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Abstract

Background

Heart failure with mid-range ejection fraction (HFmrEF) has been proposed as a new pheno-
type of heart failure. We therefore investigated the pulsatile hemodynamic characteristics
and outcomes in patients with HFmrEF, in comparison with those with reduced (HFrEF) or
preserved (HFpEF) ejection fraction.

Methods

The study was composed of two cohorts of patients hospitalized due to acute heart failure.
Pulsatile hemodynamic measures, including carotid-femoral pulse wave velocity (cf-PWV),
carotid pulse pressure (cPP), amplitude of the backward pressure wave (Pb) and carotid
augmentation index (cAlx), were recorded on admission and before discharge in Cohort A
(n =230, mean age 69.9 +15.4 years), and long-term follow-up was performed in Cohort B
(n=2677, mean age 76.3 + 33.4 years).

Results

In Cohort A, patients with HFmrEF had persistently greater cf-PWV, cPP, Pb, and cAl than
those with HFrEF, both on admission and before discharge. In contrast, patients with
HFmrEF and HFpEF had similar pulsatile hemodynamic characteristics. In cohort B,
patients with HFmrEF and HFrEF had similar three-year mortality rates and both were signif-
icantly higher than that in patients with HFpEF (both P values < 0.05).

Conclusions

Patients with HFmrEF were characterized by a worse left ventricular systolic function than
patients with HFpEF and excessive wave reflections than patients with HFrEF. Future
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studies are required to confirm that the unfavorable ventriculo-arterial coupling in HFmrEF
might play a role in the pathogenesis of high long-term mortality in these patients.

Introduction

A new phenotype of heart failure (HF) with mid-range ejection fraction (HFmrEF) is referred
to HF patients with left ventricular ejection fraction (LVEF) of 40% to 49% [1]. HFmrEF repre-
sents a gray zone regarding evidence-based therapy while the majority of the clinical trials
have enrolled HF patients with a LVEF of <40% (heart failure with reduced ejection fraction,
HFrEF) or >50% (heart failure with preserved ejection fraction, HFpEF) [2-10]. Compared
with HFrEF, HFpEF accounted for at least 50% of all hospital admissions for HF and had
unique pressure-volume relationships. [11-13].

The clinical characteristics of HFmrEF were considered to be intermediate between those
of HFrEF and HFpEEF, regarding age and co-morbidities [12, 14-16]. In terms of clinical out-
comes, Berry et al. have demonstrated in a meta-analysis of 50,991 subjects with chronic heart
failure (CHF) that the risk of death increased notably and linearly once the LVEF fell below
40% [17]. For those with LVEF >40%, LVEF wasn’t related to mortality [17]. The results of
MAGGIC study may suggest HFmrEF, as HFpEF has better clinical outcomes than HFrEF.

He et al. have reported a progressively downward and rightward shift of end-systolic or
end-diastolic pressure-volume relations from patients with HFpEF, HFmrEF and HFrEF [12].
When the stroke volume was similar, the left ventricular end-diastolic volume increased along
with the order of HFpEF, HFmrEF and HFrEF [12]. In addition, HFpEF has higher central
blood pressures and excessive wave reflections, but comparable arterial stiffness as HFrEF
[18]. However, the pulsatile hemodynamics of HFmrEF in the comparisons with the others
need to be elucidated, when arterial stiffness and wave reflections have been related to adverse
events of patients with acute heart failure (AHF) [19, 20]. In the present study, we therefore
investigated the changes of arterial functions, the cardiac performance, and the prognosis of
phenotypes of HF.

Methods
Study population

The study was composed of two cohorts of our previous work and an intramural registry of
Taipei Veterans General Hospital of acute heart failure (AHF) [20, 21]. AHF was delimited as
new-onset or gradually or rapidly worsening heart failure symptoms and signs requiring hos-
pitalizations [22]. Cohort A of AHF and sinus rhythm has been enrolled for a series measures
of pulsatile hemodynamics [19, 20]. The written informed consents were obtained. Cohort B
was derived from the registry, which was conducted to recruit AHF patients from October
2003 to December 2012 for the survey of AHF long-term outcomes [21, 23, 24]. Informed con-
sent was waived in Cohort B by the ethics committee. The investigation conformed to the prin-
ciples outlined in the Declaration of Helsinki. It was approved by the institutional review
board of Taipei Veterans General Hospital.

