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Summary

Objective

Obesity is an established risk factor for cardiovascular disease. The mechanisms by
which obesity affects cardiovascular risk have not been fully elucidated. This paper
reports a comprehensive systematic review and meta-analysis on obesity and two key
aspects of vascular health using gold-standard non-invasive measures — arterial
endothelial function (brachial flow-mediated dilatation) and subclinical atherosclerosis
(carotid intima-media thickness).

Methods

Electronic searches for ‘Obesity and flow-mediated dilatation’ and ‘Obesity and intima-
media thickness’ were performed using Ovid Medline and Embase databases. A meta-
analysis was undertaken for brachial flow-mediated dilatation and carotid intima-media
thickness to obtain pooled estimates for adults with obesity and those with healthy
weight.

Results

Of the 5,810 articles retrieved, 19 studies on flow-mediated dilatation and 19 studies on
intima-media thickness were included. Meta-analysis demonstrated that obesity was
associated with lower flow-mediated dilatation (—1.92 % [95% CI —2.92, —0.92],
P = 0.0002) and greater carotid intima-media thickness (0.07 mm [95% CI 0.05, 0.08],
P < 0.0001).

Conclusions

Obesity is associated with poorer arterial endothelial function and increased subclinical
atherosclerosis, consistent with these aspects of vascular health at least partially
contributing to the increased risk of cardiovascular events in adults with obesity. These
estimated effect sizes will enable vascular health benefits in response to weight loss
treatment to be put in greater perspective, both in the research setting and potentially
also clinical practice.
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Introduction

studies are brachial artery flow-mediated dilatation
(FMD) and carotid intima-media thickness (IMT). Both

Cardiovascular events such as myocardial infarction and
stroke are a major cause of morbidity and mortality (1).
Atherosclerosis is the disease process that underlies the
majority of cardiovascular events and is characterized
by endothelial dysfunction and arterial wall thickening.
The non-invasive methodologies most commonly used
to assess these aspects of vascular health in research
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have been used extensively to study the effects of
putative risk factors on the vasculature and predict future
risk of cardiovascular events (2,3).

Obesity is an important cardiovascular risk factor. A
number of studies have determined the associations of
obesity with markers of vascular health, albeit with mixed
findings. Studies of obesity and brachial FMD have
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shown either preserved or impaired endothelial function
(4-7). In contrast, studies of carotid IMT have usually
shown increased IMT in people with obesity, although
with markedly different effect size estimates. Clarifying
these associations has implications for the mechanisms
linking obesity with cardiovascular events and will have
implications for treatment strategies, particularly those
that specifically seek to lower cardiovascular risk in
obesity. For instance, a clear indication of the effect size
of the increased carotid IMT in obesity will enable a more
accurate estimation of the proportion of cardiovascular
risk in obesity that is related to atherosclerotic vascular
disease, and as such assist in identifying the mechanisms
to target for the likely most efficacious approach to
reducing risk of heart disease in people with obesity.
Similarly if obesity is accompanied by lower brachial
FMD, the use of strategies that improve endothelial
function, independent of weight loss, may become viable
to lower risk of cardiovascular events. Weight loss itself
has been demonstrated to be associated with increases
in brachial FMD and reductions in carotid IMT (8,9).

Nonetheless, unlike weight loss, such strategies aimed
at improving vascular function per se would not infer
benefits for other obesity-related comorbidities but may
be of benefit as an addendum to weight loss or for people
who are resistant to weight loss.

Accordingly, a comprehensive systematic review of
the available literature on obesity and vascular health
(as assessed by brachial FMD, and carotid IMT) was
undertaken, with subsequent meta-analysis to
determine whether these markers of vascular health
differ between adults with obesity and those with
healthy weight, and the estimated effect size of any
such difference. Studies were restricted to those that
defined obesity using body mass index (BMI), which
despite being unable to differentiate between different
types of obesity, is the most commonly used measure
in clinical practice.

Methods
Search strategy and selection criteria

The MOOSE checklist was used as a guide to prepare this
systematic review and meta-analysis. Electronic searches
were performed on 29 January 2017 using Ovid Medline
and Embase databases, to identify papers published
through end-2016. Searches were run in each database,
relating to ‘Obesity and FMD’ and ‘Obesity and IMT".
Relevant search terms under each search category
‘Obesity’ (Obesity, morbid obesity, overweight, obes*,
BMI, body mass index), ‘Flow-mediated dilatation’ (flow

mediated dilat* or vasodilat*, FMD) and ‘Intima media
thickness’ (intima media thickness, IMT) were identified
and used.

To maximize sensitivity of the search, relevant terms
were combined as keywords or subject heading (MeSH)
terms within each category. After the initial screening of
titles and abstracts, the full text of potentially relevant
articles were obtained and evaluated. To further identify
relevant studies, a secondary search was also carried
out by reviewing the reference lists of all shortlisted
articles.

Inclusion criteria

To ensure consistency, only studies that used BMI to
define obesity and studies which measured brachial
FMD and common carotid IMT as endpoints were
included. Studies were included if participants were
categorized on the basis of study-specific BMI cut-
points, into those with some degree of obesity and those
with healthy weight. A sensitivity analysis was undertaken
in studies using World Health Organization criteria
(Controls <25 kg m2, Obesity >30 kg m2). The limits
‘humans’ and ‘adults >18 years old’ were added to make
the searches more specific. Date limits were applied
according to when the FMD and IMT techniques were first
described (1992 and 1984, respectively). No language
limits were applied.

Exclusion criteria

The following types of studies were excluded: Studies in
which the participants with obesity all had a specific co-
morbidity, studies without a healthy weight comparator,
studies which did not assess FMD and IMT as endpoints
and studies from which the mean, standard deviations or
standard error were unable to be extracted or converted.
For studies in which the group with obesity was stratified
into two groups (with and without a specific co-
morbidity), the group with the specific co-morbidity was
excluded. As obesity is associated with an increased risk
of metabolic co-morbidities, studies that included
participants with metabolic risk factors, but did not
specifically select based on these risk factors, were not

excluded. Abstracts, case reports, conference
presentations, editorials and expert opinions were
excluded.

