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Abstract

Background and aims: The relationship between obesity and arterial stiffness is complex, with
a potential interaction by age (inverse association at younger age and positive at older age) and
conflicting reports on the effect of lifestyle-based weight loss on arterial stiffness. Little is
understood about post-bariatric surgery changes in arterial stiffness. This study aimed to examine
post-bariatric surgery changes in arterial stiffness and identify factors associated with greater
changes in arterial stiffness.

Methods: In 72 patients (mean age 44.5 years, 72.2% female), we evaluated two arterial stiffness
measures, cardio-ankle vascular index (CAVI) and heart-ankle pulse wave velocity (haPWV), one
month prior to and 6 months after bariatric surgery. Another follow-up visit was conducted 12
months after bariatric surgery in a subset of 58 participants.

Results: Six months after bariatric surgery, an evident decrease was seen in body mass index,

heart rate, and systolic blood pressure. In contrast, both CAVI and haPWYV significantly increased
at 6 months (+0.64 [0.42, 0.87] and +0.24 [0.04, 0.44] m/s, respectively). Among 58 patients with
relevant data, CAVI and haPWV remained elevated 12 months after bariatric surgery (+0.80 [0.53,
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1.07] and +0.40 [0.17, 0.62] m/s, respectively). Being non-diabetic and having larger decreases in
post-surgery heart rate were independently associated with greater increases in post-surgical

CAVI.

Conclusions: Arterial stiffness measures, CAVI and haPWV, were elevated after bariatric
surgery despite other favorable cardiometabolic changes. Further studies are necessary to elucidate
the underlying mechanism and prognostic implications of this elevation in arterial stiffness
measures after bariatric surgery.
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1. Introduction

Increased arterial stiffness, characterized as the rigidity of arterial walls, is considered an
early stage vascular phenotype in the pathophysiological development of atherosclerosis.
Indeed, arterial stiffness is found to predate the manifestation of hypertension.l: 2 Arterial
stiffness has also been linked to several traditional cardiovascular risk factors beyond
hypertension including smoking, dyslipidemia, and diabetes.3 Moreover, in addition to its
association with traditional risk factors, arterial stiffness is an independent predictor of both
cardiovascular morbidity and mortality.* °

Obesity, an upstream condition of several traditional cardiovascular risk factors, has been
found to demonstrate complex associations with arterial stiffness. For example, in children
and younger adults, several studies have reported an inverse association between higher
body mass index (BMI) and lower arterial stiffness measures.5-8 On the other hand, in older
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adults, a positive relationship between BMI and arterial stiffness has generally been
recognized.”  This observed phenomenon has been suggested to reflect differences in
vascular response to obesity as a consequence of aging, with older adults losing the ability to
adapt to the vascular burden related to obesity (e.g., increased blood volume).”

In addition, the contribution of weight loss to changes in arterial stiffness is poorly
understood. Several studies have suggested that moderate weight reduction through lifestyle-
change based programs may improve arterial stiffness. However, data regarding changes in
arterial stiffness after bariatric surgery, the most potent weight-reduction treatment, are
limited. Additionally, the few previous studies exploring this study question obtained
conflicting results,10-12 warranting additional investigation.

Thus, using data from 72 morbidly obese patients, we sought to 1) investigate changes in
arterial stiffness measures, cardio-ankle vascular index (CAVI) and heart-ankle pulse wave
velocity (haPWV), before and after bariatric surgery and 2) identify factors associated with
greater change in arterial stiffness measures after bariatric surgery.

