
Relations of Metabolically Healthy and Unhealthy Obesity to Digital
Vascular Function in Three Community-Based Cohorts: A
Meta-Analysis
Luisa C. C. Brant, MD, PhD; Na Wang, MA; Francisco M. Ojeda, PhD; Michael LaValley, PhD; Sandhi M. Barreto, MD, PhD;
Emelia J. Benjamin, MD, ScM; Gary F. Mitchell, MD; Ramachandran S. Vasan, MD; Joseph N. Palmisano, MPH; Thomas M€unzel, MD;
Stefan Blankenberg, MD; Philipp S. Wild, MD, MSc; Tanja Zeller, PhD; Antonio L. P. Ribeiro, MD, PhD; Renate B. Schnabel, MD, MSc;*
Naomi M. Hamburg, MD, MS*

Background-—Microvascular dysfunction is a marker of early vascular disease that predicts cardiovascular events. Whether
metabolically healthy obese individuals have impaired microvascular function remains unclear. The aim of this study was to
evaluate the relation of obesity phenotypes stratified by metabolic status to microvascular function.

Methods and Results-—We meta-analyzed aggregate data from 3 large cohorts (Brazilian Longitudinal Study of Adult Health, the
Framingham Heart Study, and the Gutenberg Heart Study; n=16 830 participants, age range 19–90, 51.3% men). Regression
slopes between cardiovascular risk factors and microvascular function, measured by peripheral arterial tonometry (PAT), were
calculated. Individuals were classified as normal-weight, overweight, or obese by body mass index (BMI) and stratified by healthy or
unhealthy metabolic status based on metabolic syndrome using the ATP-III criteria. Male sex, BMI, and metabolic risk factors were
associated with higher baseline pulse amplitude and lower PAT ratio. There was stepwise impairment of vascular measures from
normal weight to obesity in both metabolic status strata. Metabolically healthy obese individuals had more impaired vascular
function than metabolically healthy normal-weight individuals (baseline pulse amplitude 6.12�0.02 versus 5.61�0.01; PAT ratio
0.58�0.01 versus 0.76�0.01, all P<0.0001). Metabolically unhealthy obese individuals had more impaired vascular function than
metabolically healthy obese individuals (baseline pulse amplitude 6.28�0.01 versus 6.12�0.02; PAT ratio 0.49�0.01 versus
0.58�0.01, all P<0.0001).

Conclusions-—Metabolically healthy obese individuals have impaired microvascular function, though the degree of impairment is
less marked than in metabolically unhealthy obese individuals. Our findings suggest that obesity is detrimental to vascular health
irrespective of metabolic status. ( J Am Heart Assoc. 2017;6:e004199. DOI: 10.1161/JAHA.116.004199.)

Key Words: body mass index • cardiovascular risk factors • cohort studies • endothelial function • metabolic syndrome

O besity is an independent risk factor for all-cause
mortality in the general population, mostly due to

cardiovascular disease.1,2 According to the World Health

Organization, the prevalence of obesity has increased more
than 100% worldwide since 1980, and the number of obese
individuals in 2014 has been estimated to be about
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600 million, making obesity a healthcare public health
problem worldwide.3 Previous works have shown that obese
persons without metabolic disturbances, or metabolically
healthy obese, account for around 10% to 51% of obese
individuals.4 Whether metabolically healthy obesity is a benign
condition in terms of cardiovascular risk is still a matter of
controversy.5,6

Endothelial dysfunction is characterized by decreased
nitric oxide bioavailability, resulting in vascular inflammation,
vasoconstriction, and thrombosis—a phenotype prone to
cardiovascular events.7,8 Dysfunctional endothelium is an
early manifestation of vascular disease and may be mecha-
nistically related to the greater risk of cardiovascular events in
obese individuals.9 Microvascular function measured by
peripheral arterial tonometry (PAT) in the digits has been
established as a measure of endothelial function.10 An
impaired PAT response correlates with a greater burden of
cardiovascular risk factors11–13 and predicts cardiovascular
events.14,15 Previous community-based cohorts of geograph-
ically diverse backgrounds have reported the strongest
associations of impaired PAT responses to be with male sex
and metabolic risk factors, such as obesity, diabetes mellitus,
and dyslipidemia.11–13

By using meta-analysis of aggregate data from 3 large
cohort studies, we aimed to evaluate the relation of body
mass index (BMI) to microvascular function, studying individ-
uals stratified by their obesity status and metabolic pheno-
type. We hypothesized that metabolically healthy obesity has
more impaired microvascular function than normal-weight
metabolically healthy individuals.

