SYSTEMATIC REVIEW

Q1[8» THE INTERNATIONAL JOURNAL OF

CLINICAL PRACTICE

A meta-analysis of published studies of endothelial
dysfunction does not support its routine clinical use

A. Cardona,"?" S. R. Kondapally Seshasai,’
J. C. Kaski,"™ K. K. Ray'?

* J. Davey,! A. L. Arrebola-Moreno,"* G. Ambrosio,’

Linked Comment: Ferguson and Sattar. Int J Clin Pract 2015; 69: 624-5.

SUMMARY

Background: Endothelial dysfunction is a marker of future cardiovascular disease
(CVD) risk, yet epidemiological studies have yielded inconsistent results. We there-
fore studied the association between endothelial dysfunction and CVD under
diverse circumstances. Methods and results: Literature-based meta-analysis of
prospective observational studies with > 12 months of follow-up published in
Medline and having information on endothelial function and CVD outcomes.
Tabular data on participant characteristics, endothelial function assessments and
incident CVD outcomes were abstracted from individual studies. Random-effects
meta-analysis was used to quantify pooled associations, and / statistic to evaluate
between-study heterogeneity. Potential sources of heterogeneity were explored by
subgroup analyses and meta-regression. Thirty five studies involving 17,206 partici-
pants met the inclusion criteria. During more than 80,000 person-years of observa-
tion, up to 2755 CVD events were accrued, yielding a pooled relative risk (RR) of
1.25 (95% confidence interval 1.15-1.35) for CVD comparing top (i.e. more
severe) vs. bottom (less severe) third of endothelial dysfunction. There was signifi-
cant between-study heterogeneity and evidence of publication bias. RRs varied
importantly according to the method used to ascertain endothelial function, and
were higher among older individuals and among participants with risk factors for
CVD or established CVD at baseline. Conclusions: Although endothelial dysfunc-
tion is an important determinant of cardiovascular outcomes in people with
pre-existing CVD, current evidence base does not support its use as a potentially
useful measurement for risk stratification in people at lower risk of CVD.

Review criteria

Endothelial dysfunction has been proposed as a
marker of incident cardiovascular disease (CVD)
outcomes, and endothelial function assessments have
been considered to represent a useful tool in the
evaluation of cardiovascular risk among various
individuals. However, epidemiological studies
evaluating this association have yielded inconsistent
results to date.

Message for the clinic

By combining published information on over 17,000
individuals from 35 prospective studies, we found
that people within the highest category of endothelial
dysfunction had just 25% excess risk of CVD
outcomes, as compared with those within the lowest
category. Therefore, although endothelial dysfunction
may be an important determinant of vascular disease
outcomes in people with pre-existing CVD, current
evidence does not support its use as a potentially
useful measurement for risk stratification in people at
lower risk of CVD.

Introduction

Endothelial dysfunction represents an early step in
the development of atherosclerosis and has been pro-
posed as a marker of cardiovascular disease (CVD)
outcomes (1). However, its association with CVD
has not been reliably quantified under diverse cir-
cumstances (2—4). As reviewed recently, the clinical
usefulness of endothelial function assessment is not
yet firmly established, nor is any specific method for
measuring endothelial dysfunction recommended in
guidelines for primary or secondary prevention (4).
In this respect, interpretation of the findings from
individual studies can be problematic because of dif-
ferences in: baseline prevalence of CVD and associ-
ated risk factors; the severity of
underlying ischaemic heart disease and diagnostic
techniques used to assess endothelial (dys)function.
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A previous meta-analysis of 23 cohort studies
reported a significant association between endothelial
dysfunction assessed using brachial artery flow-medi-
ated dilatation (FMD) and CVD outcomes (5). How-
ever, it was importantly limited because: several
contributing studies had combined all-cause mortal-
ity along with CVD in their primary end-point
resulting in potentially misleading estimates of asso-
ciation; results of the meta-analysis were based solely
on FMD measurements precluding any comparisons
with other techniques; and, the associations were cal-
culated separately for studies reporting continuous
vs. categorical risk estimates, i.e. without any
attempts to standardise the risk ratios (RRs). We
therefore sought to quantify more precisely than pre-
viously possible, the association between endothelial
dysfunction and the composite end-point of all CVD
outcomes under diverse circumstances, by analysing
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Endothelial dysfunction and CVD

