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a b s t r a c t

Background: Obesity is associated with vascular endothelial dysfunction. Effects of weight loss on
endothelial function are however not clear. Therefore, we performed a meta-analysis to quantify effects
of weight loss on flow-mediated vasodilation (FMD) of the brachial artery, a measurement of endothelial
function.
Methods: Studies with experimental (RCTs) and quasi-experimental designs published before June 2014
were identified by a systematic search. Changes in FMD were defined as the difference between mea-
surements before and after the study. For RCTs, changes were corrected for those in the no-weight loss
control group. Summary estimates of weighted mean differences (WMDs) in FMD and 95% confidence
intervals (CIs) were calculated using random-effect meta-analyses. The impact of subject characteristics,
type of weight-loss treatment, and dietary composition on changes in FMD was also investigated.
Results: Four RCTs involving 265 subjects were included. Weight loss increased FMD vs. control by 3.29%
(95% CI: 0.98e5.59%; P ¼ 0.005; mean weight loss: 8.6 kg). A total of 1517 subjects participated in 33
studies with 49 relevant study arms. It was estimated that each 10 kg decrease in body weight increased
fasting FMD by 1.11% (95% CI: 0.47e1.76%; P ¼ 0.001). Effects were more pronounced when participants
had coexisting obesity-related morbidities. Also, effects may be larger when subjects received low-fat
diets or weight-reduction regimens including exercise therapy or weight-loss medication.
Conclusion: Weight loss significantly improves fasting FMD in adults, which is a risk marker for car-
diovascular disease. Effects may depend on subject characteristics, type of weight-loss treatment, and
dietary composition.

© 2014 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Overweight and obese people have an increased risk to develop
multiple metabolic disorders such as dyslipidemia, hypertension,
and insulin resistance. All these metabolic risk markers are asso-
ciated with vascular endothelial dysfunction, which is character-
ized by a decreased arterial response to stimuli that triggers the

release of vasodilators from the endothelium, and predicts long-
term atherosclerotic disease progression and cardiovascular event
rates [1,2]. Although the mechanisms underlying the association
between excess adipose tissue and reduced endothelial function
[3e5] have not been fully elucidated, enhanced oxidative stress and
inflammatory cytokines may play an important role. In addition,
resistance to the vasomotor function of insulin and leptin, activa-
tion of the renin-angiotensin-aldosterone system (RAAS), and
direct adverse effects of several adipokines and other vasoactive
factors may be involved [3e7].

In two reviews, it was concluded that lifestyle changes leading
to weight reduction may improve vascular endothelial function
[8,9]. Results, however, were not quantitatively summarized and
results of recent large clinical trials were not included. In addition,
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effects of weight loss on endothelial function were not consistent
between studies. It was therefore concluded [8,9] that the impact of
subject and treatment characteristics on the outcomes warranted
further research. We therefore performed a meta-analysis of hu-
man intervention studies on the effects of weight loss on flow-
mediated vasodilation (FMD) of the brachial artery, the current
gold standard [10] and a robust [11] non-invasive measurement of
vascular endothelial function. Objectives were (i) to quantitatively
summarize for the first time the effects of weight loss on FMD and
(ii) to examine sources of heterogeneity between studies to identify
the impact of subject characteristics, type of weight-loss treatment,
and dietary composition.

2. Methods

The PRISMA statement checklist for this meta-analysis is avail-
able online as supporting information (Supplemental Checklist 1).

2.1. Search strategy

Potentially relevant studies published before June 2014 were
identified by a systematic search of the database PubMed (http://
www.ncbi.nlm.nih.gov/pubmed). The following search terms
were used to search in titles and abstracts: (weight loss or weight
reduction or weight change or BMI loss or BMI reduction or BMI
change or diet) and (flow mediated vasodilation (or vasodilatation
or dilation or dilatation) or endothelial (or endothelium) depen-
dent vasodilation (or vasodilatation or dilation or dilatation) or
endothelial (or endothelium) function (or dysfunction) or FMD or
vascular reactivity or brachial artery). The search was limited to
studies in humans and to the English language. Reference lists from
the selected articles were also screened manually for potentially
relevant publications.

2.2. Selection of trials

Human intervention studies, that investigated the relationship
between weight loss and fasting FMD of the brachial artery with
experimental (RCTs) and quasi-experimental (before-and-after
design) designs, were selected.