Subjects and Methods

Study Cohorts
Aggregate data from 3 community-based cohorts of geo-
graphically diverse background that had studied microvas-
cular endothelial function using PAT were included: The
Longitudinal Study of Adult Health (ELSA-Brasil), a study
from Brazil, a middle-income country with racial admixture;
The Framingham Heart Study (FHS), a predominantly white
American cohort; and The Gutenberg Study (GHS), a
European cohort. A brief description of each participating
cohort is provided below. More details can be found
elsewhere.12,16–18 Participants were excluded from the
analysis if they had missing data on dependent variables
or primary covariates. After applying the exclusion criteria, a
total of 16 830 individuals were included across the 3
cohorts. The participating studies comply with the Declara-
tion of Helsinki, were approved by an ethics committee at
the individual institutions, and all study participants provided
written informed consent.

Brazilian Longitudinal Study of Adult Health
(ELSA-Brasil)

The ELSA-Brasil is a multicenter cohort of 15 105 civil servants
designed to investigate the determinants of cardiovascular
diseases and diabetes mellitus.16 Eligibility criteria included
active or retired employees of 5 universities and 1 research
center, aged 35 to 74 years, who volunteered to participate.
This study sample derived from the 3115 participants enrolled
at the Minas Gerais Investigation Center, where PAT data
acquisition began partway through the baseline visit (2008–
2010). From the 1695 participants who were eligible for PAT
examinations, 1535 participants had valid data and were
included in this analysis.13 Reproducibility of PAT data in the
ELSA-Brasil cohort has been previously published.19

Framingham Heart Study (FHS)

This study sample comprised participants from the FHS
Offspring cohort who underwent digital vascular function
assessment at the eighth examination cycle (2005–2008,
n=2395), and participants from the FHS Third Generation
cohort with available PAT data that were acquired starting
partway through the first examination cycle (2002–2005,
n=1957).20 Therefore, the current analysis included 4325 FHS
participants (age range 19–90 years). The design for the
Offspring and the Third Generation cohort are described
elsewhere.17,18

Gutenberg Heart Study (GHS)

Between 2007 and 2012, GHS enrolled 15 010 individuals
randomly selected from the general population of residents of
the area Mainz and Mainz/Bingen. The age range was 35 to
74 years, and enrollment was performed stratified by age
decade, sex, and residence (urban and rural). During a 5-hour
visit at the study center, interviews on cardiovascular risk
factors, lifestyle, environmental conditions, and socioeco-
nomic status were performed, fasting blood was drawn, and
anthropometric and noninvasive cardiovascular measure-
ments were conducted. Medication intake was recorded by
self-report. Because of capacity reasons, vascular function
measurements could not be performed in all individuals,
resulting in missing data. The final sample included in this
analysis is 10 943 GHS participants for analyses not involving
the metabolic phenotype for which the sample was further
restricted to 10 763 individuals.12

Assessment of Digital Vascular Measures
Digital vascular measures were obtained with an automated
device (EndoPAT2000, Itamar Medical, Caesarea, Israel) under
comparable conditions in the 3 cohorts.11–13 PAT probes were
placed on each index finger and the cuff was placed 2 cm
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above the cubital fossa in ELSA and GHS, and on the forearm
in FHS. Baseline pulse amplitude was measured and arterial
flow was interrupted on 1 side for 5 minutes by inflating the
cuff to suprasystolic pressure. Then, the cuff was deflated to
induce reactive hyperemia and PAT signal was recorded. The
contralateral finger was used to control for systemic changes.
Mean baseline pulse amplitude reflects basal peripheral
vascular tone, density and compliance, and pulse pressure
and was calculated by averaging the mean baseline amplitude
values from the control and the occluded arm. PAT ratio is the
ratio of postdeflation mean pulse amplitude 90 to 120 s after
cuff release to the mean baseline pulse amplitude. This result
is divided by the corresponding ratio from the control finger.
Mean baseline pulse amplitude and PAT ratio were both
transformed to their natural logarithm for analysis because of
skewed distributions. As has been previously reported, quality
control procedures were included in all 3 cohorts to exclude
technically inadequate studies, including for incomplete cuff
occlusion.11–13