data from 35 prospective studies including over
17,000 participants with up to 2755 CVD events
(2,3,6—40). Studies included in our meta-analysis
were based on five distinct population subtypes:
essentially general populations (involving participants
not selected on the basis of pre-existing CVD risk
factors or baseline CVD); individuals at moderate-
to-high risk of CVD; individuals with suspected
coronary heart disease (CHD), defined as those
undergoing diagnostic cardiac catheterisation for sus-
pected coronary artery disease (CAD) or those with
a positive exercise stress test; participants with estab-
lished CHD (defined as a previous diagnosis of any
CAD according to standard criteria (41,42)); and,
patients with known congestive heart failure (CHF).

Methods

We searched MEDLINE for prospective studies pub-
lished before 1 May 2013 that had reported on the
association between endothelial function and inci-
dent CVD outcomes using keywords and MeSH
terms related to endothelium and CHD/CAD/CVD,
without restriction to any language. Electronic
searches were supplemented by scanning reference
lists of published reports. For our meta-analysis,
endothelial dysfunction was defined according to
study-specific criteria, and studies were included if
they had at least 12 months of follow-up and had
reported on incident CVD outcomes. CVD was
defined as a composite of CHD (fatal or non-fatal
myocardial infarction and/or unstable angina); coro-
nary, peripheral or carotid revascularisation; heart
failure; stroke; transient ischaemic attack and cardio-
vascular death. With the exception of heart failure
definition which varied importantly across studies,
other CVD outcomes were generally defined accord-
ing to standard criteria, and therefore we conducted
further sensitivity analyses by excluding heart failure
from the composite CVD end-point, where possible.

Data were extracted independently by two authors
(AC, AAM) using a standardised data extraction proto-
col (Table S1), and potential discrepancies resolved by
two additional authors (KKR, SRKS). Where published
data were insufficient, investigators were contacted for
additional information (9,10,13,14,18,19,21,24,25,37).
Studies that enrolled participants following heart
transplantation (43), those that used blood-based bio-
markers alone to assess endothelial function (44,45),
or those that did not record any CVD outcomes and/
or failed to provide any risk estimates for CVD were
excluded from our meta-analysis (46—48).

The following details were abstracted from indi-
vidual studies: geographical location, year of publica-
tion, population characteristics, sample size, year of

baseline enrolment, mean age of participants at base-
line, percentage men, mean duration of follow-up
and number of CVD events on follow-up. Further
details were abstracted regarding the method used to
ascertain endothelial dysfunction, including informa-
tion regarding technique, approach (invasive vs.
non-invasive) and vascular bed examined (coronary
vs. peripheral). In case of multiple publications, the
most up-to-date or comprehensive report was used
for data abstraction. Where a single study reported
separately on multiple subgroups of the same popu-
lation, data from the largest group of participants
were used for the main analysis with smaller sub-
groups contributing to stratum-specific estimates of
association. Where investigators published data on
multiple methods of endothelial function assessment
separately, we used information from the report
involving the largest number of participants in our
main analysis, using data on other methods in sub-
sidiary analyses. As the estimates of association with
CVD were reported differently across studies (e.g.
RRs comparing the top vs. bottom third of endothe-
lial dysfunction in some studies as compared with
RRs per unit decrease in endothelial function in oth-
ers), we calculated standardised effect estimates for
CVD across studies by comparing top vs. bottom
third of endothelial dysfunction (i.e. more vs. less
severe derangement in endothelial function).