Screening of articles, data extraction and critical
appraisal

All 5,810 titles, relevant abstracts and relevant full-text
articles from the primary and secondary search were
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screened by the main reviewer (J.Y.A.N). All titles and
relevant abstracts from the primary search were also
independently screened by a second reviewer (T.Y.C).
Discrepancies were resolved by discussion and
consensus. Relevant data were extracted from the
articles, tables and figures by the main reviewer.

Statistical analysis

The sample size, mean and SD of relevant data (age, BMI,
FMD and IMT) from the group with obesity and the control
group were extracted from each study. For studies with
measures of both mean and maximum carotid IMT, or a
composite measure derived from multiple areas of the
carotid tree, the measure of mean common carotid IMT
was used preferentially in analysis. To determine the net
effect of obesity on vascular health, a meta-analysis was
performed by combining the mean difference of FMD or
IMT between the adults with obesity and those with
healthy weight from the different studies to obtain pooled
estimates. Weighted mean and pooled variance were
used when the group with obesity or the control group
were stratified into two groups according to age, type of
obesity or amount of inflammatory markers (e.g. high
sensitivity C-reactive protein). The random effects model
was used to account for the variation in baseline
characteristics of different populations as well as the
methodological variation among the different studies. An
> value of greater than 50% indicated substantial
heterogeneity.  Possible causes of substantial
heterogeneity, specifically age, sex, BMI cut-points for
healthy weight and obesity, measurement methodology
(for IMT only) and site of occlusion (for FMD only), were
explored by conducting sensitivity analyses stratified by
subgroup. Statistical significance was inferred at
P < 0.05. Statistical analysis was undertaken with Review
Manager Version 5.3 (The Nordic Cochrane Centre,
Copenhagen, Denmark).

Results

Search results — brachial flow-mediated
dilatation (FMD)

Atotal of 1,611 references were identified through the two
electronic database searches in the primary search. A
secondary search of references from shortlisted articles
from the primary search yielded an additional 944 articles.
After removal of duplicates, 1,994 references remained
for screening, of which 1,811 were excluded because
they did not meet the inclusion criteria. The remaining
183 full-text articles were assessed for eligibility. After
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screening these articles based on the selection criteria,
19 studies remained for analysis.

Nineteen of these FMD studies are cross-sectional
studies of adults with obesity and controls. In these
studies, a total of 2,733 participants were compared,
including 1,680 controls and 1,053 adults with obesity.
A summary of characteristics of the study populations is
presented in Table 1.

Search results — carotid intima-media
thickness (IMT)

A total of 4,081 references were identified through the
two electronic database searches in the primary search.
A secondary search of references from shortlisted
articles from the primary search yielded an additional
1,064 articles. After removal of duplicates, 3,901
references remained for screening, of which 3,760 were
excluded because they did not meet the inclusion
criteria. The remaining 141 full-text articles were
assessed for eligibility. After screening these articles
based on the selection criteria, 19 studies remained for
analysis.

Of the 19 studies included in the meta-analysis, 14 of
them are cross-sectional studies, and 5 of them are
longitudinal studies. In these studies, a total of 9,821
participants were compared, including 4,999 controls
and 4,822 adults with obesity. A summary of
characteristics of the study populations is presented in
Table 2.

Meta-analysis results — brachial FMD
and carotid IMT

The meta-analysis showed potentially meaningful and
statistically significant differences in brachial FMD and
carotid IMT between the adults with obesity and those
who are healthy weight, with the adults with obesity
having lower FMD (—1.92 % [95% CI: —2.92, —0.92],
P =0.0002, n = 1,053; Figure 1) and higher carotid IMT
(0.07 mm [95% CI: 0.05, 0.08], P < 0.0001, n = 4,822;
Figure 2) than the healthy weight adults (n 1,680
[FMD], n = 4,999 [IMT]). However, there was significant
heterogeneity, based on [* test (°> 50%). The
association of obesity with lower brachial FMD and
greater carotid IMT did not differ by age or sex (Figures 3,
4, 7 and 8), with the estimated mean differences being
profoundly similar between all subgroups. Similar results
were found in studies that used standard World Health
Organization criteria for obesity and healthy weight, and
studies that used alternative criteria (Figures 5 and 9).
Heterogeneity between studies remained high in these
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Obesity Controls Mean Difference Mean Difference
Study or Subgroup Mean [%] SD [%] Total Mean[%] SD [%] Total Weight IV, Random, 95% CI [%] Year IV, Random, 95% CI [%]
Hashimoto 1998 4.99 2.03 38 8.91 211 23 6.9% -3.92 [-5.00, -2.84] 1998 =
Oflaz 2003 13.33 6.51 24 2524 13.96 14 1.4% -11.91 [-19.67,-4.15] 2003
Yu 2003 205 4.6 24 26.1 6.7 12 32% -5.60 [-9.81,-1.39] 2003 — =
Olson 2006 52 3.92 19 9.1 297 18  55% -3.90 [-6.13, -1.67] 2006 —
Pulerwitz 2006 53 3.7 146 6.8 39 130 71% -1.50 [-2.40, -0.60] 2006 o
Zhu 2007 6.54 3.27 78 11.25 398 172 71% -4.71 [-5.85, -3.77] 2007 S
Skilton 2008 6.2 4.37 39 6.2 4.31 11 4.6% 0.00 [-2.89, 2.89] 2008 T
Mizia-Stec 2008 16.8 7.9 22 13.99 573 34  3.6% 2.81[-1.01,6.63] 2008 T
Fahs 2009 7.25 5.05 37 6.59 348 36 58% 0.66 [-1.32, 2.64] 2009 = EES
Patel 2009 10.8 6.24 48 14.6 7.07 50 4.9% -3.80 [-6.44, -1.16] 2009 — =
Lind 2009 7.9 6.4 19 8.9 5.4 19 3.6% -1.00 [-4.77,2.77] 2009 I
Biasucci 2010 7.53 5.47 35 7.33 3.68 13 49% 0.20 [-2.50, 2.90] 2010 T
Zhu 2010 7.3 35 14 10.7 3.3 1 4.9% -3.40 [-6.08, -0.72] 2010 e
Ayer 2010 6.2 17 11 47 4.1 1 5.0% 1.50[-1.12, 4.12] 2010 == -
Ayer 2011 53 3.487 19 6.7 4.794 19 4.9% -1.40 [-4.07, 1.27] 2011 -
Mah 2011 5.78 1.75 8 7.31 0.85 8 6.6% -1.53 [-2.88, -0.18] 2011
Vinet 2011 3.3 2 16 57 1.6 16 6.7% -2.40 [-3.85, -1.15] 2011 -
Doupis 2011 6.1 4.7 37 8.4 3.5 40 6.0% -2.30 [-4.16, -0.44] 2011 ——
Martin 2013 83 39 419 8.6 41 1043 7.4% -0.30 [-0.75, 0.15] 2013 =
Total (95% Cl) 1053 1680 100.0% -1.92 [-2.92, -0.92] .
Heterogeneity: Tau? = 3.45; Chi? = 131.40, df = 18 (P < 0.00001); I* = 86% _1=0 5 ¥ 1=0