Assessment and Definition of Covariates
The 3 cohorts had standardized measurements of anthropom-
etry, bloodpressures, heart rate, blood lipids, and glucose, aswell
as assessment of current smoking, prior cardiovascular disease,
and medication use. BMI was calculated as weight in kilograms
dividedbyheight inmeters squared.Moredetails of the individual
study protocols have been previously published.16–18 To have
comparable data across the cohorts, we standardized the
covariate definitions. As in the GHS, the period of fasting before
assessing blood glucose was variable, diabetes mellitus was
defined as individuals with self-reported diabetes mellitus or
treated with a hypoglycemic agent, or who had a fasting blood
glucose ≥126 mg/dL if fastingmore than 8 hours, or≥200 mg/
dL if fasting less than 8 hours. Hypertension was diagnosed if
antihypertensive drugs were taken, or a systolic blood pressure
≥140 mm Hg or a diastolic blood pressure ≥90 mm was
measured. Prevalent cardiovascular disease was defined as the
self-reported presence of myocardial infarction, revasculariza-
tion, stroke, or heart failure for ELSA-Brasil andGHS. For FHS, the
presence of prevalent cardiovascular diseases cited above was
adjudicated. For the analysis regarding the relation of BMI to PAT
measures and the effect modification caused by metabolic
phenotype, we classified participants as normal weight if BMI
<25 kg/m2, as overweight if BMI was ≥25 and <30 kg/m2, and
as obese if BMI ≥30 kg/m2. Underweight individuals (BMI
<18.5 kg/m2) were included in the normal weight group given
the small number (n=118). Metabolic phenotype was classi-
fied as healthy or unhealthy. A metabolically unhealthy
phenotype was diagnosed in the presence of any 3 of the
following traits, based on the ATP III criteria for metabolic
syndrome21: abdominal obesity, defined as a waist

circumference in men ≥102 cm (40 in) and in women
≥88 cm (35 in.); triglycerides ≥150 mg/dL (1.7 mmol/L);
HDL cholesterol <40 mg/dL (1 mmol/L) in men and
<50 mg/dL (1.3 mmol/L) in women; systolic blood pressure
≥130 mm Hg or diastolic blood pressure ≥85 mm Hg or
hypertension treatment; and fasting plasma glucose
≥100 mg/dL (if fasting ≥6 hours) or drug treatment for
elevated blood glucose. Otherwise, participants were classified
as metabolically healthy. In GHS, if fasting <6 hours, partici-
pants could not be classified if glucose ≥100 mg/dL and none
of the other criteria for metabolic syndrome were satisfied.

Statistical Analysis
Dichotomous variables are expressed as frequencies and
continuous variables as mean� SD, unless otherwise noted.
Triglycerides were transformed into natural logarithm values to
account for their skewed distribution. For the comparison of
clinical characteristics across the cohorts, F-testswere used for
continuous and v2 tests for categorical variables. Heterogene-
ity in estimates between-cohorts was evaluated using the Q-
test and I2 statistics.22 To combine estimates across the 3
cohorts, we used DerSimonian and Laird random effects meta-
analysis with inverse variance weighting.23 We combined
estimates of the participants’ clinical characteristics as well
as the regression slopes for the strength of associations of
digital vascular measures with age- and sex-adjusted cardio-
vascular risk factors. To ensure comparable regression slopes,
continuous predictors in all cohorts were standardized using
pooled standard deviations from across the 3 cohorts.

We then stratified participants according to BMI categories
(normal-weight, overweight, and obese) and metabolic phe-
notype (healthy and unhealthy) and calculated the age- and
sex-adjusted mean baseline pulse amplitude and PAT ratio for
each of the 6 subgroups. Using the metabolically healthy
normal-weight group as reference, we compared the weighted
mean difference of the other 5 subgroups with a Wald test
including Bonferroni adjustment for multiple comparisons. We
tested for a linear trend across BMI categories for both
metabolically healthy and metabolically unhealthy.

All analyses were performed using SAS version 9.3 (SAS
Institute Inc). Two-sided P<0.05 were considered statistically
significant, unless stated otherwise.

Results

Participant Characteristics and Vascular
Measures
Table 1 shows the characteristics of participants: the mean
age was 53�6 years and 8665 participants (51.3%) were
men. The overall mean BMI was 27.1�2.8 kg/m2 and was

DOI: 10.1161/JAHA.116.004199 Journal of the American Heart Association 3

Metabolic Healthy Obesity and Vascular Function Brant et al
S
Y
S
T
E
M
A
T
IC

R
E
V
IE

W
A
N
D

M
E
T
A
-A

N
A
L
Y
S
IS



comparable across cohorts. The mean glucose was higher in
ELSA-Brasil, contributing to a higher prevalence of diabetes
mellitus when compared to GHS and FHS. In FHS, there was a
higher proportion of participants using lipid-lowering treat-
ment compared to GHS and ELSA-Brasil, which may have
contributed to the lower means for total/HDL cholesterol and
triglycerides in FHS. Smoking was more prevalent in GHS,
reflecting the higher prevalence of smoking in Germany than
in Brazil or the United States. For the digital vascular function
measures, ELSA-Brasil had higher mean baseline pulse
amplitude and lower PAT ratio that may reflect differences
in participant characteristics, including the higher burden of
metabolic risk factors.

