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Abstract
This study aimed to evaluate the diagnostic performance of echocardiographic markers of heart failure with preserved ejection fraction
(HFpEF) and left ventricular diastolic dysfunction (LVDD) in comparisonwith the gold standard of cardiac catheterization.Diagnosing
HFpEF is challenging, as symptoms are non-specific and often absent at rest. A clear need exists for sensitive echocardiographic
markers to diagnose HFpEF. We systematically searched for studies testing the diagnostic value of novel echocardiographic markers
for HFpEF andLVDD. Two investigators independently reviewed the studies and assessed the risk of bias. Results weremeta-analysed
when four or more studies reported a similar diagnostic measure. Of 353 studies, 20 fulfilled the eligibility criteria. The risk of bias was
high especially in the patients’ selection domain. The highest diagnostic performance was demonstrated by a multivariable model
combining echocardiographic, clinical and arterial functionmarkers with an area under the curve of 0.95 (95%CI, 0.89–0.98). Ameta-
analysis of four studies indicated a reasonable diagnostic performance for left atrial strain with an AUC of 0.83 (0.70–0.95), a
specificity of 93% (95% CI, 90–97%) and a sensitivity of 77% (95% CI, 59–96%). Moreover, the addition of exercise E/e′ improved
the sensitivity of HFpEF diagnostic algorithms up to 90%, comparedwith 60 and 34%of guidelines alone. Despite the heterogeneity of
the included studies, this review supported the current multivariable-based approach for the diagnosis of HFpEF and LVDD and
showed a potential diagnostic role for exercise echocardiography and left atrial strain. Larger well-designed studies are needed to
evaluate the incremental value of novel diagnostic tools to current diagnostic algorithms.
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LAVI Left atrial volume index
LVMI Left ventricular mass index
LVDD Left ventricular diastolic dysfunction
LVFP Left ventricular filling pressures
HFrEF Heart failure with reduced ejection fraction
STE 2-D speckle tracking echocardiography
DST Diastolic stress test
QUADAS Quality Assessment of Diagnostic Accuracy

Studies
AUC Area under the curve
PH Pulmonary hypertension
NCD Non-cardiac dyspnoea
AF Atrial fibrillation
HFA Heart Failure Association
ESC European Society of Cardiology
A S E /
EACVI

American Society of Echocardiography/
European Association of Cardiovascular
Imaging

Introduction

Heart failure with preserved ejection fraction (HFpEF) is a
complex clinical syndrome associated with high morbidity
and mortality, which now accounts for 56% of the subjects
with HF, and its prevalence is increasing [1]. HFpEF is de-
fined by the presence of symptoms and/or signs of HF, a
preserved left ventricular (LV) ejection fraction (LVEF, >
50%), elevated levels of natriuretic peptides (NPs) and the
evidence of cardiac functional and structural alterations under-
lying HF [2]. Structural alterations include an increased left
atrial volume index (LAVI) or left ventricular mass index
(LVMI), whereas functional alterations mostly include left
ventricular diastolic dysfunction (LVDD). LVDD is defined
as the presence of impaired LV relaxation and increased LV
chamber stiffness, which increases LV filling pressures
(LVFP) [3]. Evidence of LVDD can be obtained invasively
through rest or exercise right-sided heart catheterization or
non-invasively through echocardiography [2]. There is no sin-
gle echocardiographic measure that provides evidence of
LVDD, but rather a combination of several abnormal indices
is recommended to evaluate LV diastolic function: tissue
Doppler indices (E/e′ ratio and e’ velocities), LAVI and tri-
cuspid regurgitation velocity are the currently recommended
variables [3]. However, only a relatively small number of
studies validated the use of these echocardiographic indices,
showing only a modest correlation with invasive haemody-
namic parameters and limited discriminative power [4].
Additionally, the echocardiographic indices proposed by
guidelines are normal in 40–75% of subjects with invasively
proven HFpEF [4, 5] and showed lower accuracy in individ-
uals at an early stage of the disease. In fact, these subjects
often show a normal or indeterminate diastolic function at

