
updated by the system, showing the average (AVG) and standard devi-
ation (SD) of IMT (left column) and vessel dimensions (D, right col-
umn), with the width (W) of the ROI box at the bottom. The automatic

detection system, which gives real-time feedback, helps the operator to
achieve the best possible measurements. (B) QAS automatically mea-
sured modification of arterial diameter between systolic and diastolic
phases on the same arterial segment (defined by the ROI box) as used
for IMT measurement. The system cyclically computes six successive
measurements of both arterial distension (DIST) and diameter (D)
(columns of data on left): their average (AVGQG) and standard deviation
(SD) and the width of the ROI cursor are displayed. Carotid arterial
stiffness indices were obtained automatically from the waveform (blue
line) of arterial distension produced by real-time automatic analysis of
the radiofrequency signal (Esaote MyLabTwice) after brachial blood
pressure values were input by the operator
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Statistical analysis

Spss20.0 software was used to analyze the experimental
data. Categorical variables are presented as absolute and rel-
ative (%) frequencies; continuous variables are presented as
mean+ SD (normally distributed) or as median (IQR) (for
non-normally distributed variables). The rates were com-
pared using the chi-square test. Continuous variables were
compared before and after surgery using a paired ¢-test (nor-
mally distributed variables) or Wilcoxon signed rank test
(non-normally distributed variables). Correlations between
arterial parameters and clinical parameters were analyzed
using Pearson’s correlation coefficient. To investigate the
relationship between carotid intima-media thickness and
clinical parameters, we performed a multivariate regression
analysis. A P value <0.05 was considered statistically sig-
nificant. GraphPad Prism 6.0 was used for graphing (Graph-
Pad Software, San Diego, CA, USA).

Results

The mean age in the MHO group was 28.97+6.96 years
(range 22-43 years). Mean age in the control group was
31.46+5.47 years (range 22-40 years). Demographic
information, changes in anthropometric and metabolic

parameters, and echocardiographic measurements, includ-
ing CIMT and PWV in the control group and in the MHO
group pre- and post-surgery, are summarized in Table 1.
Baseline body weight, BMI, BSA, waist circumference,
abdominal circumference, hip circumference, waist-hip
ratio, SBP, DBP, and triglycerides in the MHO group were
significantly higher than those in the control group (all
P<0.001). Additionally, baseline CIMT and PWV were
significantly higher in the MHO group than in the control
group (all P<0.001).

After surgery, mean weight loss in the MHO group was
37.13 kg and mean BMI was significantly reduced, from
40.55+3.59 kg/m? to 27.14 + 3.66 kg/m? (P < 0.001). There
were significant differences between pre -and post-surgery
in weight, BMI, BSA, waist, abdomen, and hip circumfer-
ence, and waist-hip ratio (P <0.001 for all), with all values
higher than those in the control group (P<0.001 for all).
There were no significant differences between pre- and
post-surgery in SBP, DBP, and triglycerides (P=0.088,
P=0.593, and P=0.311, respectively).

Postoperative CIMT was significantly decreased
(466.79+53.74 um vs. 543.53 +£55.29 um; P=0.009) but
higher than that in the control group (466.79 +53.74 um
vs. 407.82+53.099 pm; P<0.001). However, postopera-
tive PWV was not significantly decreased (6.27 +0.86 vs.
6.70+1.22 m/s; P=0.132), and it was higher than that in the

Table 1 Comparison of demographic, anthropometric, and metabolic measurements and carotid intima-media thickness and pulse-wave velocity
in the control group and the group with metabolically healthy obesity pre- and post-surgery

Control MHO
Pre-surgery Post-surgery

Female gender, n (%) 25(89.2%) 34(89.5%) 34(89.5%)
Age (years) 31.46+5.47 28.97+6.96 28.97 +6.96
Weight (kg) 55.87+5.97 112.21+12.39" 75.08+11.16™
BMI (kg/m2) 21.11+1.51 40.55+3.59° 27.14+3.66™"
BSA 1.5(1.5,1.6) 2.31(2.2,2.4) 1.8(1.7,1.9)
Waist (cm) 72.11+5.23 116.13+2.30" 87.74+9.20™
Abdomen circumference (cm) 77.46 +4.89 121.45+14.69" 91.21+8.37"
Hip circumference 92.04+4.86 124.50 +8.75" 102.21£6.90"
(cm)
Waist-hip ratio 0.8(0.72,0.8) 0.9(0.9,1.0) * 0.9(0.8,0.9) ™*
Systolic BP (mmHg) 108.96 +8.08 125.97+9.21" 122.24+9.14"
Diastolic BP (mmHg) 74.14+5.34 82.47+5.14" 80.89 +4.74"
HR (bpm) 76(70.25,81.5) 78(75.5,84) 76(68,80.25)
FPG (mmol/L) 4.55+0.29 4.56+0.46 4.61+0.68
Triglyceride (mmol/L) 0.68+0.19 1.27+0.34" 1.19+0.28"
Total-C (mmol/L) 4.17+0.34 4.03+0.62 4.07+0.57
CIMT (um) 407.82 +53.09 543.53+55.29" 466.79 +53.74™
PWV(m/s) 5.45+0.74 6.70+1.22" 6.27+0.86"