Test for overall effect: Z = 3.77 (P = 0.0002)

+
0 5
Lower in Obesity Lower in Controls

Figure 1 Forest plot of mean difference in brachial FMD between adults with obesity and healthy weight adults.

Obesity Controls
Study or Subgroup Mean [mm] SD [mm] Total Mean [mm] SD[mm] Total W

eight

Mean Difference
IV, Random, 95% CI [mm] Year

Mean Difference
IV, Random, 95% CI [mm]

2.9%
4.3%
3.3%
5.7%
4.9%
1.9%
57%
5.7%
3.6%
4.5%
7.9%
7.3%
2.3%
5.7%
8.8%
6.5%
8.4%
2.7%
7.9%

Karason 1999 0.81 0.16 31 0.76 0.18 35
Ciccone 1999 0.952 0.254 132 0.85 0.212 107
Mavri 2001 0.72 0.17 43 0.59 0.12 19
De Michele 2002 1.02 0.18 83 0.94 0.1 92
Oflaz 2003 0.569 0.097 24 0.455 0.067 14
Yu 2003 0.5 0.02 24 0.34 0.19 12
Marini 2007 0.79 0.08 20 0.68 0.11 73
Mizia-Stec 2008 0.58 0.09 22 0.604 0.0614 34
Skilton 2008 0.75 0.12 39 0.65 0.1 1"
Stefan 2008 0.54 0.23 127 0.51 0.15 54
Yu 2008 0.79 0.12 163 0.75 011 355
Fahs 2009 0.52 0.061 37 0.44 0.06 36
Biasucci 2010 0.66 0.21 35 0.54 0.12 13
Ayer 2011 0.6  0.0871 19 0.51  0.0435 19
Blaha 2011 0.889 0.19 3496 0.849 0.193 3264
Csongradi 2011 0.54 0.11 56 0.5 0.08 62
Park 2011 0.72 0.06 7 0.7 0.06 286
Ecemis 2012 0.6 0.2 25 0.4 0.1 25
Aydin 2013 0.61 0.15 375 0.55 0.18 488
Total (95% CI) 4822 4999 100.0%

Heterogeneity: Tau? = 0.00; Chi? = 80.82, df = 18 (P < 0.00001); I = 78%
Test for overall effect: Z = 7.84 (P < 0.00001)

0.05[-0.03,0.13] 1999
0.10[0.04, 0.16] 1999
0.13[0.06, 0.20] 2001
0.08[0.04,0.12] 2002
0.11[0.06, 0.17] 2003
0.16 [0.05, 0.27] 2003
0.11[0.07, 0.15] 2007
-0.02 [-0.07, 0.02] 2008
0.10[0.03,0.17] 2008
0.03 [-0.03, 0.09] 2008
0.04[0.02, 0.06] 2008
0.08[0.05, 0.11] 2009
0.12[0.02,0.22] 2010
0.09[0.05, 0.13] 2011
0.04[0.03,0.05] 2011
0.04[0.00, 0.08] 2011
0.02[0.00, 0.04] 2011
0.20[0.11,0.29] 2012
0.06 [0.04, 0.08] 2013

0.07 [0.05, 0.08] L 4

02 01 0 01 02
Higher in Controls  Higher in Obesity

Figure 2 Forest plot of mean difference in carotid IMT between adults with obesity and healthy weight adults.

stratified analyses, with the exception of studies of
brachial FMD in participants aged >50 years, in which
findings were relatively consistent.

Regarding methodological differences, analysis
stratified by carotid IMT measurement methodology
found no differences between subgroups (Figure 10).
For the brachial FMD methodology, subgroups were
analysed based on site of occlusion, which has important
implications for the proportion of the response due to
endothelial nitric oxide. The subgroup analysis showed
some evidence that the association of obesity with lower
FMD was more marked in studies which used distal

(forearm) occlusion, than in studies which used proximal
(upper arm) occlusion (Pheterogeneity = 0.10; Figure 6).