The selection was performed in two steps. First, titles and ab-
stracts were screened. Studies were selected if they met the
following inclusion criteria: human intervention study with
adults, intervention with weight loss as experimental variable, no
intentional co-intervention that made it impossible to estimate
the effect of weight loss, and assessment of fasting vascular
endothelial function by measuring FMD. In the second step, full-
texts of the selected articles were read and studies were
excluded based on the following criteria: missing data on FMD, no
appropriate measures of variability reported, and no suitable diet-
induced weight-loss intervention (i.e. weight loss achieved by
exercise alone or no statistically significant weight change). Two of
the authors (P.J.J. and R.P.M.) completed the literature search
independently. When inconclusive, eligibility was discussed until
consensus was reached.

2.3. Data extraction

For each of the selected studies, data were extracted using a
custom-made database including identification of the study (first
author's name and year of publication), study design (experimental
or quasi-experimental), subject characteristics (sample size, age,
gender, body mass index (BMI), waist circumference, baseline FMD
level, and health status), treatment characteristics (type of weight-
loss treatment, duration and amount of weight reduction, and

dietary composition) and FMD values including measures of
variance.

2.4. Statistical analysis

Statistical analyses were performed using Stata 12.0 software
(Stata Corporation, College Station, TX, USA). The FMD response
was quantified as the maximal percentage change in post occlusion
arterial diameter relative to baseline diameter, which is the diam-
eter of the brachial artery before the introduction of a flow stimulus
in the artery. The post occlusion arterial diameter is the diameter
observed within minutes of reperfusion following the release of an
inflated cuff.

For RCTs including a no-weight loss control group, changes in
the experimental group were first corrected for those in the no-
weight loss control group. Changes in FMD were then calculated
as the difference between measurements after the study (end-of-
the-study values). For RCTs and intervention studies with quasi-
experimental designs that did not include a no-weight control
group, changes in FMD were calculated as the difference between
measurements before (start-of-the-study values) and after the
study (end-of-the-study values). For trials that performed FMD
measurements more than one time during the study, only results of
the last measurement were used.

Summary estimates of weighted mean differences (WMDs) in
FMD and 95% confidence intervals (CIs) were calculated using
fixed-effect meta-analyses and visualized using forest plots. The
inverse of the variance (1/SE2) (SE¼ between-subject variance) was
used as a weight factor. Heterogeneity was evaluated using the
Cochran's Q test (P < 0.1 indicates statistical significant heteroge-
neity) and quantified using the I2 statistic [12e14], i.e. the per-
centage of variability in effect estimate that is due to heterogeneity
rather than sampling error. An I2 value above 50% indicates relevant
heterogeneity between studies [15]. In case of heterogeneity,
random-effect meta-analyses were used as described by DerSi-
monian and Laird [13].

As the number of RCTs was limited, a subgroup analysis to
identify sources of heterogeneity between studies could only be
performed for studies without a no-weight loss control group. As it
was evident that the amount of weight loss was an important
source of heterogeneity, first a lower-weight loss and a higher-
weight loss group were defined. For this, the median value of
weight loss for the entire groupwas used as cut-off point. Subgroup
analyses were performed within each weight-loss group by
comparing the summary results of the study arms grouped by
baseline BMI, baseline FMD level, health status (healthy or coex-
isting obesity-related morbidities), mean age, population size,
study duration, type of weight-loss treatment (diet alone, diet and
exercise, diet and weight-loss medication or surgery), and dietary
composition (low-fat defined as " 30% of energy from fat or low-
carbohydrate defined as " 45% of energy from carbohydrates
[16]). Median values of continuous variables in both weight-loss
groups were used as cutoff values to create the binary variables.
Univariate meta-regression analyses were performed to investigate
the relationships between changes in body weight or waist
circumference with changes in FMD. A cumulative meta-analysis
was performed to evaluate the change in summary effects of
weight loss on FMD over time. For this, studies were chronologi-
cally ordered by publication year, and then the cumulative WMDs
were calculated at the end of each year. For all statistical analyses,
two-sided tests were used. A P-value <0.05 was considered as
statistically significant.

Publication bias was evaluated visually by inspecting the sym-
metry of funnel plots. The degree of funnel plot asymmetry was
assessed with the Egger's weighted regression test. Absence of
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Table 1
Overview of intervention studies eligible for the meta-analysis.