resting echocardiography because LVFP are not elevated, or
because they vary over time, depending on volume status [6].
Recently, a new stepwise diagnostic approach that includes
clinical, laboratory and imaging tests—the HFA-PEFF
score—was proposed by the Heart Failure Association
(HFA) of the European Society of Cardiology (ESC) with
the purpose of integrating novel information into a compre-
hensive algorithm, in order to better identify subjects with
HFpEF at different stages [7]. These recommendations in-
clude some of the new techniques that are currently being
evaluated as potential diagnostic tools to improve diagnosis
and staging of subjects with HFpEF, such as measures of LV
deformation by 2D speckle tracking echocardiography (STE)
and diastolic stress test (DST)-derived parameters [7]. In ad-
dition to these, left atrial (LA) functional parameters such as
LA strain recently demonstrated significant correlation with
both clinical status and invasive measures of LVFP in subjects
with HFpEF and thus could improve HFpEF diagnosis [8].
With this review, we aim to systematically evaluate the diag-
nostic value of novel echocardiographic indices and multivar-
iable models on accuracy and incremental utility to identify
LVDD and HFpEF.

Methods

Data sources and searchers

We performed a systematic review of PubMed and EMBASE
from their inception to (SR and LS) May 13, 2019, according
to the PRISMA-DTA Statement [8]. Search terms included
indexed terms fromMeSH in PubMed and EMBASE, as well
as free-text terms. This search was used for a set of three
systematic reviews that describe different types of diagnostic
markers for LVDD and HFpEF (NPs, echocardiographic
markers and biomarkers). Bibliographies of the identified ar-
ticles were also hand-searched for relevant publications (see
Appendix A). The protocol and search strategy was
preregistered on PROSPERO (registration number:
CRD42018065018).

Study selection

Two reviewers independently screened titles, abstracts and
full-text articles. Inconsistencies in study selection were re-
solved through discussion until consensus was reached and,
if needed, through the consultation of a third reviewer (SR,
EDC, AJvB or JWJB). The eligibility of studies was assessed
according to the inclusion and exclusion criteria listed in
Supplementary Table 1.
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Quality assessment

Two reviewers (SR and EDC) independently performed the
quality assessment for each study using the QUADAS-2 tool
(Quality Assessment of Diagnostic Accuracy Studies) [9].
QUADAS-2 consists of four domains: patient selection, index
test, reference standard and flow and timing. Quality is
assessed in each domain to estimate risk of bias and concerns
regarding applicability. The patient selection domain assessed
whether the selection of participants could have introduced
bias. The index test and reference standard domains assessed
whether the conduct or interpretation of the index test and
reference standard, respectively, may have introduced bias.
The flow and timing domain addressed the time interval be-
tween index test and reference standard (9). Any discrepancies
or disagreements between the authors were resolved through
discussion until consensus was reached and, if needed,
through the consultation of a third reviewer (JWJB).

Diagnostic performance and data extraction

Two authors (SR and EDC) extracted data independently,
according to a standard protocol that included first author,
year of publication, country, journal, study design, markers
(echocardiographic ± clinical/laboratory parameters), out-
come measures, population description, reference diagnosis
and measures of diagnostic performance.

Data synthesis

Study characteristics of the studies were described in a sys-
tematic manner according to the diagnostic markers. Studies
were meta-analysed using a random-effects model when three
or more studies investigated the same diagnostic measure for
the same echocardiographic marker in a similar study popula-
tion and with a similar control population. In addition, the
studies had to provide confidence intervals (95% CI) of this
diagnostic performance measure or sufficient information
(2 × 2 table) to compute these confidence intervals. Forest
plots of random-effects meta-analyses were fitted for AUCs,
sensitivities and specificities. Heterogeneity was tested using
I2, where an I2 > 75% is considered as substantial heterogene-
ity. All analyses and plots were performed in RStudio version
3.4.2 using the metafor package [10].

Results

Search results

We screened 11,727 titles, which yielded 353 potentially rel-
evant studies. In total, 20 studies met the inclusion criteria.

The remainder was excluded according to the criteria listed in
the PRISMA flowchart (see Supplementary Fig. 1).

Quality assessment

The QUADAS-2 domain with the highest proportion of high
risk of bias was patient selection (Supplementary Fig. 2) with
13 studies (65%) demonstrating a high risk of bias mostly due
to case-control design or to a non-consecutive or non-random
inclusion of subjects. In the other three of the four QUADAS-
2 domains (index test, reference test and flow and timing),
eight (40%), three (15%) and eight (40%) studies, respective-
ly, demonstrated a high of risk of bias. In the QUADAS-2
domain reference standard, 12 studies (60%) showed an un-
clear risk of bias. On the other hand, most of the studies
showed low concerns regarding applicability with the highest
proportion of high concerns for the reference standard domain
(six studies, 30%). None of the studies was excluded based on
the quality assessment.