Materials and methods

2.1 Study population and design

This study was conducted as part of the BARI-Heart Study that recruited 96 patients with
morbid obesity undergoing clinical bariatric surgery, a mix of Roux-en-Y gastric bypass and
laparoscopic sleeve gastrectomy, between 25 to 65 years of age in Meritus Health,
Hagerstown, Maryland. The BARI-Heart Study planned to have two visits prior to bariatric
surgery and two additional visits after surgery and assess cardiometabolic changes related to
bariatric surgery. The pre-surgery visits were planned 3—-6 months and one month prior to
bariatric surgery. The post-surgery visits were scheduled 6 and 12 months after surgery.
Since some participants missed the visit 3-6 months prior to surgery, the present study is
based on the pre-surgery visits conducted one month prior to bariatric surgery as baseline
and two post-surgery follow-up visits. Given the more complete data availability at 6-month
follow-up and consistent results between 6- and 12-months post-surgery, we used 6-month
post-surgery for our primary analysis. Participants who did not return to clinic for 6-month
follow-up after bariatric surgery were excluded, resulting in a total of 72 participants for the
final study population. Of these 72 participants, 56 fully completed the evaluation at 12
months after bariatric surgery. Written informed consent was collected from all participants.
This study was approved by the Institutional Review Board of the Johns Hopkins School of
Medicine.

2.2 Collection of baseline information

Prior to collection of baseline information, each patient received instructions about healthy
diet before surgery. However, there were no significant changes in body weight from 6
months to 1 month prior to surgery. Baseline demographic information and clinical variables
were collected as part of an interview with trained medical staff at the visit prior to bariatric
surgery. Prior medical history of diabetes mellitus, atrial fibrillation, hypertension, and
dyslipidemia was assessed by self-report.
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BMI was calculated as weight in kilograms divided by height in meters squared.

2.3 Arterial stiffness and blood pressure measurements

We assessed CAVI and heart-ankle pulse wave velocity (haPWV) as measures of systemic
arterial stiffness representing aorta and leg arteries. CAVI was measured twice bilaterally
using a VaSera VS-1500 oscillometric device (Fukuda Denshi Co. Ltd., Tokyo, Japan) by
trained technicians with participants in a supine position after 5 minutes of rest at each visit.
13 Four blood pressure cuffs of appropriate sizes were wrapped around arms and ankles,
with electrocardiogram electrodes placed on both upper arms and one microphone on the
mid-sternum for phonocardiography. We considered CAVI as the primary arterial stiffness
measure because CAVI was the arterial stiffness measure reported from the device and
considered to be less influenced by blood pressure during arterial stiffness evaluation than
PWV.13 haPWV was calculated from reported CAVI using the equation below?3:

Py 2p 2
CAVI =ax ln(P—d) X AP X haPWV<+b

where Py is systolic blood pressure, Py is diastolic blood pressure, AP is Ps — Py, p is blood
density of 1.05 g/mL, and aand bare constants.14

For each CAVI and haPWV, we used the average of all measurements (i.e., bilateral
duplicate) in the analysis. During the arterial stiffness evaluation, supine brachial systolic
and diastolic blood pressures were also recorded.

2.4 Statistical analyses

Baseline characteristics were compared across tertiles of CAVI. Continuous and categorical
variables were summarized as means and standard deviations and total counts and
proportions, respectively. Boxplots were used to graphically display the distribution of heart
rate, blood pressure, CAVI, and haPWYV at each of the three study visits. Paired two-sample
t-tests were used to compare within-subject changes in cardiac and vascular measures at
baseline and each of the follow-up visits individually. Additional complete case analyses
were performed by restricting the analysis only to individuals who had completed all three
study visits. We also assessed whether 6-month CAVI changes were different by age
category (<50 and =50 years), sex, and anti-hypertensive medication use subgroups with
Welch’s t-tests.

Subsequently, we sought to identify factors associated with changes in CAVI following
bariatric surgery. We examined several baseline characteristic (age, sex, medical history of
diabetes, and atrial fibrillation) and 6-month changes in cardiometabolic parameters (heart
rate, systolic and diastolic blood pressure, BMI, and N-terminal pro b-type natriuretic
peptide [NT-proBNP]). We conducted univariable (each factor individually) and
multivariable baseline-adjusted linear regressions with 6-month changes in CAVI as the
outcome. These analyses were repeated in secondary analyses using 6-month changes in
haPWYV as the outcome.
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Two-sided p-values of less than 0.05 were considered statistically significant. All analyses
were performed using Stata version 14.2 (StataCorp LP, College Station, Texas) and R
version 3.4.4 (R Foundation for Statistical Computing, Vienna, Austria).1> 16