Author and year Subject characteristics Treatment characteristics FMD outcomes

Study
design

Number of
subjects

Gender
male (%)

Mean age
(years)

BMI
(kg/m2)

Health
status

Treatmentc Duration
(months)

Weight
reduction (kg)

Mean
baseline (%)

Change
(%)d

95% CI

Intervention studies with experimental designs (RCTs) including a no-weight loss control groupa

Blumenthal 2010 RCT 49/49 52.3/51.8 31.0/31.0 33.5/33.0 High BP D þ E 4 8.7/plus 0.9 1.30 $0.12 2.72
Dod 2010 RCT 27/20 56.0/56.6 51.9/55.0 33.3/32.3 CAD D þ E 3 5.4/plus 0.1 6.70/12.90 8.90 5.01 12.8
Pierce 2008 RCT 26/14 49.5/40.8 57.7/64.3 29.0/31.0 Healthy D 4 9.0/plus 1.0 6.00/6.60 1.30 $0.93 3.53
Shechter 2006 RCT 40/40 62.0/67.0 83.0/80.0 32.2/31.9 CAD D þ M 4 11.4/2.2 5.30/5.60 3.70 2.36 5.04
Intervention studies with experimental (RCTs) or quasi-experimental designs (prospective studies) without a no-weight loss control groupb

Ades 2011 (D) RCT 15 86.7 62.0 32.5 CAD D 5 2.30 3.60 1.30 $0.62 3.22
Ades 2011 (D þ E) RCT 23 73.9 66.0 32.2 CAD D þ E 5 8.60 2.90 3.60 2.17 5.03
Angelico 2011 PROS 23 69.8 52.2 33.5 MS D 6 6.55 5.22 1.29 0.72 1.86
Bigornia 2010 PROS 29 24.0 45.0 48.0 Morbid

obese
S 12 37.0 6.80 3.20 1.49 4.91

Bigornia 2013 PROS 208 18.3 44.8 44.4 Morbid
obese

S 12 31.2 8.82 0.81 $0.37 1.99

Brethauer 2011 PROS 15 36.0 49.2 48.7 Morbid
obese

S 6 36.8 2.59 1.85 0.14 3.56

Brook 2004 PROS 43 23.3 38.0 35.0 Healthy D þ M 3 6.50 3.86 $0.12 $1.25 1.01
Buscemi 2009

(low CH)
RCT 10 0.00 38.0 34.5 Healthy D 2 7.60 12.2 $1.20 $3.55 1.15

Buscemi 2009
(mediterranean)

RCT 10 0.00 39.0 34.0 Healthy D 2 4.90 10.3 0.30 $3.42 4.02

Buscemi 2013
(low glycemic index)

RCT 19 52.6 51.0 34.3 Risk CAD D 3 8.30 6.10 2.30 0.86 3.74

Buscemi 2013 (high
glycemic index)

RCT 21 42.9 49.0 34.5 Risk CAD D 3 7.10 7.30 $1.00 $1.85 $0.15

Clifton 2005 (meal
replacement)

RCT 26 65.4 49.3 31.8 Healthy D 3 6.00 4.80 $0.50 $1.73 0.73

Clifton 2005 (control) RCT 29 51.7 47.1 33.2 Healthy D 3 6.63 6.30 $1.40 $2.56 $0.24
Cotie 2014 PROS 20 0.00 30.3 32.4 Healthy D þ E 4 6.20 4.00 2.92 1.72 4.08
Dengel 2006 PROS 12 25.0 54.9 30.3 Healthy D 6 6.80 5.50 0.80 0.12 1.48
Fayh 2013 (D) RCT 24 33.3 31.4 34.8 Healthy D 2.5 4.31 9.90 0.20 $2.48 2.88
Fayh 2013 (D þ E) RCT 24 33.3 32.3 34.7 Healthy D þ E 2.5 4.66 8.10 2.60 0.89 4.31
Gokce 2005 (D þ E) PROS 17 18.0 44.0 42.0 Morbid

obese
D þ E 3 11.0 7.30 2.30 0.26 4.34

Gokce 2005 (S) PROS 24 37.0 44.0 50.0 Morbid
obese

S 3 35.0 6.80 3.40 1.80 5.00

Habib 2009 PROS 50 24.0 44.7 47.0 Morbid
obese

S 24 47.6 6.00 8.90 4.98 12.8

Hamdy 2003 PROS 24 37.5 49.3 36.7 Risk
diabetes

D þ E 6 7.40 7.90 5.00 2.65 7.35

Keogh 2007
(low CH/low fat)