Our primary analysis involved quantifying the
association between endothelial dysfunction and
CVD by combining study-specific RRs using ran-
dom-effects meta-analysis (fixed-effect models were
used for comparison). Where study-specific RRs were
unavailable, we derived the corresponding risk esti-
mates from available data (such as p-values) and by
using riskconv programme in Stata, or by contacting
individual study investigators for further informa-
tion. For this meta-analysis we assumed that RRs,
hazard ratios and odds ratios approximated the same
relative risk. As the degree of multivariable adjust-
ments varied between studies, we used RRs from
maximally adjusted models for our meta-analysis,
where possible. The extent to which the effect esti-
mates varied across studies beyond that attributable
to chance (heterogeneity) was quantified using the I*
statistic. Potential sources of heterogeneity were
investigated by subgroup analyses, and by using
more stringent p-value thresholds (< 0.01) for statis-
tical significance. Potential publication bias was
assessed both visually (funnel plots) and quantita-
tively (Egger test). All analyses were performed using
STATA release 11 software (Stata Corp., College Sta-
tion, Texas, USA).

Our study was not supported by any bespoke
funding, and no separate ethical approval was sought
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as it involved re-analysis of previously published
data. JCK and KKR take full responsibility for the
accuracy of the study results, and the decision to
submit it for publication.

Results

The initial Medline search yielded 1927 titles of rele-
vance, and a further 51 titles were identified by
screening the reference lists of these reports. After
excluding duplicate publications, we studied 1799
abstracts and 79 full text articles for eligibility, yield-
ing 35 studies (from 37 published reports) and
involving 17,206 individuals for final quantitative
data synthesis (Figure 1). Thirty-three of these were
prospective cohort studies (2,3,7,9-19,21-40) and
three were case-cohort studies (6,8,20). Four stud-
ies (N =7706) included general populations
(3,25,30,39); 12 (N = 2035) included individuals with
suspected CHD (2,12,17,18,21,23,26,28,29,31,33,34);
six studies (N = 4223) involved participants having
cardiovascular risk factors (7,9,22,24,32,38); eight
studies (N = 1367) included people with established
CHD at baseline (8,10,13,14,16,19,20,37); four studies
(N =922) recruited individuals with CHF
(6,11,15,35); two studies (27,36) included participants

Endothelial dysfunction and CVD

having either suspected or established CHD (N = 370)
and 1 study (40) involved participants having either
cardiovascular risk factors or established CHD. Mean
(SD) age at study entry for all participants combined
was 60 (6) years, and 64% were male. Average follow-
up was 48 (27) months for all participants combined
(> 80,000 person-years in total) during which 2755
CVD events were accrued (Table 1). FMD was the
most common technique used to assess endothelial
function (25 studies), followed by quantitative coro-
nary angiography (QCA, five studies), and venous
occlusion plethysmography (VOP, four studies). Posi-
tron emission tomography (PET), intravascular Dopp-
ler (IDOP) and peripheral arterial tonometry (PAT)
were used in one study each.

The overall unstandardised RR for the association
between endothelial dysfunction and all CVD events
combined was 1.13 (95% CI: 1.09-1.18), with statis-
tically significant heterogeneity between studies
(* = 71.1%, p < 0.001) (Figure S1). By comparison,
the pooled RR in 27 studies (13,122 individuals,
1719 CVD events) in which risk estimates could be
standardised was 1.25 (1.15-1.35; I* = 71.5%;
p < 0.001) for individuals within the top vs. bottom
third of the endothelial dysfunction category (i.e.
more vs. less severe disease) (Figures 2 and S2). The