3. Results

3.1 Study population

Baseline characteristics of the 72 study participants are shown in Table 1. The average age of
the study participants at baseline was 44.5 (SD 11.2) years with 52 (72.2%) females. The
mean BMI was 47.1 (SD 7.4) kg/m2. A majority of participants had one or more pre-existing
conditions: 26% with diabetes, 52% with hypertension, 13% with a history of atrial
fibrillation, and 43% with dyslipidemia. Individuals at higher observed CAVI tertile at
baseline tended to be older, have lower BMI, and have increased comorbid diabetes,
hypertension, and dyslipidemia conditions (Table 1).

3.2 Changes in arterial stiffness measures after bariatric surgery

Average BMI decreased significantly from 47.1 kg/m? before bariatric surgery to 34.8 kg/m?
six months after surgery. Heart rate was also found to decrease significantly six months
following bariatric surgery (=11.5 [95% CI: —13.9, —9.2] beats per minute [bpm]) and
remained decreased 12 months post-surgery (-12.4 [-14.7, —10.2] bpm; Figure 1A).
Likewise, supine systolic blood pressure significantly declined six months after surgery
(-12.3 [-15.7, —8.8] mmHg) and remained so 12 months following surgery (-12.3 [-16.0,
-8.6] mmHg; Figure 1B). A similar pattern was observed for diastolic blood pressure
(Figure 1C). Among participants with complete measures throughout the visits, the pattern
of results was similar (Supplementary Figure 1).

Despite overall favorable changes in BMI, blood pressure, and heart rate, arterial stiffness
measures, CAVI and haPWV, significantly increased six months after bariatric surgery
(+0.64 [0.42, 0.87] and +0.24 [0.04, 0.44], respectively) (Figure 2). These elevated arterial
stiffness measurements were sustained 12 months after surgery (+0.80 [0.53, 1.07] and
+0.40 [0.17, 0.62] m/s, respectively) (Figure 2 and Supplementary Figure 2). Results were
consistent within subgroups of age, sex, and anti-hypertensive medication use
(Supplementary Figure 3).

3.3 Factors associated with greater increase in CAVI

Table 2 describes factors associated with changes in CAVI six months after bariatric surgery.
Among baseline characteristics, only diabetes was significantly associated with the degree of
change in CAVI, with diabetic patients demonstrating less CAVI increases than those
without diabetes (-0.61 [1.09, —0.12] in an unadjusted model). Among the change variables
we modeled, only changes in heart rate showed a significant association with CAVI change.
Specifically, a +0.19 [0.09, 0.30] greater increase in CAVI was observed for each 5 bpm
decrease in heart rate 6 months following bariatric surgery. Changes in NT-proBNP (a
measure of volume overload), systolic and diastolic blood pressure, and BMI were not
associated with changes in CAVI. Baseline diabetic status and 6-month changes in heart rate
remained significantly associated with observed changes in CAVI after adjusting for baseline
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characteristics (the “Adjusted” column in Table 2). Similar results were observed when we
evaluated changes in haPWV, although diabetes did not reach statistical significance
(Supplementary Table 1).

4. Discussion

This is one of the largest studies examining changes in arterial stiffness measures after
bariatric surgery. Despite favorable changes observed in cardiometabolic parameters (BMI,
heart rate, systolic, and diastolic blood pressure), two arterial stiffness measures, CAVI and
haPWV, were found to be significantly elevated after bariatric surgery. Similar results were
observed across age and sex stratum. Non-diabetes was related to more CAVI increase than
diabetes, and larger post-surgical heart rate decline was associated with a greater increase in
CAVI. On the other hand, changes in blood pressure, BMI, and NT-proBNP were not
associated with changes in CAVI.

Although our findings that arterial stiffness measures increase after bariatric surgery seem
counterintuitive, a prior smaller-scale study demonstrated similar results using CAVI.12
Additionally, our observations seem to be in line with several other studies showing an
inverse association between obesity and other arterial stiffness measures.5 17 18
Nonetheless, we also acknowledge other studies reporting conflicting results of no
changel® 19 or decrease!! 20 in arterial stiffness after bariatric surgery. We are not sure
about the exact reasons behind these heterogeneous observations across studies, but
differences in study population (e.g., age, sex, and race), study design (types of bariatric
surgery and duration of follow-up), and/or measures of arterial stiffness (types of PWVs and
CAVI) may play a role.