RCT 13 32.0 50.1 32.6 Healthy D 1.5 5.80 5.30 0.00 $0.98 0.98

Keogh 2007
(high CH/low fat)

RCT 12 32.0 46.9 33.2 Healthy D 1.5 5.90 5.90 $0.90 $2.47 0.67

Keogh 2008
(low CH/high fat)

RCT 52 50.5 33.5 Healthy D 2 7.50 5.40 0.20 $0.78 1.18

Keogh 2008
(high CH/low fat)

RCT 47 49.4 33.9 Healthy D 2 6.20 6.00 0.30 $0.96 1.56

Khoo 2011
(low calorie)

RCT 19 100 58.1 35.1 Diabetes D 13 9.60 5.64 6.82 5.84 7.80

Khoo 2011
(high protein)

RCT 12 100 62.3 35.6 Diabetes D 13 9.00 3.27 6.50 5.01 7.99

Lind 2009 PROS 19 26.0 41.0 43.8 Morbid
obese

S 12 36.0 7.90 1.40 $1.25 4.05

Liu 2010 PROS 30 40.0 46.6 29.8 High BP D þ M 3 5.30 9.60 4.60 3.88 5.32
Mavri 2011 PROS 40 0.00 43.0 34.9 Healthy D 5 15.5 7.70 4.70 2.49 6.91
Mohler III 2013

(low CH)
RCT 59 33.0 45.4 35.9 Healthy D 24 6.34 10.4 1.70 $0.60 4.00

Mohler III 2013
(low fat)

RCT 62 37.0 46.0 35.7 Healthy D 24 7.37 8.90 1.50 $0.09 3.09

Nagamia 2007 RCT 44 54.5 40.0 31.1 MS D 6 5.40 4.80 0.61 0.43 0.79
Philips 2008

(low CH)
RCT 10 10.0 33.0 34.0 Healthy D 1.5 5.20 8.20 $1.40 $2.58 $0.22

Philips 2008
(low fat)

RCT 10 40.0 38.0 33.8 Healthy D 1.5 4.00 6.80 1.90 0.14 3.66

Raitakari 2004 PROS 67 29.9 46.0 35.2 High BP D 1.5 11.0 5.50 3.30 2.41 4.19
Rittig 2010 PROS 95 43.2 46.6 29.7 Risk

diabetes
D þ E 9 3.90 6.20 1.80 0.82 2.78

Saleh 2012 PROS 47 7.00 41.0 47.1 Morbid
obese

S 10 40.0 7.40 11.5 9.39 13.6

Seligman 2011 (D) RCT 25 32.0 42.0 34.7 MS D 3 8.00 5.14 0.58 $1.18 2.34
Seligman 2011

(D þ E)
RCT 25 36.0 44.0 34.4 MS D þ E 3 9.00 5.05 2.08 0.51 3.65

(continued on next page)
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publication bias is reflected in an intercept close to 0 with a cor-
responding P % 0.05 [17]. The nonparametric (rank-based) trim-
and-fill method was used to adjust the analysis for the possible
effects of publication bias [18].

3. Results

3.1. Search results and study characteristics

A total of 1120 potentially relevant papers were retrieved with
the systematic search. Based on the predefined selection criteria,

1076 papers were excluded for different reasons (Supplemental
Fig. 1). The full text of the remaining 44 articles was reviewed
and seven papers were excluded for the following reasons: missing
data for FMD [19], no appropriate measures of variability reported
[20], weight loss achieved by exercise alone [21], or no statistically
significant weight change [22e25]. A total of 37 human interven-
tion studies with experimental and quasi-experimental designs
met all the inclusion criteria and was included in the meta-analysis
(Table 1).

Four of the studies were RCTs [26e29] with a no-weight loss
control group. In these studies 265 subjects participated, 142 in the

Table 1 (continued )

Author and year Subject characteristics Treatment characteristics FMD outcomes

Study
design

Number of
subjects

Gender
male (%)

Mean age
(years)

BMI
(kg/m2)

Health
status

Treatmentc Duration
(months)

Weight
reduction (kg)

Mean
baseline (%)

Change
(%)d

95% CI

Seligman 2011
(D þ E)

RCT 25 36.0 43.0 35.2 MS D þ E 3 11.0 5.01 2.41 0.65 4.17

Skilton 2007 PROS 6 20.5 44.4 44.6 Morbid
obese

D þ E 5e8 6.40 6.20 $2.60 $5.00 $0.20

Sturm 2009 PROS 37 35.0 42.4 Morbid
obese

S 18 27.1 5.81 3.20 2.05 4.35

Varady 2011
(low fat)