Assessment of publication bias

Funnel plots for both brachial FMD and carotid IMT
demonstrate a lack of smaller studies (Figures 11 and
12). The funnel plot for brachial FMD shows a symmetrical
distribution of studies about the mean effect size. The
funnel plot for carotid IMT is slightly skewed to the right,
indicating that smaller studies with negative results or
reverse associations might not have been published.
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Obesity Controls Mean Difference Mean Difference
Study or Subgroup  Mean [%] SD [%] Total Mean [%] SD [%] Total Weight IV, Random, 95% CI [%] Year IV, Random, 95% CI [%]
< 50 years old
Hashimoto 1998 4.99 2.03 38 8.91 21 23 6.9% -3.92[-5.00, -2.84] 1998 —
Yu 2003 20.5 46 24 26.1 6.7 12 32% -5.60 [-9.81, -1.39] 2003 ——
Oflaz 2003 13.33 6.51 24 2524 13.96 14 1.4% -11.91 [-119.67, -4.15) 2003 ¥
Olson 2006 5.2 3.92 19 9.1 297 18  55% -3.90 [-6.13, -1.67] 2006 — =
Zhu 2007 6.54 3.27 78 11.25 398 172 71% -4.71 [-5.65, -3.77] 2007 -
Mizia-Stec 2008 16.8 7.9 22 13.99 573 34  36% 2.81[-1.01, 6.63] 2008 T
Skilton 2008 6.2 437 39 6.2 4.31 11 4.6% 0.00 [-2.89, 2.89] 2008 G G
Lind 2009 7.9 6.4 19 8.9 54 19  36% -1.00 [-4.77, 2.77] 2009 — = -
Fahs 2009 7.25 5.05 37 6.59 348 36 58% 0.66 [-1.32, 2.64] 2009 i
Zhu 2010 7.3 3.5 14 10.7 33 11 4.9% -3.40[-6.08, -0.72] 2010 -
Ayer 2010 6.2 o 1" 4.7 4.1 11 5.0% 1.50 [-1.12, 4.12] 2010 T
Vinet 2011 33 2 16 57 1.6 16  6.7% -2.40 [-3.65, -1.15] 2011 ==
Mah 2011 5.78 1.75 8 73 0.85 8 6.6% -1.53 [-2.88, -0.18] 2011 =
Ayer 2011 53 3.487 19 6.7 4.794 19  49% -1.40 [-4.07, 1.27] 2011 —_—=1
Martin 2013 8.3 39 419 8.6 4.1 1043 7.4% -0.30 [-0.75, 0.15] 2013 1
Subtotal (95% CI) 787 1447  77.2% -1.95 [-3.22, -0.69] <&

Heterogeneity: Tau? = 4.56; Chi? = 126.28, df = 14 (P < 0.00001); I* = 89%
Test for overall effect: Z = 3.03 (P = 0.002)

> 50 years old

Pulerwitz 2006 5.3 37 146 6.8 39 130 7.1% -1.50 [-2.40, -0.60] 2006

Patel 2009 10.8 6.24 48 14.6 7.07 50  4.9% -3.80 [-6.44, -1.16] 2009

Biasucci 2010 7.53 547 35 7.33 3.68 13 49% 0.20 [-2.50, 2.90] 2010 —
Doupis 2011 6.1 4.7 37 8.4 3.5 40  6.0% -2.30 [-4.16, -0.44) 2011

Subtotal (95% CI) 266 233 22.8% -1.79 [-2.96, -0.62]

Heterogeneity: Tau? = 0.56; Chi? = 4.92, df = 3 (P = 0.18); I = 39%
Test for overall effect: Z = 3.00 (P = 0.003)

4 0{||+

Total (95% CI) 1053 1680 100.0% -1.92 [-2.92, -0.92]
Heterogeneity: Tau? = 3.45; Chi? = 131.40, df = 18 (P < 0.00001); I = 86%

Test for overall effect: Z = 3.77 (P = 0.0002)

Test for subgroup differences: Chi* = 0.03, df = 1 (P = 0.86), I’ = 0%

+ + + y
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Lower in Obesity Lower in Controls

Figure 3 Brachial FMD and obesity: analysis stratified by age. Forest plot of mean difference in brachial FMD between adults with obesity and
healthy weight adults stratified by age above and below 50 years.

Obesity Controls Mean Difference Mean Difference
Study or Subgroup  Mean [%] SD [%] Total Mean [%] SD [%] Total Weight IV, Random, 95% CI [%] Year IV, Random, 95% CI [%]
Males
Hashimoto 1998 4.99 2.03 38 8.91 2.1 23 13.3% -3.92 [-5.00, -2.84] 1998 -
Yu 2003 205 4.6 24 26.1 6.7 12 65% -5.60 [-9.81, -1.39] 2003 —
Zhu 2010 7.3 35 14 10.7 33 11 97% -3.40 [-6.08, -0.72] 2010 —
Vinet 2011 3.3 2 16 57 1.6 16 13.0% -2.40 [-3.65, -1.15] 2011 =
Mah 2011 5.78 1.75 8 7.31 0.85 8 12.8% -1.53[-2.88,-0.18] 2011 -
Martin 2013 8.3 39 419 8.6 4.1 1043 14.2% -0.30 [-0.75, 0.15] 2013 -
Subtotal (95% CI) 519 1113 69.4% -2.51 [-4.15, -0.88] "

Heterogeneity: Tau? = 3.29; Chi? = 50.27, df = 5 (P < 0.00001); I* = 80%
Test for overall effect: Z = 3.01 (P = 0.003)

Females

Oflaz 2003 13.33 6.51 24 2524 13.96 14 28% -11.91 [-19.67, 4.15] 2003 +———————

Olson 2006 5.2 3.92 19 9.1 297 18 10.7% -3.90 [-6.13, -1.67] 2006 —_——

Mizia-Stec 2008 16.8 7.9 22 13.99 573 34 72% 2.81[-1.01, 6.63] 2008 = -
Patel 2009 10.8 6.24 48 14.6 7.07 50 9.8% -3.80 [-6.44, -1.16] 2009 L

Subtotal (95% CI) 113 116  30.6% -3.30 [-7.14, 0.54] il

Heterogeneity: Tau? = 11.22; Chi? = 14.90, df = 3 (P = 0.002); I = 80%
Test for overall effect: Z = 1.68 (P = 0.09)

Total (95% CI) 632 1229 100.0% -2.69 [-4.15, -1.23] L 2
Heterogeneity: Tau? = 3.86; Chi? = 71.34, df = 9 (P < 0.00001); I = 87%
Test for overall effect: Z = 3.62 (P = 0.0003)

Test for subgroup differences: Chi*=0.14, df =1 (P =0.71), = 0%

t + t t
-10 -5 0 5 10
Lower in Obesity Lower in Controls

Figure 4 Brachial FMD and obesity: analysis stratified by gender. Forest plot of mean difference in brachial FMD between adults with obesity
and healthy weight adults stratified by gender.