Meta-Analysis of Clinical Correlates of Digital
Vascular Measures
Figure 1 shows the combined estimates and 95% CI of the
data pooled from the 3 cohorts regarding the clinical
correlates of digital vascular measures. Male sex, prevalent
cardiovascular disease, and metabolic risk factors (prevalent
diabetes mellitus, and higher mean BMI, glucose, triglyc-
erides, and total/HDL cholesterol) were significantly associ-
ated with higher mean baseline pulse amplitude and lower
PAT ratio, both denoting more impaired vascular function.

Advancing age and smoking were only significantly correlated
to higher mean baseline pulse amplitude. Systolic and
diastolic blood pressures were not correlated with PAT
measures. Higher prevalence of hypertension and lipid-
lowering treatment were associated with more impaired PAT
responses. There was substantial heterogeneity among the
studies shown by statistically significant Q-test results and I2

estimates that were mostly greater than 50%.
The values of the combined estimates and the hetero-

geneity statistics used in Figure 1 can be found in Tables S1
and S2. The relations of clinical correlates to digital vascular
function measures in the individual cohorts are shown in
Tables S3 and S4.

Relation of Obesity to Digital Vascular Function
Stratified by Metabolic Status
Table 2 shows the number of participants according to BMI
categories stratified by metabolic status. In the overall
sample, 24% of the participants were classified as obese
(n=4055) and 40% (n=6792) as overweight. Among the obese
individuals, 33% were considered metabolically healthy
(n=1348). In the metabolically healthy strata (n=11 233),
48% of the subjects were classified as normal-weight, 40%
overweight, and 12% obese; whereas in the metabolically

Table 1. Clinical Characteristics and Digital Vascular Measures of Participants According to Cohort and Overall

Characteristic* GHS (n=10 943) FHS (n=4352) ELSA-Brasil (n=1535) Overall (n=16 830)

Age, y 54�11 54�16 52�9 53�6

Sex, male, n (%) 5639 (52) 2166 (49) 860 (56) 8665 (51)

Systolic blood pressure, mm Hg 131�17 123�17 122�17 125�10

Diastolic blood pressure, mm Hg 82�9 74�10 78�11 78�6

Heart rate, bpm 69�11 62�10 69�10 67�6

BMI, kg/m2 27.1�4.7 27.7�5.5 26.8�4.6 27.1�2.8

Smoking, n (%) 2130 (19) 600 (14) 184 (12) 2914 (17)

Total/HDL cholesterol 4.1�1.2 3.6�1.2 4.1�1.0 4.0�0.7

triglycerides, ln(mg/dL)† 4.7�0.5 4.6�0.5 4.8�0.5 4.7�0.3

Glucose, mg/dL 94�18 102�22 111�31 99�13

Diabetes mellitus, n (%) 766 (7) 393 (9) 197 (13) 1356 (8)

Hypertension, n (%) 5314 (49) 1745 (40) 576 (38) 7635 (45)

Hypertension treatment, n (%) 3091 (28) 1361 (31) 435 (28) 4887 (29)

Lipid-lowering treatment, n (%) 1375 (13) 1216 (28) 197 (13) 2788 (16)

Prevalent CVD, n (%) 596 (5) 405 (9) 64 (4) 1065 (6)

PAT ratio 0.65�0.41 0.69�0.41 0.49�0.37 0.60�0.23

Baseline pulse amplitude 5.99�0.90 5.66�0.89 6.00�0.83 5.89�0.50

Combined estimate for continuous variables using inverse variance weighting. Continuous variables are given as mean�SD. BMI indicates body mass index; CVD, cardiovascular disease;
ELSA-Brasil, Brazilian Longitudinal Study of Adult Health; FHS, Framingham Heart Study; GHS, Gutenberg Heart Study; HDL, high-density level; PAT, peripheral arterial tonometry.
*P<0.005 for comparison of all characteristics between cohorts.
†Triglycerides and PAT measures are natural logarithm transformed.
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unhealthy strata, 8% of the individuals were normal-weight,
42% overweight, and 50% obese.

As shown in Table 2, increasing obesity was associated
with more impaired vascular function in both metabolically
healthy and metabolically unhealthy participants. Further-
more, the metabolically unhealthy participants had greater
impairment of vascular function at each level of obesity.

Figure 2 displays the greater degree of vascular abnor-
mality associated with both greater obesity and with
metabolically unhealthy status as compared to the normal-
weight metabolically healthy individuals.