RCT 8 25.0 36.0 34.0 Healthy D 1.5 4.70 7.40 2.40 0.83 3.97

Varady 2011
(low CH/high fat)

RCT 9 33.3 35.0 33.0 Healthy D 1.5 6.60 8.50 $1.60 $2.97 $0.23

Wycherley 2008 (D) RCT 16 62.5 53.0 34.6 Diabetes D 3 9.40 2.45 0.03 $0.48 0.54
Wycherley 2008

(D þ E)
RCT 13 46.2 51.7 33.6 Diabetes D þ E 3 8.20 4.20 0.52 $1.56 2.60

Wycherley 2010
(low CH/high fat)

RCT 26 30.8 49.9 33.5 Healthy D 12 14.9 5.70 $2.10 $3.08 $1.12

Wycherley 2010
(high CH/low fat)

RCT 23 39.1 50.2 33.9 Healthy D 12 11.5 5.90 $0.30 $1.67 1.07

a n ¼ 4 intervention studies (experimental group/control group). RCT: randomized controlled trial; BP: blood pressure; CAD: coronary artery disease.
b n ¼ 33 intervention studies with 49 relevant study arms (experimental group). PROS: prospective study; CH: carbohydrate; MS: metabolic syndrome.
c Weight loss achieved by diet alone (D), diet and exercise (D þ E), diet and medication (D þ M), or surgery (S).
d Changes were adjusted for those in the no-weight loss control group.

Fig. 1. Forest plot of random controlled trials (RCTs) including a no-weight loss control group that investigated the effect of weight loss on flow-mediated vasodilation (FMD). The
solid squares represent the weight of individual studies and the diamond represents the weighted mean difference (WMD) in FMD (calculated using random-effect meta-analyses).
In all studies combined, weight loss increased FMD vs. control by 3.29% (95% CI: 0.98e5.59%; P ¼ 0.005; mean weight loss: 8.6 kg).

P.J. Joris et al. / Atherosclerosis 239 (2015) 21e3024



intervention group and 123 in the no-weight loss control group.
The mean age of the subjects was 55.7 years (range: 45.5e64.5
years) and more than half of the study population was men. In one
study, healthy adults were included [28], in one study subjects with
uncomplicated high blood pressure (BP) [26], whereas in two
studies [27,29] participants had coronary artery disease (CAD).
Study duration varied between three and four months, and weight
loss between 5.5 and 10.0 kg. In all studies, all subjects were
overweight or slightly obese with a mean BMI between 29.0 and
33.5 kg/m2.

A total of 1517 subjects participated in 33 experimental or quasi-
experimental studies that did not include a no-weight control
group [30e62] with 49 relevant study arms. The number of subjects
per study arm ranged from 6 to 208, mean age from 30.3 to 66.0
years, and BMI from 29.7 to 50.0 kg/m2. One study included only
men [47], whereas three studies included only women [37,39,50].
In the remaining studies, except for two studies that did not report
gender [46,59], the proportion of men ranged from 7.0 to 86.7%. In
13 studies, healthy overweight or obese subjects were included
[35,37e41,45,46,50,51,53,60,61]; the other studies included

Fig. 2. Forest plot of studies with experimental or quasi-experimental designs without a no-weight loss control group that investigated the effect of weight loss on flow-mediated
vasodilation (FMD). The solid squares represent the weight of individual study arms and the diamond represents the weighted mean difference (WMD) in FMD (calculated using
random-effect meta-analyses). When weight loss was below the median level (1), FMD improved by 0.78% (95% CI: 0.17e1.39%; P ¼ 0.012; mean weight loss: 5.7 kg) as opposed to
2.66% (95% CI: 1.51e3.80%; P < 0.001; mean weight loss: 18.8 kg) in the groups with weight loss above the median level (2). In case of multiple study arms, intervention details are
specified between brackets. CH: carbohydrate.
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subjects with high BP [49,54], the metabolic syndrome [31,52,57],
morbid obesity [32e34,42,43,48,56,58,59], (an increased risk of)
type II diabetes [44,47,55,62] or (an increased risk of) CAD [30,32].
Study duration varied between two months and two years, and
weight loss e achieved by diet alone (n ¼ 29), diet and exercise
(n¼ 10), diet and weight-loss medication (n¼ 2) or surgery (n¼ 8)
e between 2.3 and 47.6 kg. The mean baseline FMD was 6.38%
(range: 2.45e12.20%; Table 1).