Discussion structural changes to the arterial vasculature, specifically

lower brachial FMD and greater carotid IMT. This
The results of this systematic review and meta-analysis evidence of worsened arterial endothelial function and
indicate that obesity is associated with functional and increased subclinical atherosclerosis is consistent with
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Obesity Controls Mean Difference Mean Difference

Study or Subgroup  Mean [%] SD [%] Total Mean [%] SD [%] Total Weight IV, Random, 95% CI [%] Year IV, Random, 95% CI [%]
Non WHO Definition of Obesity
Hashimoto 1998 4.99 2.03 38 8.91 211 23 6.9% -3.92 [-5.00, -2.84] 1998 -
Oflaz 2003 13.33 6.51 24 2524 13.96 14 1.4% -11.91[-19.67, -4.15] 2003 +———————
Yu 2003 205 4.6 24 26.1 6.7 12 32% -5.60 [-9.81,-1.39] 2003
Skilton 2008 6.2 4.37 39 6.2 4.31 1 4.6% 0.00 [-2.89, 2.89] 2008 I
Mizia-Stec 2008 16.8 7.9 22 13.99 573 34  3.6% 2.81[-1.01,6.63] 2008 T
Lind 2009 7.9 6.4 19 8.9 54 19 36% -1.00 [-4.77, 2.77] 2009 D
Fahs 2009 7.25 5.05 37 6.59 3.48 36 5.8% 0.66 [-1.32, 2.64] 2009 o
Zhu 2010 7.3 35 14 10.7 33 1 4.9% -3.40 [-6.08, -0.72] 2010 —
Biasucci 2010 7.53 547 35 7.33 3.68 13 49% 0.20 [-2.50, 2.90] 2010 N
Doupis 2011 6.1 4.7 37 8.4 3.5 40 6.0% -2.30 [-4.16, -0.44] 2011 -
Mah 2011 5.78 1.75 8 7.31 0.85 8 6.6% -1.53 [-2.88,-0.18] 2011 -]
Martin 2013 8.3 39 419 8.6 4.1 1043 74% -0.30 [-0.75, 0.15] 2013 o
Subtotal (95% CI) 716 1264 58.9% -1.57 [-2.85, -0.29] ’
Heterogeneity: Tau? = 3.31; Chi? = 62.90, df = 11 (P < 0.00001); I* = 83%
Test for overall effect: Z = 2.40 (P = 0.02)
WHO Definition of Obesity
Pulerwitz 2006 5.3 3.7 146 6.8 3.9 130 71% -1.50 [-2.40, -0.60] 2006 T
Olson 2006 52 3.92 19 9.1 297 18 55% -3.90 [-6.13, -1.67] 2006 -
Zhu 2007 6.54 3.27 78 11.25 398 172 71% -4.71 [-5.85, -3.77] 2007 -
Patel 2009 10.8 6.24 48 14.6 7.07 50 4.9% -3.80 [-6.44, -1.16] 2009 ——
Ayer 2010 6.2 1.7 11 4.7 4.1 1 5.0% 1.50[-1.12, 4.12] 2010 T
Vinet 2011 33 2 16 5.7 1.6 16 6.7% -2.40 [-3.65, -1.15] 2011 =
Ayer 2011 5.3 3.487 19 6.7 4.794 19 4.9% -1.40 [-4.07, 1.27] 2011 S|
Subtotal (95% CI) 337 416  41.1% -2.43 [-3.90, -0.96] L 2

Heterogeneity: Tau? = 2.98; Chi? = 37.17, df = 6 (P < 0.00001); I* = 84%
Test for overall effect: Z = 3.24 (P = 0.001)

Total (95% Cl) 1053
Heterogeneity: Tau? = 3.45; Chi? = 131.40, df = 18 (P < 0.00001); I* = 86%
Test for overall effect: Z = 3.77 (P = 0.0002)

Test for subgroup differences: Chi? = 0.75, df = 1 (P = 0.39), P = 0%

1680 100.0%

.92 [-2.92, -0.92]

1
T
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Figure 5 Brachial FMD and obesity: analysis stratified by obesity and healthy weight criteria. Forest plot of mean difference in brachial FMD
between adults with obesity and healthy weight adults stratified by use of World Health Organization criteria (Controls <25 kg m2, Obesity

>30 kg m’z), or alternative BMI cut-points.

theoretically meaningful differences in the risk of
cardiovascular events. Specifically, the impairment of
brachial FMD is consistent with a 12 to 33% higher risk
of cardiovascular events (10), and the differences in
carotid IMT are associated with a 7 to 12% higher risk
of myocardial infarction and a 9 to 14% higher risk of
stroke (11).

Cardiometabolic risk profile in individuals with obesity
may contribute to the poor vascular health observed in
this condition. Indeed, brachial FMD is impaired, and
carotid IMT is increased in people with the metabolic
syndrome (12—14). Approximately 64% of the risk of
coronary artery disease events attributable to obesity
are due to altered levels of the total cholesterol to HDL
cholesterol ratio, systolic blood pressure and diabetes
mellitus (15). Studies that included only adults with
obesity and a specific comorbidity were specifically
excluded, in order to at least partially limit the impact of
these comorbidities. However, the rates of non-selected
comorbidities remained high overall and may have
contributed to the magnitude of the vascular health
disturbances observed. There has been considerable
discussion of metabolically healthy obesity, and as noted,
the lack of consistent findings formed the basis for this
current meta-analysis. Identification of a phenotype of

people with obesity and optimal vascular health is beyond
the scope of the current study, although if such a
phenotype exists, it may relate to adipose tissue
distribution (16,17), adipokine profile or genetic
predisposition.

Subgroup analysis based on the site of occlusion for
arterial endothelial function testing found some evidence
for a greater difference between adults with obesity and
those with healthy weight in studies utilizing the forearm
occlusion method than in those with an upper arm
occlusion. This may be due to the different underlying
mechanisms of vasodilation in response to occlusion
from these two sites, with the forearm occlusion eliciting
vasodilatation through predominantly nitric oxide
mediated pathways, and upper arm occlusion via both
endothelium-derived nitric  oxide and ischemic
metabolites (18,19). Accordingly, these findings are
consistent with obesity being associated with worsened
endothelial function, and in particular, nitric oxide
mediated vasodilation, putatively via enhanced oxidative
stress, increased production of inflammatory cytokines
and a direct effect of some adipokines and obesity-
related peptides (20).