MHO: metabolically healthy obesity, BMI: body mass index, BSA: body surface area, BP: blood pressure, HR: heart rate, FPG: fasting plasma
glucose, total-C: total cholesterol, CIMT: carotid intima-media thickness, PWV: pulse wave velocity. *: The rates were compared using the chi-
square test. Continuous variables were compared pre-surgery vs. control and post-surgery vs. control using the independent sample T test or
Wilcoxon signed rank test (non-normally distributed variables). Continuous variables were compared pre- and post-surgery using a paired t-test
(normally distributed variables) or Wilcoxon signed rank test (non-normally distributed variables). Compared with control group, P <0.05; #:

compared with pre-surgery, P <0.05
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Fig. 2 Changes of carotid intima-media thickness (A) and PWV (B)
before and 12 months after bariatric surgery, in the control group
and the MHO group. Pre-surgury: MHO group before bariatric sur-
gery; post-surgery: MHO group 12 months after bariatric surgery.
CIMT was, respectively, 407.82 (95%CI:387.24,428.41) um, 543.53
(95%Cl:525.35,561.70) pm, and 466.79 (95%CI1:449.13,484.45) um
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in the control group, pre-surgery and post-surgery. PWV was, respec-
tively, 5.45 (95%CI:5.16,5.73) m/s, 6.70 (95%CI:6.30,7.10) m/s, and
6.27 (95%CI:5.98,6.55) m/s in the control group, pre-surgery and post-
surgery. *: Compared with the control group, P<0.05, #: Compared
with pre-surgery, P <0.05

Table 2 Correlation analysis between carotid intima-media thickness and various clinical variables

Variables CIMT

r P
Weight (kg) 0.551 <0.001
BMI (kg/m2) 0.601 <0.001
BSA 0.513 <0.001
Waist (cm) 0.555 <0.001
Abdomen circumference (cm) 0.552 <0.001
Hip circumference (cm) 0.537 <0.001
Waist-hip ratio 0.345 <0.001
CIMT: carotid intima-media thickness, BMI: body mass index, BSA: body surface area. Pearson’s correlation coefficient was used
Table 3 Multivariate linear regression analysis of carotid intima-media thickness
Variables CIMT

B P
Constant <0.001
BMI 0.531 <0.001
Weight -0.473 0.198
BSA -0.392 0.135
Waist (cm) 0.075 0.728
Abdomen circumference (cm) 0.077 0.710
Hip circumference (cm) -0.034 0.878
Waist-hip ratio 0.018 0.876

CIMT: carotid intima-media thickness, BMI: body mass index, BSA: body surface area

control group (6.27+0.86 vs. 5.45+0.74 m/s; P<0.001)
(Fig. 2).

Correlation analysis showed that CIMT was correlated
with body weight, BMI, BSA, waist circumference, abdom-
inal circumference, hip circumference, and waist-hip ratio,
with significant differences (r=0.345-0.601, P<0.001

for all) (Table 2). Multivariate linear regression analysis
showed that only BMI was an independent predictor of
CIMT (B=0.531, P<0.001) (Table 3).
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Discussion

In this prospective cohort study, we compared changes in
CIMT and stiffness in MHO before and after bariatric sur-
gery. We excluded participants with hypertension, diabe-
tes, and dyslipidemia, which is a novel approach compared
with that of previous studies. The results showed that CIMT
was significantly decreased after bariatric surgery in MHO,
but PWV did not change significantly following bariatric

surgery.

Changes in carotid artery CIMT after bariatric
surgery

CIMT can serve as an early marker of atherosclerosis and
an independent predictor of future cardiovascular events
[20, 21]. In our study, CIMT at baseline in individuals with
MHO was significantly higher than that in controls, which
is consistent with previous studies [22].

Bariatric surgery is the only treatment that can consis-
tently reduce body weight and also reduce obesity-related
comorbidities while improving quality of life in patients
with extreme obesity. Several studies [18, 23] have observed
that CIMT is significantly decreased in patients with
extreme obesity after bariatric surgery. Nabavi et al. [24]
reported that CIMT significantly decreased from 0.53 mm
to 0.50 mm in 32 morbidly obese patients after bariatric
surgery. In our study, postoperative CIMT significantly
improved over baseline in the MHO group, from 543 pum
to 466 pm, consistent with previous findings. Studies by
Altin and Kaul [17, 25] show that significant improvement
in CIMT occurs as early as 6 months after bariatric surgery,
but they found no significant change from 6 months to 12
months. Lupoli suggested [18] that the rapid improvement
in CIMT may be due to substantial improvement in obesity-
induced proinflammatory status following bariatric surgery.
One study [26] demonstrated that levels of systemic inflam-
matory markers C-reactive protein, interleukin 6, and tumor
necrosis factor-a are significantly decreased after bariatric
surgery. Jonker suggested [27] that the beneficial effects of
bariatric surgery are more pronounced in younger patients.