These heterogeneous results seem to highlight the complex relationship between body fat,
weight loss, and arterial stiffness. For example, Corden et al. reported that the BMI-PWV
association is modified by age.” Specifically, they observed that percent body fat was
inversely associated with aortic PWV in younger and middle-aged adults but positively
associated in older adults.” Of note, our study participants were mainly middle-aged adults.
They speculated that in younger adults with obesity, the body may compensate the increased
vascular burden of obesity by elevating cardiac output and decreasing arterial stiffness.
Notably, a few other studies have also demonstrated an inverse association between obesity
and arterial stiffness in children.6. 21-23

The mechanisms underlying the observed decrease in post-bariatric surgery arterial stiffness
measures are obscure. Despite the proposed explanation of compensatory mechanisms
behind lower arterial stiffness in obesity, we did not observe an association between NT-
proBNP and changes in arterial stiffness measures in our study. Additionally, we observed
that a decline in heart rate was associated with a higher magnitude of CAVI elevation after
bariatric surgery, which seems to deny the possibility that these elevated arterial stiffness
measures result from sympathetic nervous system activation. Nonetheless, an increase in
CAVI may reflect a compensation to maintain hemodynamics after reductions in heart rate
and blood pressure. Another factor related to changes in arterial stiffness in our study was
baseline diabetes status, with less CAVI increase in diabetics versus non-diabetics. An
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alternative potential mechanism may be related to the reduction of nitric oxide after bariatric

surgery?4 since nitric oxide is known to modulate endothelial function and arterial stiffness.
25, 26

We are not certain about the prognostic implications of these changes in arterial stiffness
measures after bariatric surgery. However, our observations do not support the notion that
the elevation of post-bariatric surgery arterial stiffness measures would contribute to adverse
outcomes, since non-diabetes and decreased heart rate, two potent protective factors
(compared to diabetes and elevated heart rate, respectively), were associated with greater
elevation of CAVI. Moreover, we should recognize that the changes in CAVI levels in our
study fell mostly in the normal range. Thus, future prospective studies with longer follow-up
are necessary to understand the prognostic value of changes in arterial stiffness measures
after bariatric surgery.

There are a few other research and clinical implications of our study. Given conflicting
results across previous studies, to better understand the complex relationship between
obesity and arterial stiffness, it would be ideal to conduct a study evaluating various
segment-specific PWVs before and after bariatric surgery in patients with a broad age range
and with long-term follow-up of at least a few years to evaluate the prognostic value of
changes in arterial stiffness. Also, the conflicting results regarding arterial stiffness
outcomes after bariatric surgery suggest that healthcare providers should carefully interpret
these measures amongst individuals who have undergone bariatric surgery.

There are several limitations in our study. Although it was one of the largest for this specific
study question, the sample size was still small, limiting the types of analyses we could
perform. Since the study population was predominantly white adults, another constraint lies
in the generalizability of these findings beyond this race group. Another limitation was that
haPWV was calculated from reported CAVI, rather than directly measured. Additionally, the
lack of long-term CAVI measures past 12 months of follow-up after bariatric surgery limits
the current study’s ability to gauge arterial stiffness outcomes in bariatric surgery patients
beyond one year. Further studies may continue to assess whether the elevated measures of
systemic arterial stiffness after bariatric surgery are abated or sustained on the long-term.
Lastly, limited availability of variables curtailed our ability to explore other potential
predictors of arterial stiffness change (such as menopausal status, bariatric surgery type, and
inflammatory markers).