Interestingly, the difference in FMD observed is less
than that described in a recent meta-analysis of weight
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Study or Subgroup

Obesity

Controls
Mean [%] SD [%] Total Mean [%] SD [%] Total Weight

Mean Difference
IV, Random, 95% CI [%] Year

Mean Difference
IV, Random, 95% CI [%]

Forearm occlusion
Hashimoto 1998
Yu 2003

Oflaz 2003

Olson 2006

Zhu 2007

Skilton 2008

Lind 2009

Ayer 2010
Biasucci 2010
Ayer 2011

Vinet 2011

Doupis 2011

Mah 2011
Subtotal (95% CI)

4.99
205
13.33

53
3.3
6.1
5.78

2.03
4.6
6.51
3.92
3.27
4.37
6.4
1.7
5.47
3.487
2
47
175

367

8.91
26.1
25.24
9.1
11.25
6.2
8.9
4.7
7.33
6.7
57
8.4
731

Heterogeneity: Tau? = 2.83; Chi? = 52.00, df = 12 (P < 0.00001); > = 77%

Test for overall effect: Z = 4.10 (P < 0.0001)

Upper arm occlusion
Pulerwitz 2006
Mizia-Stec 2008

Patel 2009

Fahs 2009

Zhu 2010

Martin 2013

Subtotal (95% Cl)

3.7
7.9
6.24
5.05
35
3.9

14
419
686

6.8
13.99
14.6
6.59
10.7
8.6

2.1 23 6.9%
6.7 12 32%
13.96 14 1.4%
2.97 18  55%
398 172 71%
4.31 11 4.6%
5.4 19 36%
4.1 11 5.0%
3.68 13 49%
4.794 19  4.9%
1.6 16  6.7%
3.5 40 6.0%
0.85 8 6.6%
376  66.3%

39 130 71%
573 34  3.6%
7.07 50 4.9%
3.48 36 58%
33 11 4.9%
4.1 1043 7.4%
1304 33.7%

Heterogeneity: Tau? = 1.33; Chi? = 20.02, df = 5 (P = 0.001); I = 75%
Test for overall effect: Z = 1.63 (P = 0.10)

Total (95% CI)

Test for overall effect: Z = 3.77 (P = 0.0002)

1053

1680 100.0%
Heterogeneity: Tau® = 3.45; Chi* = 131.40, df = 18 (P < 0.00001); I* = 86%

Test for subgroup differences: Chi* = 2.64, df = 1 (P = 0.10), I? = 62.2%

-3.92[-5.00, -2.84]
-5.60 [-9.81, -1.39]
-11.91 [-19.67, -4.15]
-3.90 [-6.13, -1.67]
-4.71[-5.65, -3.77]
0.00 [-2.89, 2.89]
-1.00 [-4.77, 2.77)
150 [-1.12, 4.12]
0.20 [-2.50, 2.90]
-1.40 [-4.07, 1.27)
-2.40 [-3.65, -1.15]
-2.30 [-4.16, -0.44]
-1.53 [-2.88, -0.18]
-2.38 [3.53, -1.24]

1998
2003
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2007
2008
2009
2010
2010
2011
2011
2011
2011

-1.50 [-2.40, -0.60]

2.81 [-1.01, 6.63]
-3.80 [-6.44, -1.16]

0.66 [-1.32, 2.64]
-3.40 [-6.08, -0.72)
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Figure 6 Brachial FMD and obesity: analysis stratified by site of occlusion. Forest plot of mean difference in brachial FMD between adults with
obesity and healthy weight adults stratified by site of occlusion: forearm (distal to site of scan) and upper arm occlusion (proximal to site of scan).

Obesity

Controls
Study or Subgroup Mean [mm] SD [mm] Total Mean [mm] SD [mm] Total Weight

Mean Difference
IV, Random, 95% CI [mm] Year

Mean Difference
IV, Random, 95% CI [mm]

< 50 years old
Ciccone 1999
Karason 1999
Mavri 2001

Yu 2003

Oflaz 2003
Marini 2007
Mizia-Stec 2008
Skilton 2008
Stefan 2008
Fahs 2009
Blaha 2011
Ayer 2011
Csongradi 2011
Ecemis 2012
Aydin 2013
Subtotal (95% Cl)

0.952
0.81
0.72

0.5

0.569
0.79
0.58
0.76
0.54
0.52

0.889

0.6
0.54
0.6
061

0.254
0.16
0.17
0.02

0.097
0.08
0.09
0.12
0.23

0.061
0.19

0.0871
0.1
0.2
0.15

132
31
43
24
24
20
22
39

0.85
0.76
0.59
0.34
0.455
0.68
0.604
0.656
0.51
0.44
0.849
0.51
0.5
0.4
0.55

0.212
0.18
0.12
0.19

0.067
0.1

0.0614
0.1
0.15
0.06
0.193
0.0435
0.08
0.1
0.18

Heterogeneity: Tau? = 0.00; Chi? = 62.94, df = 14 (P < 0.00001); I> = 78%
Test for overall effect: Z = 6.88 (P < 0.00001)

> 50 years old
De Michele 2002
Yu 2008

Biasucci 2010
Park 2011
Subtotal (95% Cl)

1.02
0.79
0.66
0.72

0.18
0.12
0.21
0.06

83
163
35
I
352

0.94
0.76
0.54

0.7

Heterogeneity: Tau® = 0.00; Chi* = 10.68, df = 3 (P =0.01); P =72%
Test for averall effect: Z = 3.17 (P = 0.002)

Total (95% ClI)