Pulsatile hemodynamics, echocardiogram and data collection

In cohort A, pulsatile hemodynamics was measured within 24 h of hospitalization and pre-dis-
charge after resting for at least 10 minutes in a quiet, temperature-controlled room. Cardiac
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index, stroke volume, and systemic vascular resistance index (SVRI) were recorded by imped-
ance cardiography (BioZ ICGMonitor, CardioDynamics, CA, USA) [19, 20]. Carotid-femoral
pulse wave velocity (cf-PWV) was measured from the foot-to-foot pulse transit time and the
traveling distance between the right carotid and right femoral arteries as our previous work
[19, 20]. The carotid pressure waveform with its forward (Pf) and backward components (Pb)
and carotid augmentation index (cAlx) was obtained by tonometry (VP-2000, Colin Corpora-
tion, Komaki, Japan) and pressure wave analysis [19, 20]. The intra- and interobserver intra-
class correlation coefficients have been validated in our previous work [25].

Left ventricular ejection fraction (LVEF) was calculated from Simpson’s method [26] in
cohort A and 2-D M-mode modified Ellipsoid method [27] in cohort B. Left ventricular inter-
nal dimension at diastolic and systolic (LVIDd and LVIDs) were recorded accordingly. The
peak of early (E) and late (A) mitral inflow was obtained. The measures of tissue velocity (¢’) at
septal and lateral mitral annulus were determined by using tissue Doppler. Pulmonary artery
systolic pressure (PASP) was also estimated. Eccentric hypertrophy was defined as a relative
wall thickness (RWT) <0.42 and a posterior wall thickness >10mm. All the measures of
cohort A were acquired and analyzed by S.H.S. Echocardiographic data of cohort B were
acquired by four technicians and interpreted by S.H.S. and W.C.Y.

Data of demographic characteristics, hemogram, and biochemistry were collected from a
web-based electronic medical recording system. Estimated glomerular filtration rate (eGFR)
was determined by the modified glomerular filtration rate estimating equation for Chinese
patients [28]. Because the commercialized measure for N-terminal pro-brain natriuretic pep-
tide (NT-proBNP; Roche Diagnostics, Basel, Switzerland) was available after 2009, there were
missing values of NT-proBNP in cohort B.

Follow-up

Cohort A was followed by clinical visits, telephone contacts and review of medical records for
a year. Major adverse cardiovascular events (MACEs) were referred to death, myocardial
infarction, stroke and hospitalization for HF. In Cohort B, the date and causes of death of par-
ticipants were obtained by linking our registry with the National Death Registry. [29].

Statistical analysis

Continuous variables were presented as mean + standard deviation. Categorical variables were
expressed as the absolute numbers and relative frequencies. Student’s t-test or Chi-square tests
were calculated for the baseline characteristics comparisons where appropriate. The changes of
pulsatile hemodynamics during hospitalization were evaluated by paired-t test. Kaplan-Meier
survival curve analysis demonstrated the outcomes of the 3 phenotypes of HF. Cox propor-
tional hazards models were used to determine the pulsatile hemodynamics in the prediction of
MACEs. All the statistical analyses were performed SPSS v.20.0 software (SPSS, Inc., Chicago,
IL, USA) and the performed tests were two-sided. A P value < 0.05 was considered statistically
significant.

Results

A total of 230 patients (age 69.9 + 15.4 years, 77% men) in Cohort A were analyzed, and the
baseline characteristics of HFrEF, HFmrEF and HFpEF were demonstrated in Table 1. Patients
with HFpEF were the oldest and most prevalent with hypertension. The distribution of gender,
diabetes, coronary artery disease and dyslipidemia were similar between groups. LVEF
increased, and LVIDd and LVIDs decreased along with the order of HFrEF, HFmrEF and
HFpEF. HFpEF had the lowest septal E/e” and the least prevalence of eccentric hypertrophy,
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Table 1. Baseline characteristics of the Cohort A.