Discussion
In this large sample size study with data from 3 community-
based cohorts of geographically diverse background, we
confirmed the associations of impaired PAT measures with
obesity and metabolic risk factors. In obese individuals with a
metabolically healthy profile, we observed impairment in
microvascular function when compared to normal-weight
metabolically healthy subjects. Moreover, comparing individ-
uals within the same BMI category, we found that vascular
measures were more impaired in the presence of metabolic
abnormalities. Taken together, our findings suggest that
increased weight is detrimental to vascular health irrespective
of metabolic status, although having metabolic abnormalities
is associated with a further decrement in microvascular
function.

Prior Studies With Microvascular Function and
Cardiovascular Risk Factors
Vascular dysfunction is an early expression of vascular injury,
the substrate for the most prevalent cardiovascular events,
including myocardial infarction and stroke, and is able to
predict cardiovascular outcomes.7 The relations of cardiovas-
cular risk factors with PAT measures herein described are
consistent with the findings of prior reports that impaired
microvascular function is related tomale sex, higher BMI, which
is a marker of adiposity, and metabolic risk factors.11–13

Importantly, we confirmed in a large sample of geographically
diverse individuals that blood pressure was not significantly
correlated with PAT measures and advancing age was not
correlated to PAT ratio. These findings confirm the associa-
tions of obesity and metabolic risk factors with small vessel
dysfunction across multiple cohorts.12,20

Obesity, Metabolic Status, and Vascular Function
Obesity is an independent risk factor for cardiovascular
disease.1,2 Recently, there has been considerable interest in a
subgroup of obese and overweight subjects who have normal
metabolic features, such as lipid profile, glucose tolerance,
blood pressure, and waist circumference—the “metabolically
healthy” phenotype.24,25 Previous studies have shown that a
metabolically healthy phenotype reduces the impact of excess
weight on cardiovascular mortality.5,6 However, a recent
meta-analysis found an increased risk of death in metabol-
ically healthy overweight and obese when studies with more
than 10 years of follow-up were evaluated, suggesting that
prolonged exposure to excess weight, even without metabolic
dysfunction, is associated with heightened cardiovascular
mortality.24

The relation of metabolically healthy obesity to vascular
function has been previously evaluated in a community-based

Figure 1. Forest plots of clinical correlates of digital vascular
measures across the 3 cohorts. A, Baseline pulse amplitude. B, PAT
ratio. Data were age- and sex-adjusted. Per SD on continuous variables.
Combined estimate using DerSimonian and Laird random effects
model. Q test for heterogeneity. CVD indicates cardiovascular disease;
HDL, high-density cholesterol; PAT, peripheral arterial tonometry.
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setting in 1016 participants of a Swedish cohort of 70-year-
old individuals.26 Studying the microvasculature by venous
occlusion plethysmography and the conduit vessel function by
flow-mediated dilation using brachial artery ultrasound, they
found impairment in vascular function measured by venous
plethysmography, but not in flow-mediated dilation, in
metabolically healthy obese compared to normal-weight.26

More recently, Schinzari et al evaluated the vasodilator
response of metabolically healthy obese (n=34) and found
that they have abnormal vascular reactivity when compared to
lean subjects, although their endothelial dysfunction is less
pronounced than in metabolically unhealthy obese subjects.27

Our results add information to the controversy of whether
metabolically healthy obesity is benign in terms of cardiovas-
cular disease.We found that, in a large sample of geographically
diverse background, metabolically healthy obese had more
impaired microvascular function than their normal-weight
counterparts, suggesting that there is not a benign pattern of
increased weight for vascular health. We also found that in the 3
BMI categories (normal-weight, overweight, and obese), the
presence of metabolic disturbances caused further impairment
in microvascular function. As vascular dysfunction is an early
expression of atherosclerosis,7 its presence may reveal the
effects of increased weight in the cardiovascular system at an
early stage of vascular injury. Moreover, the vascular

dysfunction that results from obesity may contribute to the
development of metabolic disturbances.9

The mechanisms by which higher weight leads to vascular
dysfunction are not completely elucidated. Higher resting flow
in the finger with increasing weight may contribute to
increased baseline pulsatility and reduced vasodilator
responses. In addition, metabolic alterations including higher
insulin levels may alter resting and dynamic tone. The adipose
tissue, through histological and functional alterations, acts
negatively on the cardiovascular system through the ectopic
deposition of fat and by promoting insulin resistance and
inflammation.28 Vascular dysfunction is linked to insulin
resistance and a pro-inflammatory state and our data suggest
that excess weight has a negative influence on vascular
function separately from the effect of metabolic risk fac-
tors.9,29 Furthermore, improvement in vascular function has
been described after weight loss, particularly in hyperinsu-
linemic obese individuals, suggesting that vascular dysfunc-
tion may be reversible when obese individuals lose weight.30