4822

0.1
0.11
0.12
0.06

Heterogeneity: Tau? = 0.00; Chi? = 80.82, df = 18 (P < 0.00001); I* = 78%
Test for overall effect: Z = 7.84 (P < 0.00001)
Test for subgroup differences: Chiz = 2.24, df = 1 (P = 0.13), I* = 55.4%

107 4.3%
35 29%
19 3.3%
12 1.9%
14 4.9%
73 5.7%
34  57%
1" 3.6%
54  4.5%
36 73%

3264 8.8%
19 5.7%
62 6.5%
25 27%

488  7.9%

4253  75.7%
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365 7.9%
13 23%

286 84%

746 24.3%
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Figure 7 Carotid IMT and obesity: analysis stratified by age. Forest plot of mean difference in carotid IMT between adults with obesity and
healthy weight people stratified by age above and below 50 years.
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Obesity Controls Mean Difference Mean Difference

Study or Subgroup  Mean [mm] SD [mm] Total Mean [mm] SD[mm] Total Weight IV, Random, 95% CI [mm] Year IV, Random, 95% CI [mm]

Females

De Michele 2002 1.02 0.18 83 0.94 0.1 92 14.6% 0.08 [0.04, 0.12] 2002

Oflaz 2003 0.569 0.097 24 0.455 0.067 14 13.4% 0.11[0.06, 0.17] 2003 —

Marini 2007 0.79 0.08 20 0.68 0.1 73 146% 0.11[0.07, 0.15] 2007 TR

Mizia-Stec 2008 0.58 0098 22 0.604 0.0614 34 147% -0.02 [-0.07, 0.02] 2008

Yu 2008 0.79 0.12 163 0.75 011 355 17.0% 0.04 [0.02, 0.06] 2008 =

Ecemis 2012 0.6 0.2 25 04 0.1 25 9.2% 0.20[0.11,0.29] 2012 - =

Subtotal (95% CI) 337 593  83.5% 0.08 [0.03, 0.13] il

Heterogeneity: Tau? = 0.00; Chi? = 37.68, df = 5 (P < 0.00001); 1> = 87%

Test for overall effect: Z = 3.26 (P = 0.001)

Males

Fahs 2009 0.52 0.061 37 0.44 0.06 36 16.5% 0.08 [0.05, 0.11] 2009 =

Subtotal (95% CI) 37 36  16.5% 0.08 [0.05, 0.11] <

Heterogeneity: Not applicable

Test for overall effect: Z = 5.65 (P < 0.00001)

Total (95% CI) 374 629 100.0% 0.08 [0.04, 0.12] -

Heterogeneity: Tau? = 0.00; Chi? = 39.71, df = 6 (P < 0.00001); I = 85% _0%_2 -ot.x 3 051 sz

Test for overall effect: Z = 4.02 (P < 0.0001)
Test for subgroup differences: Chi* = 0.00, df =1 (P =0.98), I? = 0%

Higher in Controls  Higher in Obesity

Figure 8 Carotid IMT and obesity: analysis stratified by gender. Forest plot of mean difference in carotid IMT between adults with obesity and

healthy weight people stratified by gender.

Obesity Controls

Study or Subgroup  Mean [mm] SD [mm] Total Mean [mm] SD [mm] Total Weight

Mean Difference
IV, Random, 95% CI [mm]

Mean Difference
IV, Random, 95% CI [mm] Year

Non WHO Definition of Obesity

Ciccone 1999 0.952 0.254 132 0.85 0.212 107
Karason 1999 0.81 0.16 31 0.76 0.18 35
Mavri 2001 0.72 017 43 0.59 0.12 19
Oflaz 2003 0.569 0.097 24 0.455 0.067 14
Yu 2003 0.5 0.02 24 0.34 0.19 12
Marini 2007 0.79 0.08 20 0.68 0.11 73
Skilton 2008 0.75 0.12 39 0.65 0.1 11
Mizia-Stec 2008 0.58 0.08 22 0.604  0.0614 34
Yu 2008 0.79 012 163 0.75 011 355
Fahs 2009 0.52 0.061 37 0.44 0.06 36
Biasucci 2010 0.66 0.21 35 0.54 0.12 13
Csongradi 2011 0.54 0.11 56 0.5 0.08 62
Blaha 2011 0.889 0.19 3496 0.849 0.193 3264
Park 2011 0.72 0.06 71 0.7 0.06 286
Subtotal (95% CI) 4193 4321
Heterogeneity: Tau? = 0.00; Chi* = 60.11, df = 13 (P < 0.00001); I* = 78%

Test for overall effect: Z = 6.37 (P < 0.00001)

WHO Definition of Obesity

De Michele 2002 1.02 0.18 83 0.94 0.1 92
Stefan 2008 0.54 0.23 127 0.51 0.15 54
Ayer 2011 0.6  0.0871 19 051  0.0435 19
Ecemis 2012 0.6 02 25 0.4 0.1 25
Aydin 2013 0.61 0.15 375 0.55 0.18 488
Subtotal (95% CI) 629 678
Heterogeneity: Tau? = 0.00; Chi* = 12.16, df = 4 (P = 0.02); I* = 67%

Test for overall effect: Z = 4.51 (P < 0.00001)

Total (95% CI) 4822 4999 1

Heterogeneity: Tau? = 0.00; Chi* = 80.82, df = 18 (P < 0.00001); I* = 78%
Test for overall effect: Z = 7.84 (P < 0.00001)
Test for subgroup differences: Chi? = 0.69, df =1 (P=0.41), ?= 0%
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Figure 9 Carotid IMT and obesity: analysis stratified by obesity and healthy weight criteria. Forest plot of mean difference in carotid IMT
between adults with obesity and healthy weight adults stratified by use of World Health Organization criteria (Controls <25 kg m 2, Obesity

>30 kg m’z), or alternative BMI cut-points.

loss and FMD (8), in which the net effect of weight loss on
FMD was an improvement of 3.29% (absolute units). It is
not clear why the beneficial effect of weight loss on
endothelial function would be greater than the detrimental
effect of obesity, although this may potentially relate to
energy balance at the time of assessment or an
independent effect of concurrent improvements in
nutrition and physical activity.