In conclusion, two measures of systemic arterial stiffness, CAVI and haPWV, were
significantly elevated after bariatric surgery despite favorable changes in body weight,
systolic blood pressure, and heart rate. Our study, together with previous studies, underscore
the complex relationship between obesity and arterial stiffness. Thus, healthcare providers
should carefully interpret any arterial stiffness measures among individuals with morbid
obesity before and after bariatric surgery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Arterial stiffness measures were elevated after bariatric surgery
. Predictors of this elevation were post-surgery heart rate decrease and no
diabetes
. These predictors suggest this elevation may not be linked to poor prognosis
. Arterial stiffness in bariatric surgery should be carefully interpreted
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Figure 1. Changes in heart and vascular function after bariatric surgery.
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(A) Heart rate and (B) systolic blood pressure and (C) diastolic blood pressure *Sample size

of non-missing observations denoted under each respective visit.
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Figure 2. Changes in arterial stiffness measures after bariatric surgery.
(A) CAVI (B) haPWV. *Sample size of non-missing observations denoted under each

respective visit.
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Table 1.

Study population characteristics by tertiles of baseline CAVI.

Overall Tertile 1 Tertile 2 Tertile 3
(N=72) (N=24) (N=24) (N=24)

CAVI ranges 4357 5.7-6.4 6.5-9.6
Female (%) 52 (72.2%) 20(83.3%) 16 (66.7%) 16 (66.7%)
White (%) 62 (86.1%) 20 (83.3%) 20 (83.3%) 22 (91.7%)
Age, years 45 (11) 36 (9) 44 (9) 54 (8)
Ever smoker (%) 31 (43.1%) 8(33.3%) 15(62.5%) 8 (33.3%)
Height, cm 167 (11) 163 (8) 167 (11) 170 (11)
Weight, kg 131 (29) 135 (32) 132 (26) 126 (29)
BMI, kg/m? 47.1(7.4)  50.7(7.5) 47.1(65)  43.6(6.7)
Blood pressure

Systolic, mmHg 141 (12)a 138 (13) 140 (10) 144 (13)

Diastolic, mmHg 83 (g)a 79 (7) 85 (9) 85 (10)
Heart rate, bpm 68 (10)'3 69 (9) 70 (11) 66 (9)
Heart-ankle PWV, m/s 6.6 (1.0) 5.7 (0.3) 6.5(0.4) 7.6 (1.0)
Pre-existing conditions

Diabetes (%) 19 (26.4%) 2 (8.3%) 6(25.0%) 11 (45.8%)

Hypertension (%) 38(52.8%)  9(37.5%) 10 (41.7%) 19 (79.2%)

Atrial fibrillation (%) 9 (12.5%) 5 (20.8%) 1 (4.2%) 3(12.5%)

Dyslipidemia (%) 30 (42_9%)17 4 (17.4%) 10 (43.5%) 16 (66.7%)

Values reported are mean (standard deviation) unless otherwise noted.

aOne missing observation (n = 71).

bTwo missing observations (n=70).

BMI = body mass index; bpm = beats per minute; CAVI = cardio-ankle vascular index; PWV = pulse wave velocity.
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Table 2.

Association between participant characteristics and changes in CAVI six months after bariatric surgery

Variable Unadjusted Adjusteda
Baseline Age -0.01(-0.03,0.01)  -0.01(-0.03,0.01)

Female 0.16 (~0.33, 0.66) 0.07 (-0.42, 0.55)

Diabetes -0.61(-1.09,-0.12) -0.52 (-1.04, —-0.01)

Atrial fibrillation

0.44 (-0.22, 1.10)

0.32 (-0.34, 0.98)

Six-month changes  Heart rate (per 5 bpm decrease)
Systolic blood pressure (per 10 mmHg decrease)
Diastolic blood pressure (per 5 mmHg decrease)
BMI (per 5 kg/m? decrease)
NT-proBNP change (per 10 pg/mL increase)

0.19 (0.09, 0.30)
-0.07 (-0.22, 0.08)
-0.10 (-0.22, 0.02)
0.22 (~0.05, 0.47)
-0.01 (-0.03, 0.01)

0.16 (0.05, 0.27)

aAdjusted by baseline age, sex, diabetes, and atrial fibrillation status.
BMI = body mass index; bpm = beats per minutec

Statistically significant values in bold.
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