Details of literature review

1927 Articles from Medline search

51 More articles from
references and other sources

1799 Abstracts reviewed
after duplicates removed

1720 Atticles excluded (most for > 1 reason):

* 534 Reviews, letters or editorials
* 47 Case-reports

* 1139 Not useful information on endothelial
function assessment

79 Full text articles reviewed I——’ 42 Studies excluded (most for > 1 reason):

4

* 15 Not appropriate outcome

* 9 Not useful or not available data on effect
estimate

* 6 Not appropriate baseline population

* 6 Not relevant information on endothelial
function

* 2 No data on follow-up

37 Articles included in
quantitative data synthesis

* 1 Short follow-up length (<12 months)

* 3 Retrospective studies

Figure 1 Flow diagram of study selection
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association was more conservative in fixed-effect
meta-analysis (RR 1.06, 95% CI 1.04-1.08) (Figure
S3). In analyses restricted to studies that did not
include heart failure in their composite CVD end-
point (14 studies (2,8,10,19,24,25,27,28,31—
33,36,39,40), 8270 participants, 1157 CVD events),
the pooled RR [1.22 (95% CI 1.09-1.37)] was very
similar to the overall risk estimate, with statistically
significant heterogeneity between studies
(I* = 64.8%, p < 0.001) (Figure S4).

Relative risks for total CVD varied importantly
across studies based on the method used to ascertain
endothelial function, the pooled RR being 1.49
(1.24-1.79) for assessments made by FMD, 1.05
(1.01-1.09) for QCA, 1.85 (1.33-2.56) for VOP and
1.25 (0.83-1.88) for other techniques (including
IDOP, PAT and PET) (Figure 2). The associations
also varied importantly according to whether invasive
(1.09, 1.01-1.17) vs. non-invasive (1.42, 1.21-1.67)
methods were used to ascertain endothelial dysfunc-
tion, and according to whether peripheral (mainly
brachial) or central (typically coronary) arteries were
studied (RRs 1.49, 1.28-1.74 vs. 1.05, 0.99-1.12;
p < 0.001). Further sensitivity analyses that involved
exclusion of two outlier studies (one that contributed
unduly to the random-effects weights (29) and
another having unstable effect estimates (34)) only
confirmed the differential association between inva-
sive vs. non-invasive methods for endothelial func-
tion assessment and CVD. These analyses
additionally showed a borderline association between
endothelial dysfunction assessed using invasive meth-
ods and incident CVD (Figure S5).

Our meta-analysis also demonstrated a stronger
association for CVD in studies that accrued fewer
than 50 events on follow-up (1.38, 1.21-1.57) as
compared with those that recorded more than 50
events (1.24, 1.04-1.48); this difference was, however,
not statistically significant (p = 0.42; Figure 3). The
associations were less disparate with regard to the
overall sample size of studies. Length of follow-up
was found to be an important determinant of the
associations, such that studies with a follow-up of
approximately less than 4 years (median for this
meta-analysis) had a summary RR of 1.75 (1.37—
2.24), whereas those with a follow-up beyond this
period showed weaker association with CVD (1.08,
1.03-1.14; p < 0.001; Figure 3). The association
between endothelial dysfunction and CVD also var-
ied importantly according to key demographic and
participant characteristics. RRs for CVD were gener-
ally lower among studies involving participants at a
low risk for future CVD, e.g. general populations
(1.23, 1.03-1.46) and people suspected (but not pro-
ven) to have CHD at study entry (1.11, 1.01-1.22).
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Figure 2 Overall and subgroup-specific associations between endothelial dysfunction and CVD in the standardised
dataset*. FMD, flow-mediated dilatation; QCA, quantitative coronary angiography; VOP, venous occlusion

plethysmography; PET, positron emission tomography; IDOP, intravascular Doppler. *See text for details

By comparison, the pooled RRs were generally higher
within studies that recruited participants with multi-
ple CVD risk factors (2.25, 1.52-3.33), established
CHD at baseline (1.87, 1.25-2.78) and CHF (1.35,
1.07-1.71). The study of Schachinger et al. (27) had
to be excluded from subgroup analyses as separate
estimates for CVD were not available according to
whether its participants had suspected or established
CVD at baseline (this study did however contribute
to the overall analyses). RRs for CVD were also gen-
erally higher among studies that involved partici-
pants with a higher mean age at entry, and among
those that recruited participants after 1999
(p < 0.001). RRs for CVD were importantly different
across major geographical regions and according to
the stimulus used. There was evidence of publication
bias in the associations studied in this meta-analysis
(Egger test p < 0.001; Figure S6).