3.2. Effects of weight loss on FMD

After correction for changes in the no-weight loss control group,
weight loss in the RCTs showed a statistically significant effect on
FMD in two individual studies [27,29]. In all studies combined,
weight loss increased FMD vs. control by 3.29% (95% CI:
0.98e5.59%; P ¼ 0.005; meanweight loss: 8.6 kg) (Fig. 1). However,
significant heterogeneity was found between trials (I2 ¼ 82.5%,
P ¼ 0.001). After excluding the study with the most pronounced
effect [26], the overall WMD in FMDwas still statistically significant
(2.19%; 95% CI: 0.46e3.92%; P ¼ 0.013; mean weight loss: 9.6 kg).
Although heterogeneity decreased, it remained significant
(I2 ¼ 70.8%, P ¼ 0.032).

Thirty-three intervention studies without a no-weight control
group were included with 49 study arms. Weight loss signifi-
cantly improved FMD by 1.66% (95% CI: 1.09e2.23%; P < 0.001)
(Fig. 2), corresponding to a relative improvement of approxi-
mately 25% compared to baseline levels. Between-study hetero-
geneity was significant (I2 ¼ 93.1%, P < 0.001) and was partly
explained by the amount of weight loss after the intervention
period. Higher weight loss was associated with greater FMD
improvements (P for subgroup difference ¼ 0.013). When weight
loss was below the median level (7.4 kg), FMD improved by 0.78%
(95% CI: 0.17e1.39%; P ¼ 0.012; mean weight loss: 5.7 kg) as
opposed to 2.66% (95% CI: 1.51e3.80%; P < 0.001; mean weight
loss: 18.8 kg) in the groups with weight loss above the median
level (Fig. 2). Results of the meta-regression analysis suggested
that each 10 kg decrease in body weight was associated with a
significant increase of 1.11% (95% CI: 0.47e1.76%; P ¼ 0.001) in
fasting FMD (Fig. 3). Further, it was estimated that each 5 cm
decrease in waist circumference was associated with an increase

of 1.17% (95% CI: 0.45e1.86%; P ¼ 0.003) in fasting FMD
(Supplemental Fig. 2).

A cumulative meta-analysis was carried out to evaluate the
cumulative WMD in FMD over time (data not shown). In 2003,
Hamdy and colleagues [44] reported a significant improvement in
FMD by 5% (P< 0.001). Between 2003 and 2009,17 study armswere
added, resulting in a non-significant WMD of 0.55% (95% CI:
$0.01to1.11%). From 2009 to June 2014, 31 more study arms were
published, resulting in an overall WMD in FMD of 1.66% (95% CI:
1.09e2.23%).

3.3. Subgroup analyses

After stratification for weight loss, significant heterogeneity
remained. Therefore, further subgroup analyses were performed in
each group to evaluate if subject or treatment characteristics were
related to the effects of weight loss on FMD (Table 2). Heterogeneity
between studies further decreased after stratification for health
status, suggesting larger effects of weight loss on FMDwhenweight
loss was above the median value and participants had coexisting
obesity-related morbidities (P for subgroup difference ¼ 0.040),
such as the metabolic syndrome, type II diabetes or CAD. The type
of weight-loss treatment was also related to the observed effects,
suggestingmore pronounced effects in the lower-weight loss group
when exercise therapy (P for subgroup difference ¼ 0.033) or
weight-loss medication (P for subgroup difference ¼ 0.062) was
part of the weight-loss regime. Finally, increases in FMDwere more
pronounced in the higher-weight loss group when subjects
consumed low-fat diets as compared with low-carbohydrate diets
(P for subgroup difference ¼ 0.048). None of the other predefined
variables (e.g. baseline FMD, mean age, population size or study
duration) resulted in significantly different effects of weight loss on
FMD.

3.4. Publication bias

Visual evaluation of the funnel plot for the RCTs did not
indicate presence of publication bias (Supplemental Fig. 3).
Egger's weighted regression test also showed no funnel plot
asymmetry (P ¼ 0.49), indicating absence of publication bias. The
funnel plot for the effect of weight-loss programs in the non-RCTs
revealed possible presence of publication bias and the Egger's
test (P ¼ 0.052) tended to reach statistical significance
(Supplemental Fig. 4). The trim-and-fill correction analysis,
however, did not suggest that more studies were needed and did
not change the results (WMD: 1.66%; 95% CI: 1.09e2.23%;
P < 0.001).