More research is needed to elucidate whether vascular
dysfunction in obese individuals is only a marker of insulin
resistance and inflammation, or if it is independently related
to the higher cardiovascular risk of obese individuals, perhaps
acting via other pathways that lead to cardiovascular events,
such as an impaired coagulation or fibrinolysis.26

Table 2. Number of Participants, Baseline Pulse Amplitude, and PAT Ratio According to BMI Categories Stratified by Metabolic
Status, Per Cohort and Overall

Cohort

Metabolically Healthy Metabolically Unhealthy

Normal Overweight Obese Normal Overweight Obese

Number of participants

ELSA-Brasil 472 261 67 126 351 253

FHS 1351 1064 395 116 668 811

GHS 3564 3173 886 222 1275 1643

Overall 5387 4498 1348 464 2294 2707

Baseline pulse amplitude

ELSA-Brasil 5.74 (0.034) 5.90 (0.046) 6.17 (0.091) 6.01 (0.066) 6.15 (0.040) 6.36 (0.046)

FHS 5.33 (0.021) 5.62 (0.022) 5.70 (0.037) 5.62 (0.068) 5.84 (0.029) 6.09 (0.026)

GHS 5.70 (0.013) 6.01 (0.013) 6.24 (0.020) 5.81 (0.022) 6.13 (0.018) 6.35 (0.017)

Overall 5.61 (0.010) 5.91 (0.011) 6.12 (0.017) 5.82 (0.020) 6.06 (0.014) 6.28 (0.014)

PAT ratio

ELSA-Brasil 0.55 (0.016) 0.51 (0.022) 0.44 (0.043) 0.52 (0.031) 0.45 (0.019) 0.38 (0.022)

FHS 0.82 (0.011) 0.72 (0.012) 0.69 (0.019) 0.69 (0.035) 0.61 (0.021) 0.53 (0.013)

GHS 0.77 (0.006) 0.65 (0.006) 0.56 (0.010) 0.71 (0.011) 0.59 (0.009) 0.49 (0.008)

Overall 0.76 (0.005) 0.66 (0.005) 0.58 (0.008) 0.69 (0.010) 0.57 (0.007) 0.49 (0.007)

Data are presented as mean and SE. Data are age- and sex-adjusted. P value for linear trend across BMI categories (within each metabolic level) <0.0001 for both baseline pulse amplitude
and PAT ratio in the overall sample. P values for comparison between metabolic levels for each BMI category (normal, overweight, obese) <0.0001 for both baseline pulse amplitude and
PAT ratio in the overall sample. BMI indicates body mass index; ELSA-Brasil, Brazilian Longitudinal Study of Adult Health; FHS, Framingham Heart Study; GHS, Gutenberg Heart Study; PAT,
peripheral arterial tonometry.
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It is also important to emphasize 2 other findings of our
study. First, even though studying the metabolically healthy
obesity is important to better understand the complex
interaction between the adipose tissue and the cardiovascular
system, the metabolic abnormalities are considerably more
prevalent in individuals with increased weight. Similarly to
other studies, metabolically healthy obese accounted for one
third of obese individuals,5,26,31 revealing that most obese
persons have metabolic disturbances, and thus are in the
subgroup of greater cardiovascular risk, emphasizing the
burden of obesity. Secondly, PAT measures of overweight
individuals are intermediate between normal-weight and
obese subjects in both metabolic strata, suggesting that the
effect of excess weight on microvascular function has a dose–
response gradient. Further studies are needed to evaluate
whether this latter finding is clinically relevant, especially
considering that 1.9 billion persons in the world were
classified as overweight in 2014.3

Strengths and Limitations
The strengths of our study include the strategy of combining
aggregate data from 3 large and geographically diverse
community-based cohorts with a wide age range, enabling us
to study subgroups of participants that we were not powered to
evaluate in each cohort separately. The strict and standardized
protocols followed by the 3 cohorts for the assessment of
vascular function and cardiovascular risk factors also must be
acknowledged. Taken together, these aspects allowed us to
provide more robust and generalizable findings.

Limitations of our study should also be considered. First,
although the protocols for data collection were similar across