In our study, the MHO group experienced significant
weight loss after surgery, from 112.21 kg to 75.08 kg, and
BMI was reduced from 40.55 kg/m? to 27.14 kg/m?. Mul-
tivariate regression revealed that the reduction in CIMT
was significantly associated with the reduction in BMI.
Kaul [17] reported that BMI was decreased after surgery
among patients with obesity, while CIMT was also signifi-
cantly decreased, indicating that structural changes in the
carotid artery could be reversed by weight loss, which is
consistent with our findings. We can conclude that sustained
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weight loss after bariatric surgery slows early progression
of artherosclerosis.

Several mechanisms may be involved in the improve-
ment of CIMT after bariatric surgery. The improvement of
endothelial dysfunction may be one reason for the decrease
in CIMT after bariatric surgery. Whereas flow-mediated
dilation (FMD) identifies abnormalities of endothelial func-
tion preceding the development of a structural lesion, CIMT
indicates the presence of vascular structural damage, sug-
gestive of a more advanced stage of atherosclerosis. Sturm
et al. [28] and Lupoli et al. [18] demonstrated that endothe-
lial dysfunction, evaluated by FMD, and CIMT-thickening
were reversible via bariatric surgery-induced weight loss in
obese adults. Moreover, the improvement of CIMT may be
related to a substantial improvement of the obesity-related
inflammatory status occurring after bariatric surgery [26].

Changes in carotid artery PWV after bariatric
surgery

PWYV is an objective and effective index to evaluate arterial
stiffness, which is, moreover, convenient to use and practi-
cal in clinical settings [29, 30]. Increased arterial stiffness
has been observed in patients with overweight or obesity in
comparison with metabolically healthy normal-weight indi-
viduals [31], and even among obese pre-adolescent children
[32, 33]. Our study showed that the mean PWV at baseline
in the MHO group was significantly higher than that in the
control group, suggesting impaired carotid artery function
in MHO. Increased arterial stiffness in obese individuals
has been reported to be associated with extracellular matrix
remodeling, perivascular adipose tissue inflammation, and
immune cell dysfunction [34].

Previous studies using PWV as an indicator to evalu-
ate changes in arterial stiffness after bariatric surgery have
produced conflicting results, including describing them as
decreased [16, 35], unchanged [36], and even increased
[37]. We suggest that these results may be related to differ-
ences in the study population (e.g., age, sex, race, and eth-
nicity), study design (type of bariatric surgery and duration
of follow-up), and measurement of arterial stiffness (type
of PWV). Although there are studies reporting different
results, a meta-analysis of 13 trials including 1426 individu-
als (including those with MetS) demonstrated a remarkable
decline of PWYV after bariatric surgery: thus, the decrease of
PWYV might be utilized as an independent surrogate marker
of improvement of atherosclerosis cardiovascular disease
risk after bariatric surgery [38].

We found that postoperative PWV was decreased in
MHO, but the difference was not statistically significant in
that we did not observe significant improvement in carotid
artery function. This result may be related to the fact that
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the SBP and DBP were not significantly different between
baseline and post-operatively in MHO. Frey [39] reported
that postoperative PWV showed a moderate, non-signifi-
cant decrease in the overall population; however, patients
with pathological preoperative PWV (31 patients with
PWV>10 m/s and/or >2 SD, according to age) were sig-
nificantly improved after surgery (at 1, 3, and 6 months). In
these patients with a high cardiovascular risk, bariatric sur-
gery reduces arterial stiffness early. Giudici [16] observed
that carotid PWV at 8 months after bariatric surgery in MHO
was decreased by 23% compared with baseline, which is
inconsistent with our research results. We believe that the
differences in these findings are mainly due to differences in
the enrolled study participants. The average BMI of patients
in Giudici’s study was 47.9 +7.1 kg/m?, which was signifi-
cantly higher than that in our study participants, and patients
with hyperlipidemia were not excluded; thus, improvement
in the PWV was observed earlier after surgery.

Limitations

This study has several limitations. First, because some
patients were lost to follow-up, the effectiveness of long-
term follow-up was poor; therefore, the sample size was
limited, which restricts our classification analysis. Second,
the duration of follow-up was relatively limited and no fol-
low-up was performed more than 12 months after bariatric
surgery, limiting our ability to evaluate arterial structure and
function in patients who underwent bariatric surgery beyond
1 year. Future large-scale prospective studies are warranted
to investigate the effect of changes in carotid artery struc-
ture and function on cardiovascular outcomes after bariatric
surgery. Third, in our study, there were significantly more
women than men among participants, this representing gen-
der bias in scientific research.

Conclusions

Carotid artery structure and function are impaired in MHO.
Improvement in carotid artery structure is associated with
weight loss in MHO individuals after bariatric surgery.
Although no significant improvement in carotid artery func-
tion is observed, MHO individuals can still benefit from
bariatric surgery.
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