4. Discussion

In this meta-analysis, we found in overweight and obese
adults a significant linear relationship between weight loss and
fasting FMD of the brachial artery, indicating an improvement in
vascular endothelial function. It was estimated that each 10 kg
decrease in body weight was associated with a significant in-
crease of 1.11% in fasting FMD. Results from prospective epide-
miological studies have suggested that CVD risk decreases by 8%
when FMD increases by 1% [63], underlining the clinical rele-
vance of our findings.

Although the mechanisms for the beneficial effects of weight
loss on FMD have not been fully elucidated, decreased secretion of
adipose tissue-derived adipokines and other vasoactive factors
may be a major cause [64]. Reducing adipose tissue, a metaboli-
cally active endocrine organ, lowers the production of proin-
flammatory and proatherogenic cytokines that have detrimental

Fig. 3. Relationship between the change in FMD and the amount of weight loss. The
size of each circle is proportional to the inverse of the variance of the change in FMD,
and the line represents the regression line determined by meta-regression analysis.
Each 10 kg decrease in body weight was associated with a significant increase of 1.11%
in fasting FMD of the brachial artery.
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effects on the endothelium [65]. In fact, it has been shown that
adipocytokine levels may be independent predictors of FMD in the
circulation of healthy subjects [66]. Moreover, increased adipokine
release induces the production of reactive oxygen species (ROS) in
obesity, generating oxidative stress [67] that may reduce vascular
endothelial function in patients with peripheral arterial disease
[68].

Because significant heterogeneity was found between trials,
the impact of treatment and subject characteristics on the effect
of weight loss on FMD was examined. As expected, this was
partly due to differences in weight loss between studies. In fact, a
significant linear relationship between weight loss and FMD was
found. Even a modest weight change of on average 5.7 kg
resulted in positive effects on the vascular endothelium. Waist
circumference as an estimate of visceral fat was also a good
predictor of the improvement in FMD. Excess visceral fat is
characterized by central obesity, metabolically more active [69],
and closely linked to endothelial dysfunction and altered arterial
homeostasis [70]. Unfortunately, robust measures of body
composition were in general missing to analyze into more detail
the effects of changes in total body fat and fat distribution on
FMD.

Another source of heterogeneity was health status, as effects
of weight loss on FMD were larger in the higher-weight loss
group when participants had coexisting obesity-related morbid-
ities. This was not related to differences in baseline FMD levels at
the start of the study, as this was not related to the effects
observed. It is more likely that in this group part of the additional
increase in FMD is related to improvements of obesity-related
metabolic abnormalities that are stronger related to increased
FMD responses. Results also depend on the type of weight-loss
treatment, suggesting additional effects when exercise therapy
or weight-loss medication was part of the weight-loss regime.
Indeed, exercise alone is well known to improve vascular endo-
thelial function in patients and healthy subjects [71]. Also, the
RCT with the most pronounced effect on FMD indeed investigated
the effect of caloric-restriction with exercise [27]. Repeated epi-
sodes of elevated blood flow and shear stress that occur during
exercise episodes are likely to be a key mechanism for adaption
in vascular endothelial function and the positive remodeling that
results from exercise training [72]. Finally, increases in FMD may
be larger when subjects consumed low-fat diets as compared
with low-carbohydrate diets. This finding is in agreement with a
previous meta-analysis that combined results of studies under

Table 2
Subgroup analyses for the effect of weight loss on flow-mediated dilation (FMD) after stratification for weight loss group.a

Study characteristic Mean Stratification
variable

No of
study arms

WMD (%) 95% CI P-value
difference

Study arms with experimental or quasi-experimental designs. Lower-weight loss (≤7.4 kg) groupb

Baseline BMI (kg/m2)c 33.8 "33.8 13 0.87 0.05 1.69 0.827
>33.8 12 0.68 $0.36 1.72

Baseline FMD (%)c 6.84 "6.30 13 0.45 $0.06 0.96 0.190
>6.30 12 1.35 $0.25 2.94

Health Status e Healthy 17 0.46 $0.24 1.15 0.247
CM 8 1.40 0.15 2.65

Mean age (years)c 43.7 "46.0 13 0.69 $0.10 1.48 0.792
>46.0 12 0.89 $0.22 1.99

Population sizec 27.0 "23.0 13 0.31 $0.51 1.13 0.180
>23.0 12 1.31 0.24 2.38

Study duration (months)c 5.18 "3 15 0.35 $0.85 1.55 0.157
>3 10 1.38 0.73 2.03

Type of treatment e Diet only 18 0.22 $0.26 0.70 0.033
Diet and exercise 5 2.02 0.34 3.69