This systematic review and meta-analysis has a
number of strengths. First, there has been no previous
systematic review or meta-analysis on obesity and these
two measures of vascular health (brachial FMD and
carotid IMT), both of which are established
methodologies that have well-documented associations
with cardiovascular outcomes. A second reviewer
independently screened all titles and abstracts identified
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Obesity Controls Mean Difference Mean Difference
Study or Subgroup  Mean [mm] SD [mm] Total Mean [mm] SD[mm] Total Weight IV, Random, 95% Cl [mm] Year IV, Random, 95% CI [mm]
Automated / Semi-automated
Karason 1999 0.81 0.16 31 0.76 0.18 35 4.3% 0.05[-0.03,0.13] 1999 ]
De Michele 2002 1.02 0.18 83 0.94 0.1 92 8.4% 0.08 [0.04, 0.12] 2002 -
Skilton 2008 0.75 0.12 39 0.65 0.1 1 53% 0.10 [0.03, 0.17] 2008
Ayer 2011 06 0.0871 19 0.51  0.0435 19  84% 0.09 [0.05, 0.13] 2011 ———
Park 2011 0.72 0.06 I 0.7 006 286 12.5% 0.02 [0.00, 0.04] 2011 B
Subtotal (95% CI) 243 443 39.0% 0.06 [0.02, 0.11] <
Heterogeneity: Tau? = 0.00; Chi* = 17.09, df = 4 (P = 0.002); I = 77%
Test for overall effect: Z = 3.13 (P = 0.002)
Not automated
Mavri 2001 0.72 0.17 43 0.59 0.12 19  5.0% 0.13 [0.06, 0.20] 2001
Yu 2008 0.79 0.12 163 0.75 011 355 11.7% 0.04 [0.02, 0.06] 2008 -
Mizia-Stec 2008 0.58 0.09 22 0.604  0.0614 34  85% -0.02[-0.07, 0.02] 2008 —_—1
Fahs 2009 0.52 0.061 37 0.44 0.06 36 10.8% 0.08 [0.05, 0.11] 2009 -
Biasucci 2010 0.66 0.21 35 0.54 0.12 13 3.5% 0.12[0.02, 0.22] 2010
Csongradi 2011 0.54 0.11 56 0.5 0.08 62 97% 0.04 [0.00, 0.08] 2011 —
Aydin 2013 0.61 0.15 375 0.55 0.18 488 11.7% 0.06 [0.04, 0.08] 2013 =
Subtotal (95% CI) 731 1007  61.0% 0.05 [0.03, 0.08] <
Heterogeneity: Tau? = 0.00; Chi* = 24.30, df = 6 (P = 0.0005); I* = 75%
Test for overall effect: Z = 3.93 (P < 0.0001)
Total (95% ClI) 974 1450 100.0% 0.06 [0.04, 0.08] L 2

Heterogeneity: Tau? = 0.00; Chi? = 44.31, df = 11 (P < 0.00001); I = 75%
Test for overall effect: Z = 5.39 (P < 0.00001)
Test for subgroup differences: Chi# = 0.18, df = 1 (P = 0.67), I? = 0%

02 01 0 01 02
Higher in Controls  Higher in Obesity

Figure 10 Carotid IMT and obesity: analysis stratified by IMT measurement methodology. Forest plot of mean difference in carotid IMT between
adults with obesity and healthy weight people stratified by IMT measurement methodology (manual or semi-automated/automated).
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Figure 12 Funnel plot for obesity and carotid IMT.
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in the primary search in order to minimize bias.
Furthermore, a comprehensive search strategy was
utilized that involved the use of both keyword and subject
heading terms, US (Medline) and European (Embase)
databases, and without application of language limits,
thus searching for and reviewing both English and non-
English articles. The sample size of research subjects
(n = 12,554) is large, and sensitivity analyses were
relatively consistent, suggesting that the findings are
likely robust. Weaknesses and limitations of this work
include the significant heterogeneity of results between
studies. This may possibly relate to methodological
differences in assessment of vascular health, for which
there remains little standardization between laboratories.
The different BMI cut-points and differences in
prevalence of cardiometabolic risk factors may also have
contributed to the heterogeneity. Furthermore, the
majority of included studies are cross-sectional, and as
such no causal relationship can be inferred. Only studies
with data on obesity as defined by BMI, as widely used
in clinical practice, were included. Although this facilitated
comparison between studies, BMI lacks discriminatory
power to differentiate between body fat and lean mass
(21), as well as between subcutaneous and visceral
obesity (22). Other measures of obesity, particularly those
relating to regional distribution of adiposity, such as
waist—hip ratio and waist circumference, in addition to
direct measures of percentage body fat, may potentially
be more closely linked to vascular health disturbances
(23). Studies were excluded that treated BMI as a
continuous variable. The findings are not able to inform
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on the progression to endothelial dysfunction, changes in
intima-media thickening over time or whether the effects
of obesity on brachial FMD and carotid IMT are reversible.
Not all studies presented data specifically for the different
subgroups  (age, gender, IMT measurement
methodology), and as such the reported results are
derived from a subset of studies, which may have
reduced statistical power.

Whether the assessment of these markers of vascular
health may have a role in the clinical management of
obesity is unclear. The base-level equipment required is
commonly available in the hospital setting, most notably
B mode ultrasound with linear array transducer. Both
techniques are routinely assessed in research, although
they require a significant level of training to ensure
reproducibility (24). Neither currently has a clearly defined
role in clinical practice, although the use of these
techniques to monitoring individual vascular responses
to weight loss therapy as a potential means by which to
identify strategies with the greatest likely cardiovascular
benefit is an attractive concept that warrants further
investigation (25).

In conclusion, these findings indicate that brachial
FMD is lower and carotid IMT is greater in adults with
obesity. Accordingly, changes in brachial FMD and
carotid IMT may be important surrogate markers suitable
for use in clinical trials of weight loss interventions.
Furthermore, these findings provide a robust estimation
of the effect sizes likely due to obesity, which will enable
the effect sizes observed with weight loss interventions
to be put into appropriate context.
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