Discussion

By combining evidence across 35 cohort studies
involving > 17,000 participants, the current meta-

analysis provides the most robust confirmation yet of
the prospective and thereby potentially unbiased
association between endothelial dysfunction and
CVD. Moreover, by examining this association under
diverse circumstances, we were able to provide novel
information regarding the clinical relevance of endo-
thelial dysfunction as a marker of incident CVD.
Our systematic approach helped uncover impor-
tant, yet hitherto unsuspected, limitations of endo-
thelial dysfunction as a marker of incident CVD
outcomes, thereby precluding any firm conclusions
regarding its role in risk stratification of CVD. First,
the methods used to ascertain endothelial dysfunc-
tion varied importantly across studies. For instance,
our subgroup analyses demonstrate that the associa-
tion with CVD was stronger for studies that used
noninvasive and more peripheral circulation-based
tests (as compared with invasive, coronary-based
tests). Although differences in population characteris-
tics may explain the underlying heterogeneity to
some extent it is possible, however, that the observed
associations were in fact genuine. From a technical
perspective it is worth emphasising that FMD-based

© 2015 John Wiley & Sons Ltd
Int J Clin Pract, June 2015, 69, 6, 649-658



Subgroup No. of studies
Europe 16
Location N. America 6
East Asia 4
Baseline year <1999 10
of enroliment
21999 10
. <500 22
Study size
>500 5
< 1
No. of events 20 9
=50 9
<
Follow-up 1 ”
(month)
245 14
Gen Pop 4
Suspected CHD 8
Population
CVD risk 4
Established CHD 7
CHF 1
£59 14
Mean age (years)
=59 13
Ach 7
Stimulus cl 20
CPT 2

Endothelial dysfunction and CVD

NOTE: Weights are from random effects analysis o
.8

RR (95%CI) In:erir.ﬂon
S — 1.35 (116, 1,58) <0.001
= R 1.22 (0.97, 155)
I 1.35(1.18, 154)
- 1.06 (1,01, 1,12) <0.001
— . 148 (1.21,1.81)
. 1.26 (1.15, 1.38) 0.06
= 1.23 (1.03, 1.46)
™ 1.38(1.21,1,57) 042
—— 1.24 (1,04, 1.48)
—_— 1.75 (137, 2.24) <0.001
- 1.08(1.02, 1.14)
- 1.23(1.03, 1.46) <0.001
- 1.11(1,01, 1.22)
—_—— 2.25 (1.52,3.33)
R — 1.87(1.25,2,78)
—_— 1.35 (1.07, 1,71)
—- 1.11(1.03, 1.20) <0.001
—— 1.47 (1.23, 1,76)
—— 1.1 (1.00, 1,22) <0.001
—a— 146 (124, 1.71)
L 3 1.06 (1.02, 1.10)
I I I T

112 15 2 4

Risk ratios (95% Cl)