Study characteristics

Of the 20 included studies, ten were performed in the USA, seven
in Europe, two in Japan and one in Australia (Table 1). Eighteen
studies (90%) were published in the past 10 years (2009–2019).
Sixteen were cross-sectional and four were case-control studies
performed in subjects referred for right- and/or left-sided heart
catheterization. As clinical outcome, 13 studies used HFpEF [5,
11–22], two used HFpEF with associated pulmonary hyperten-
sion (PH) [23, 24], one used “early”HFpEF [25], and four used
LVDD [26–29]. The reference diagnosis always included the
echocardiographic evidence of a normal LVEF and one or more
invasive measures of elevated LVFP (LV end-diastolic pressure
or pulmonary capillary wedge pressure), impaired LV relaxation
(isovolumetric relaxation time or constant τ) and increased LV
stiffness (LV stiffness constant b). Conventional transthoracic rest
echocardiography was the most commonly used index measure
(n= 10) followed by STE (n= 8) and by DST (n= 2). As echo-
cardiographic predictor, seven studies used a combination of
echocardiographic markers or multivariable models that included
also demographics,medications, biochemical and arterial function
parameters; eight studies used LV and LA strain parameters; and
two studies used DST data and three of them used single standard
echocardiographic parameters.

Measures of diagnostic performance: HFpEF

Multivariable models

In general, multivariable predictors showed good diagnostic
performance (Table 2). The highest diagnostic performance
was demonstrated by a combination of echocardiography
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and pulsatile arterial function data with an AUC = 0.95 (95%
CI, 0.89–0.98). The addition of aortic pulse pressure to echo-
cardiographic and clinical markers led to a highly significant
net reclassification index of up to 33% and reduced the num-
ber of undiagnosed HFpEF subjects from 60 to 24 [11]. The
H2FPEF score showed a very good diagnostic performance to
estimate the likelihood of HFpEF among subjects with unex-
plained dyspnoea [18]. The H2FPEF score is based on four
clinical characteristics (body mass index, anti-hypertensive
medications, atrial fibrillation [AF] and age) and two echocar-
diographic markers (E/e′ and pulmonary artery systolic pres-
sure) and provided good discrimination of HFpEF from sub-
jects with non-cardiac dyspnoea (NCD) (AUC= 0.84, 0.80–
0.88). The performance was maintained in the independent
validation cohort with an AUC = 0.87 (0.79–0.94) [18].

Meta-analyses on LA strain

The utilization of LA strain indicated high diagnostic perfor-
mance without clinical or laboratory data. LA global or reser-
voir or peak strain was most commonly tested [19–22] with
the addition of conduit and booster strain [19, 22] and of
indirect measures of LA compliance (LA strain/E/e′) [19]
and LA stiffness (E/e′/LA strain) [13, 22]. The best diagnostic
ability was demonstrated by LA global strain for detecting
elevated LVFP both at rest (AUC = 0.87) and during exercise
(AUC= 0.93) in subjects with HF symptoms, outperforming
conventional echocardiographic markers such as E/e′ (delta
AUC + 0.19 during rest and + 0.37 during stress) and LAVI
(delta AUC + 0.08 during rest and + 0.27 during stress) [20].
Four studies reported sensitivity and specificity for LA global
strain with a mean of 77% (59–96%; I2 = 93.7%) and 93%
(90–97%; I2 = 0.22%), respectively, and three studies reported
AUCs with a mean of 0.83 (0.70–0.95, I2 = 88.3) (Fig. 1). The
high heterogeneity as shown by the meta-analysis for sensi-
tivity and AUC can be explained by the broad range of values
observed among the included studies, which for sensitivity
ranged from 56 to 92% and for AUC from 0.72 to 0.93 and
by the small sample sizes. On the other hand, all the included
studies showed a high ability of LA strain to rule out HFpEF
and thus a high specificity with low heterogeneity.

Diastolic stress test

Two studies evaluated the role of DST in the diagnosis of
HFpEF. The first one found that E/e′ at low-level exercise
was valuable for predicting abnormal LVFP with a sensitivity
of 90% but only in subjects with cardiac disease [25]. The
second study evaluated the incremental utility of DST to the
diagnostic approaches proposed by ESC and American
Society of Echocardiography/European Society of
Cardiovascular Imaging (ASE/EACVI) to diagnose HFpEF:
the addition of exercise E/e′ to the ESC and ASE/EACVI

2016 proposed algorithm indicated a much higher sensitivity
compared with either of them alone (90 versus 60 and 34%,
respectively) [5].