cohorts, somemethodological differences could have impacted
the data comparability. To minimize these eventual differ-
ences, we made specific definitions for the present study.
Regarding PAT examination, the different cuff position—
forearm in FHS and upper arm in GHS and ELSA-Brasil—
was, initially, a cause for concern. Prior studies show that the
cuff placed in the upper arm causes more vasodilation as a
result of reactive hyperemia than in the forearm.32 However,
as GHS and ELSA-Brasil had lower mean PAT ratio than FHS,
we believe that the cuff position did not impact the
comparability of PAT vasodilator response. Secondly, we
studied vascular function in the digits, which is only partly
dependent on nitric oxide bioavailability,33 and the evaluation
in different vascular beds may provide complementary
information.12,20 However, microvascular function measured
by PAT has been shown to be more closely correlated to
metabolic risk factors than conduit vessel function and has
also been prospectively validated as a predictor of cardiovas-
cular events.12,14,15 Third, other variables such as fat
distribution and fat mass could add to our interpretation of
the relation of adiposity to vascular function.34 Fourth, to
address the heterogeneity found in our study for the
association of most cardiovascular risk factors to PAT
measures, we used the random effects model to meta-
analyze the data, seeking to incorporate heterogeneity into
our combined estimates and their confidence intervals. We
speculate that the high heterogeneity found could reflect
differences among the populations studied, including ethnic
composition. We further note that all the risk factors with
significant associations with vascular function were consis-
tent in the directionality of their associations across the 3
cohorts, making any distortions due to heterogeneity a matter

Figure 2. Meta-analysis of digital vascular measures by metabolic and body mass index categories. A,
Baseline pulse amplitude. B, PAT ratio. Data are shown as weighted mean difference compared with
metabolically healthy normal-weight person (reference). Data were age- and sex-adjusted. *P<0.0001
compared to normal weight metabolically healthy. Baseline pulse amplitude and PAT ratio are unitless. PAT
indicates peripheral arterial tonometry.
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of the degree of association rather than whether it is present.
Lastly, due to the observational design of the cohorts,
endothelium-independent vasodilation was not evaluated and
the use of medications could not be precluded. Since our
analysis is cross-sectional, it prevents inferences of causality
or temporality.

Clinical Implications
From the clinical point of view, some aspects of our study
should be highlighted. Our data corroborate that BMI and
metabolic risk factors provide complementary information
regarding markers of vascular health. The findings support
further studies with prospective outcomes to evaluate the
clinical utility of digital vascular function as a tool to refine
cardiovascular risk prediction in obese individuals. Reversal of
vascular dysfunction in obesity may be possible with both
weight loss and treatments directed at metabolic risk factors.
Furthermore, treatments targeted at the endothelium may
protect the vasculature from the adverse consequences of
obesity and metabolic dysfunction. It may be that vascular
function assessment has potential to risk stratify obese
individuals who may derive the greatest health benefits from
weight reduction interventions. Lastly, our results support the
recommendations of weight control as a population-based
preventive strategy for cardiovascular disease, since we found
no benign pattern of excess weight for vascular health.

Conclusions
Our results suggest that obese individuals without metabolic
abnormalities have more impaired microvascular function
when compared to their normal-weight counterparts. Although
we emphasize that metabolic disturbances strengthen the
association of excess weight to impaired vascular function, our
data indicate that increased weight is detrimental to vascular
health irrespective of metabolic status, challenging the
concept of a healthy pattern of obesity.
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SUPPLEMENTAL MATERIAL 

 



Table S1. Meta-analysis of Clinical Correlates of Baseline Pulse Amplitude Adjusted on Age 

and Sex. 

 

 Random Effects Heterogeneity 

Clinical characteristic DL Est DL SE p-value 

Q 

Statistic QTest P I2 

Age  0.104 0.020 <.0001 158.17 <.0001 98.7% 

Male Sex 0.731 0.017 <.0001 28.59 <.0001 93% 

Systolic BP 0.041 0.023 0.07 85.87 <.0001 97.7% 

Diastolic BP 0.024 0.018 0.18 28.16 <.0001 92.9% 

Heart Rate 0.011 0.011 0.29 3.02 0.22 33.8% 

Body Mass Index  0.225 0.013 <.0001 13.45 0.001 85.1% 

Smoking 0.118 0.030 <.0001 19.32 <.0001 89.6% 

Glucose 0.082 0.013 <.0001 38.93 <.0001 94.9% 

Triglycerides 0.144 0.008 <.0001 4.54 0.10 55.9% 

Total/HDL Cholesterol 0.150 0.006 <.0001 0.09 0.96 0.0% 

Hypertension Treatment 0.168 0.015 <.0001 4.38 0.11 54.4% 

Lipid-lowering Treatment 0.133 0.022 <.0001 3.59 0.17 44.3% 

Diabetes 0.237 0.043 <.0001 11.34 0.003 82.4% 

Prevalent CVD 0.084 0.036 0.02 0.95 0.62 0.0% 

Age and sex were adjusted by each other. Per SD on continuous variable. 

Combined estimate using DerSimonian and Laird (DL) Random Effects Model. 

CV: cardiovascular disease. BP: blood pressure. 

 



Table S2. Meta-analysis of Clinical Correlates of PAT Ratio Adjusted on Age and Sex. 