Figure 3 Association between endothelial dysfunction and CVD under diverse circumstances. Risk ratios are shown for the

association between top vs. bottom third of endothelial dysfunction and CVD. Gen Pop, general populations; CVD risk,
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methods, the most widely used techniques in the last
decade, are potentially limited by issues related to
reproducibility and variability (49). Hence, further
studies are needed not only to clarify the role of
individual measures of endothelial dysfunction in
relation to CVD outcomes but also to identify meth-
ods of endothelial function assessment that are best
suited to identify groups of at-risk individuals.
Second, our data also suggest significant publica-
tion bias and thereby likely overestimation of the
observed associations, with important practical impli-
cations for the use of endothelial function assess-
ments in asymptomatic individuals. In fact, our
findings of just modest associations with CVD in the
subgroup of otherwise healthy participants tend to
discourage the widespread use of endothelial function
assessments until further evidence becomes available
regarding their role in low-risk populations. Third, in
addition to this exaggerated association with CVD,
we also observed some spurious associations in this
meta-analysis. For instance, we found important dif-
ferences between the baseline year of enrolment and
CVD risk, which is unlikely to be a true calendar
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effect given that methods used for endothelial func-
tion assessments changed considerably with time
(FMD-based methods became more widespread after
1999). Fourth, we did not have access to individual-
participant data to enable consistent adjustments for
confounding factors across studies, nor did we have
information regarding serial measurements of endo-
thelial function to enable adjustments for time-vary-
ing effects of endothelial function. Finally, although
our meta-analysis is the largest to date, information
from certain key studies was unavailable from pub-
lished literature, and could not be provided by their
investigators upon request (50-52).

In addition to the abovementioned data-depen-
dent limitations, one of the major conceptual limita-
tions of using endothelial function as a marker of
CVD risk relates to the fact that it is uncertain to
what extent physiological changes in peripheral arter-
ies reliably reflect abnormalities in more central
arteries (coronary or cerebral), as the latter are more
directly relevant to clinical CVD events (53). To date,
only small-scale investigations have studied this rela-
tionship, vyielding inconsistent findings (54,55).
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Moreover, as simultaneous measurements of endo-
thelial function using multiple techniques in a com-
mon subset of participants were generally
unavailable, any observed differences in RRs by tech-
nique may be attributable to between-study differ-
ences rather than true differences in association.
Despite the suggestions by several advocates that
endothelial dysfunction is here for prime time use,
the totality of the data we present suggests that pub-
lication bias and incomplete adjustment of con-
founders (especially in small studies) may have over
inflated its potential clinical utility (4). Furthermore,
the modest association observed with CVD among
low risk groups suggests that endothelial function
assessment is unlikely to alter clinical decision mak-
ing among them. On the other hand, in people with
established CVD, where a
between endothelial dysfunction and CVD was

stronger association
observed, patients are already more likely to be on
secondary prevention strategies and therefore, on bal-
ance, it appears that there may be more value in
considering other emerging modalities for CVD risk
Rotterdam  study
showed that coronary artery calcium (CAC) score

prediction. For instance, the
outperformed measurements of carotid intima-media
thickness (CIMT) and blood-based biomarkers as a
predictor of CHD (net reclassification index 19.3%
vs. 7.6%, respectively, for CAC vs. biomarkers) (56).
In the Framingham Offspring Study, when added to
the Framingham risk score, CAC score improved
NRI by 46% vs. 6% for CIMT and 2.3% for FMD.
Furthermore, current meta-analyses of CAC score

7 Brevetti G, Silvestro A, Schiano V, Chiariello M.

suggest improvement in reclassification by over 20%
vs. < 1% for CIMT (57,58). To date, large scale data
on arterial stiffness and CVD events are not well-
established and given the consistent association
between CAC score and CVD and its reproducibility
compared with other tests, it is unlikely that any
other measure of CVD risk currently available will
outperform CAC score (59).

Notwithstanding these limitations, the demonstra-
tion of a graded association between endothelial dys-
function and CVD risk among people having vastly
different vascular disease risk profiles at baseline and
the influence of subjects’ age on the strength of asso-
ciation with CVD are consistent with the notion of a
continuum in the atherosclerosis process (60). In
conclusion, although endothelial dysfunction is an
important determinant of cardiovascular outcomes
in people with pre-existing CVD, current evidence
base does not support its use as a potentially useful
measurement for risk stratification in people at lower
risk for CVD.
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