Measures of diagnostic performance: diastolic
dysfunction

Five studies investigated echocardiographic markers for the
detection of LVDD. The best diagnostic performance was
demonstrated by the ratio of E wave to peak longitudinal
strain (E/LS) to predict elevated LVFP in a population of
subjects with suspected cardiac disease (AUC= 0.86 versus
0.74 of E/e′) [28].

Discussion

Since HFpEF is the predominant form of HF [1], the detection
of this condition gained considerable interest. Standard resting
echocardiography has still a pivotal role in the detection of
HFpEF, but it provides only indirect evidence of pressure-
volume relationships, and it might leave a significant propor-
tion of subjects undetected. In this systematic review, a large
variety of echocardiographic markers were investigated and
yielded variable results for the diagnostic performance. The
main findings are as follows: (1) multivariable models includ-
ing clinical, echocardiographic and possibly arterial function
variables demonstrated the best diagnostic performance. (2)
LA strain may provide good discrimination capacity of
HFpEF subjects and enhanced diagnostic accuracy beyond
conventional echocardiographic measures. (3) Addition of ex-
ercise E/e′ to resting echocardiography findings improves
HFpEF diagnosis.

Multivariable models

As expected, multivariable models demonstrated the best di-
agnostic performance, along the lines of what current guide-
lines recommend to use in clinical practice for the diagnosis of
HFpEF. This can be explained by the complex pathophysiol-
ogy of HFpEF, which is driven by advanced age and comor-
bidities, and caused by the interplay of multiple impairments
in LV diastolic and systolic function, chronotropic reserve,
arterial-ventricular mismatching, vascular and endothelial
dysfunction, pulmonary hypertension and impaired systemic
vasodilator reserve [30, 31]. Therefore, a multivariable algo-
rithm that provides integrated information on all these aspects
is necessary to evaluate diastolic function. Among the includ-
ed studies, the highest diagnostic accuracy was demonstrated
by a multivariable model combining clinical and echocardio-
graphic markers with arterial function measures, thereby dem-
onstrating that measures of pulsatile arterial haemodynamics
may complement echocardiography for the diagnosis of
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HFpEF [11, 31]. Another combination of clinical and echo-
cardiographic markers that provided a better discrimination of
HFpEF from NCD than currently used diagnostic algorithms
is the H2FPEF score, with a delta AUC of + 0.17 (0.12–0.22)
in the derivation cohort and a delta AUC of + 0.21 (0.10–0.31)
in the test cohort versus 2016 ESC guidelines [18]. However,
external validation, which is a crucial step before introducing
a new diagnostic model in clinical practice, was not per-
formed. Overall, none of the included studies performed ex-
ternal validation, and only three performed validation in sep-
arate groups of subjects belonging to the same research centre
[16, 18, 21]. Recently, the H2FPEF score was validated in the
Alberta HEART population, showing a sensitivity of 90% of a
score > 2 to detect HFpEF and a specificity of 82% of a score
< 6 to rule out HFpEF [32]. Despite these promising results,
the H2FPEF score still requires further validation and
refinement.

Left atrial strain

The left atrium plays a key role in HFpEF pathophysiology,
and indices of LA mechanics have diagnostic and prognostic
utility in HFpEF [33]. STE can assess LA function, remodel-
ling and distensibility, and LA strain can impair independently
of LA size [33]. Five recent cross-sectional studies demon-
strated the ability of LA strain to correctly classify dyspnoeic
subjects as HFpEF with superior sensitivity and specificity
than standard echocardiographic parameters [13, 19, 22] or
to identify elevated LVFP more accurately than guidelines
[20, 21]. Specifically, LA reservoir strain enabled to identify
HFpEF from NCD with an AUC = 0.72 (0.66–0.77),
outperforming other commonly used indices of diastolic func-
tion [19, 20]. Similarly, LA global strain managed to detect
elevated LVFP both at rest and during exercise (AUCs = 0.87
and 0.93, respectively) and showed a better agreement with
invasively determined LVFP than ESC 2016 guidelines (91
versus 81%) [21]. Among the studies that tested novel indices
combining LA strain with Doppler measures of LV pressures,
LA non-invasive stiffness showed the highest diagnostic
performance in distinguishing subjects with HFpEF from
those with LVDD, with an AUC = 0.85 (0.72–0.98) [13].
The meta-analysis of four studies indicated a very high spec-
ificity (93%) of LA global strain, in combination with a non-
significant heterogeneity (I2 of approximately 0%) and a good
sensitivity (77%) although with consistent heterogeneity (I2 >
90%), which indicate a high ability of LA strain to rule out
HFpEF when normal, and a variable capacity to diagnose
HFpEF when abnormal. The meta-analysis of three studies
indicated also a good ability of LA strain to predict HFpEF
diagnosis with an AUC of 0.83, although with significant
heterogeneity (I2 of 88%). Altogether, these results suggest a
potential usefulness of LA strain in the non-invasive diagnos-
tic evaluation of HFpEF. However, the studies that evaluated