 

 Random Effects Heterogeneity 

Clinical characteristic DL Est DL SE  P value 

Q 

Statistic QTest P I2 

Age  -0.022 0.019 0.25 63.91 <.0001 96.9% 

Male Sex -0.239 0.013 <.0001 7.09 0.0288 71.8% 

Systolic BP 0.028 0.022 0.20 68.02 <.0001 97.1% 

Diastolic BP 0.006 0.017 0.72 49.17 <.0001 95.9% 

Heart Rate -0.023 0.009 0.01 12.70 0.0017 84.3% 

Body Mass Index  -0.081 0.011 <.0001 24.17 <.0001 91.7% 

Smoking -0.042 0.025 0.09 12.64 0.0018 84.2% 

Glucose -0.034 0.012 0.003 27.81 <.0001 92.8% 

Triglycerides -0.056 0.006 <.0001 5.50 0.06 63.6% 

Total/HDL Cholesterol -0.058 0.003 <.0001 0.70 0.70 0.0% 

Hypertension Treatment -0.085 0.007 <.0001 0.53 0.77 0.0% 

Lipid-lowering Treatment -0.070 0.015 <.0001 4.93 0.08 59.4% 

Diabetes -0.105 0.037 0.004 18.90 <.0001 89.4% 

Prevalent CVD -0.123 0.027 <.0001 7.11 0.03 71.9% 

Age and sex were adjusted by each other. Per SD on continuous variable. 

Combined estimate using DerSimonian and Laird (DL) Random Effects Model. 

CV: cardiovascular disease. BP: blood pressure. 

 



Table S3. Relations of Baseline Pulse Amplitude and Cardiovascular Risk Factors According to 

Cohort. 

 

 ELSA FHS GHS 

Characteristic Est SE Est SE Est SE 

Age  0.111 0.028 0.041 0.009 0.197 0.008 

Male sex 0.637 0.040 0.864 0.023 0.753 0.015 

Systolic Blood Pressure 0.051 0.021 0.101 0.013 -0.041 0.008 

Diastolic Blood Pressure  0.040 0.018 0.046 0.012 -0.023 0.008 

Heart rate -0.006 0.021 0.033 0.012 0.014 0.008 

Body Mass Index  0.218 0.020 0.212 0.010 0.257 0.008 

Smoking 0.024 0.060 0.260 0.034 0.103 0.020 

Glucose 0.055 0.013 0.138 0.011 0.053 0.009 

Triglycerides 0.132 0.019 0.165 0.011 0.138 0.008 

Total/HDL cholesterol 0.149 0.024 0.152 0.012 0.148 0.008 

Hypertension treatment 0.150 0.045 0.217 0.028 0.147 0.018 

Lipid lowering treatment 0.079 0.061 0.195 0.029 0.147 0.024 

Diabetes 0.156 0.060 0.357 0.042 0.203 0.031 

Prevalent CVD 0.078 0.099 0.101 0.042 0.048 0.034 

Age and sex were adjusted by each other; other covariates were adjusted on age and sex. Per SD 

on continuous variable. Combined estimate using Maximum Likelihood Regression Estimates. 

CVD: cardiovascular disease.  

 



Table S4. Relations of PAT Ratio and Cardiovascular Risk Factors According to Cohort.  

 

 ELSA FHS GHS 

Characteristic Est SE Est SE Est SE 

Age  -0.024 0.013 0.003 0.005 -0.047 0.004 

Male sex -0.215 0.018 -0.249 0.012 -0.265 0.007 

Systolic Blood Pressure 0.011 0.010 0.009 0.007 0.066 0.004 

Diastolic Blood Pressure  -0.012 0.008 -0.004 0.006 0.036 0.004 

Heart rate -0.018 0.010 -0.037 0.006 -0.012 0.004 

Body Mass Index  -0.068 0.009 -0.076 0.005 -0.103 0.004 

Smoking 0.013 0.028 -0.099 0.017 -0.051 0.010 

Glucose -0.015 0.006 -0.058 0.006 -0.029 0.004 

Triglycerides -0.045 0.009 -0.068 0.005 -0.058 0.004 

Total/HDL cholesterol -0.056 0.011 -0.063 0.006 -0.058 0.004 

Hypertension treatment -0.083 0.021 -0.085 0.014 -0.095 0.009 

Lipid lowering treatment -0.033 0.028 -0.100 0.014 -0.095 0.012 

Diabetes -0.020 0.028 -0.163 0.021 -0.141 0.015 

Prevalent CVD -0.183 0.045 -0.062 0.021 -0.112 0.017 

Age and sex were adjusted by each other; other covariates were adjusted on age and sex. Per SD 

on continuous variable. Combined estimate using Maximum Likelihood Regression Estimates. 

CVD: cardiovascular disease.  

 