Type of treatment e Diet only 18 0.22 $0.26 0.70 0.062
Diet and medication 2 2.26 $2.36 6.89

Dietary composition e Low carbohydrate 3 $0.71 $2.31 0.89 0.180
Low fat 10 0.53 $0.07 1.13

Study arms with experimental or quasi-experimental designs. Higher-weight loss (>7.4 kg) groupb

Baseline BMI (kg/m2)c 38.7* "35.2 12 1.44 $0.14 3.01 0.045
>35.2 12 3.90 2.47 5.33

Baseline FMD (%)c 5.90 "5.76 12 2.15 0.53 3.77 0.410
>5.76 12 3.20 1.54 4.87

Health Status e Healthy 5 0.14 $1.68 1.95 0.040
CM 19 3.31 2.05 4.57

Mean age (years)c 47.4 "44.9 12 3.20 1.57 4.84 0.412
>44.9 12 2.15 0.54 3.77

Population sizec 35.0 "24.5 12 2.31 0.61 4.02 0.581
>24.5 12 3.02 1.32 4.71

Study duration (months)c 7.65 "5 13 1.86 0.86 2.83 0.169
>5 11 3.69 1.35 6.04

Type of treatment e Diet only 11 1.89 0.12 3.67 0.834
Diet and exercise 5 2.33 1.37 3.28

Type of treatment e Diet only 11 1.89 0.12 3.67 0.173
Surgery 8 4.10 1.95 6.25

Dietary composition e Low carbohydrate 3 $1.01 $2.72 0.70 0.048
Low fat 5 2.24 0.49 4.00

* Significantly different from lower-weight loss group, P < 0.05 (unpaired Student's t test).
a Lower-weight loss group: " 7.4 kg; higher-weight loss group: >7.4 kg.
b n ¼ 33 intervention studies with 49 relevant study arms. CM: coexisting obesity-related morbidities.
c For continuous variables, studies arms were divided in subgroups based on their medians.
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hypocaloric and isocaloric conditions [73]. However, the impact
of the dietary composition on the change in FMD under isocaloric
conditions warrants further research. Further, to what extent
differences are confounded by differences in the intake of other
nutrients such as protein, fiber and minerals also remains to be
determined.

There are several limitations in the present meta-analysis. First,
significant heterogeneity was found among the included studies.
Although heterogeneity decreased in subgroup analyses, a sub-
stantial amount of heterogeneity remained. Factors, including
position of cuff and time of occlusion may also have contributed to
the heterogeneity among the studies. Overall, the number of
studies included in this meta-analysis was too limited and the
range in FMD outcomes, especially in the lower-weight loss group,
too small to allow a thorough analysis of sources of heterogeneity.
Also, low reproducibility in FMD measurements may be a source
of heterogeneity. Although FMD is a widely used technique, there
are many physiological, methodological and technical factors that
affect comparability between FMD studies. Better standardization
of the FMD technique, as discussed [74], is required to reduce
between study variability. Second, only intervention studies with
adults were selected. Studies in children and adolescents are
limited. Results may differ from weight-loss studies in adults,
suggesting with the same amount of weight loss more beneficial
on FMD in obese children due to a better vascular plasticity [75].
The systematic search was also limited to the English language.
However, no evidence of systematic bias from the use of language
restrictions in meta-analyses was found [76]. Finally, possible
presence of publication bias was found for intervention studies
without a no-weight loss control group in the current meta-
analysis. However, the Egger's weighted regression test only ten-
ded to reach statistical significance (P ¼ 0.052) and the trim-and-
fill correction analysis did not suggest that more studies were
needed.

In summary, our meta-analysis in overweight and obese adults
indicates that weight loss improves vascular function, as indicated
by improvement of fasting FMD of the brachial artery. These effects
were related to the amount of weight loss and change in waist
circumference, rather than study duration. After stratification for
weight loss, subgroup analyses suggested that effects may be larger
when subjects received low-fat diets or weight-reduction regimens
including exercise therapy or weight-loss medication. However,
well-designed RCTs are still needed to investigate the true impact of
these two treatment characteristics on the change in FMD. Finally,
effects were more pronounced when participants had coexisting
obesity-related morbidities.
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