the diagnostic performance of LA strain established different
optimal cut-off values for the identification of HFpEF sub-
jects, ranging from − 32.3 to − 20%, and therefore, further
studies are warranted to establish a definitive cut-off for ab-
normal LA strain. Additionally, it should be noted that STE is
not routinely available worldwide and requires post-
processing time, which questions its diagnostic utility in clin-
ical practice for non-academic centres.

Diastolic stress test

Another imaging test with a potential diagnostic role in the
diagnosis of HFpEF is the DST. Both ESC and ASE/EACVI
guidelines already recommended to perform DST when rest-
ing echocardiography does not explain the symptoms of HF,
especially when dyspnoea is present only with exertion [2, 3].
Recently, the DST has been integrated in the new HFA diag-
nostic recommendations, as part of the advanced HFpEF
workup, to be performed if a subject who already underwent
clinical, biomarkers and resting echocardiography assessment
has an intermediate HFA-PEFF score [7]. The utility of exer-
cise data is clearly evident on top of resting echocardiographic
data, as the utilization of exercise E/e′ alone (> 14) indeed
significantly improved the sensitivity of the diagnostic work-
up to 90% compared with 60% of ESC guidelines [5].
Addition of exercise E/e′ also improved classification beyond
the resting ESC criteria, with a negative predictive value of 87
versus 83% [5]. Hence, our results confirm the utility of DST
not only to identify HFpEF in euvolemic subjects with incon-
clusive resting echocardiography but also to rule out HFpEF,
when unequivocally normal. However, we must point out that
the feasibility and the quality of echocardiographic measures
decrease during exercise; for instance, tricuspid regurgitation
velocity was measureable only in 49% of subjects at peak
exercise [5]. Moreover, although a low-level exercise test with
stepwise increase of the workload is recommended for the
DST, there is no universally adopted protocol at the moment.

Strengths and limitations

To our knowledge, this is the first systematic review on novel
echocardiographic markers for HFpEF and LVDD including a
meta-analysis. Multiple databases were extensively searched,
and article selection, data extraction and quality assessment
were performed in duplicate according to a standardized pro-
tocol. Moreover, no geographical differences were detected,
which increases the generalizability of the results. The review
findings were limited by the heterogeneity and the quality of
the included studies, which applied to the study design (case
control versus cross-sectional), the study population (subjects
with unexplained dyspnoea versus subjects with suspected
coronary artery diseases), the reference standard (different in-
vasive measures with different cut-off values) and the index
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test (different combinations of echocardiographic techniques
and clinical markers). In addition, quality assessment showed
a large number of studies with high risk of bias across several
domains. For example, 15 of 20 studies excluded subjects not
in sinus rhythm. It is well known that HFpEF with concurrent
arrhythmias and especially with AF is increasingly common
[34]. The exclusion of subjects with AF questions the possi-
bility to efficiently and practically use the newly tested echo-
cardiographic markers in individuals with HFpEF and rhythm
abnormalities, limiting generalizability. Another aspect that
may have affected the results is the interpretation of the index
test, since the echocardiographic analysis was often not
blinded from the catheterization or not simultaneous, per-
formed by different investigators, and only in three studies,
the cut-off value of the echocardiographic marker was speci-
fied before the analysis [11, 22, 24, 25]. This could have
resulted in an overestimation of performance of the proposed
predictor, questioning its validity.

Conclusions

In conclusion, despite the considerable heterogeneity of
the included studies which does not allow to draw def-
inite conclusion, this study supports an integrated ap-
proach for the diagnosis of HFpEF, which includes mul-
tiple clinical and echocardiographic measures. New
echocardiographic indices such as LA strain and DST
data have potential diagnostic value to enhance the de-
tection of HFpEF and LVDD. However, before their
implementation into the diagnostic workup, their added
diagnostic utility, beyond the established clinical and
echocardiographic HFpEF features, should be proven
by larger studies of HFpEF versus NCD subjects.
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