HFrEF (n =138) HFmrEF (n = 36) HFpEF (n = 56) P value
Age (years) 67.2+15.8 71.5+16.2 78.3+9.7" 0.013
Male gender, n (%) 109 (79.6) 26 (72.2) 44 (78.6) 0.635
De novo heart failure 81 (58.7) 19 (52.9) 31 (55.4) 0.785
Smoker 51 (37.0) 11 (30.6) 20 (35.7) 0.775
Co-morbidity, n (%)
Hypertension 92 (67.2) 28 (77.8) 48 (85.7)" 0.024
Diabetes mellitus 59 (43.1) 23 (63.9) 27 (48.2) 0.083
Coronary artery disease 86 (62.3) 21 (58.3) 26 (46.4) 0.127
Dyslipidemia 38 (28.1) 7 (19.4) 12 (22.2) 0.472
Echocardiography
LVEF (%) 27.3+697 44.8 + 2.8 59.2+7.2'F <0.001
Septal E/e’ 20.9 £ 10.7 192+79 143 +7.3" <0.001
LA diameter (mm) 422+59 395+7.7 40.1+6.4 0.028
LVIDd (mm) 63.0+£9.57 56.9 + 8.2" 51.2+8.1"F <0.001
LVIDs (mm) 5314957 422+79" 343+73" <0.001
Eccentric hypertrophy, n (%) 47 (34.1) 13 (36.1) 9(16.1)" 0.032
PASP (mmHg) 443 £ 15.7 44.3 £18.5 43.1 £15.6 0.911
Hemogram and Biochemistry, on Admission
Hemoglobin (g/dl) 124+22 11.0+2.1" 11.6 2.1 0.004
eGFR (mL/min/1.73m?) 54.3 +28.9 49.1 £ 30.6 50.9 + 22.7 0.540
Sodium (mEq/L) 138.1 +4.1 138.6 £ 5.1 1384 +5.3 0.805
Potassium (mEq/L) 4.08 £ 0.68 4.12 £ 0.56 4.07 £ 0.64 0.932
% Ln NT-proBNP (pg/ml) 8.15+ 1.34 7.68 + 1.74 6.73 + 1.54'7 <0.001
Medications, n (%)
Beta-blocker 91 (67.4) 28 (77.8) 21 (38.9)'F <0.001
RAS inhibitors 100 (72.5) 26 (72.2) 40 (71.4) 0.989
Spironolactone 89 (65.9) 19 (52.8) 24 (44.4)" <0.001
Digoxin 38 (28.1) 3(8.3)" 3(5.6)" <0.001

$ Geometric means and standard deviation

t indicated significant P values of < 0.05, compared with HFrEF in post-hoc analysis

T indicated significant P values of < 0.05, compared with HFmrEF in post-hoc analysis
e’: early diastolic tissue velocity mitral annulus; E/e”: ratio of early ventricular filling velocity (E) to early diastolic tissue velocity mitral annulus; EF: ejection fraction;

eGFR: estimated glomerular filtration rate; LA diameter: the diameter of left atrium; LV: left ventricular
LVIDd: left ventricular internal diameter at end diastole; LVIDs: left ventricular internal diameter at end systole; MACE: major adverse cardiac events, including re-

hospitalization for heart failure, non-fatal myocardial in-farction, non-fatal stroke, and death; NT-proBNP: N-terminal pro-brain natriuretic peptide; PASP: pulmonary

artery systolic pressure; RAS inhibitors: renin-angiotensin system inhibitors

https://doi.org/10.1371/journal.pone.0220183.t001

while HFrEF had the largest left atrial diameter. In addition, HFrEF had the highest hemoglo-
bin and NT-proBNP levels. While renin-angiotensin system (RAS) inhibitors were prescribed
equally in the three groups, both HFrEF and HFmrEF would receive more prescription of -

blockers than HFpEF. In addition, patients with HFrEF were more likely to take minerocorti-

coid antagonist and digoxin.

In Cohort B of 2677 patients (age 76.3 + 33.4, 67% men), HFpEF was the oldest and most
likely to be women. (Table 2) De novo HF was higher in HFrEF than the others. Prevalence of
hypertension was again highest in patients with HFpEF, while diabetes and coronary artery

disease were less present in patients with HFrEF and HFpEF. In addition, values of LVEF,
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Table 2. Baseline characteristics of Cohort B.

HFrEF (n = 690) HFmrEF (n = 372) HFpEF (n = 1615) P value
Age (years) 67.2 £ 15.87 715+ 16.2° 783+ 9.7 <0.001
Male gender, n (%) 535 (77.5)T 260 (69.9)" 992 (61.5)'F <0.001
De novo heart failure 200 (29.2) 70 (18.9) 309 (19.1) <0.001
Co-morbidity, n (%)
Hypertension 347 (50.3) 214 (57.5) 1077 (66.7)'T <0.001
Diabetes mellitus 217 (31.4) 148 (39.8)" 634 (39.3)" 0.001
Coronary artery disease 305 (44.2) 153 (41.1) 493 (30.5)'F <0.001
Atrial fibrillation 200 (29.0) 107 (28.8) 479 (29.7) 0.914
Dyslipidemia 68 (9.9) 34(9.1) 168 (10.4) 0.746
Echocardiography
LVEF (%) 283 +£15.07 451+2.9" 67.4 £10.3'F <0.001
Septal E/e’ 20.8 +8.97 18.6+ 84" 16.7 +7.2'F <0.001
LA diameter (mm) 458+ 8.0 457+9.0 456+9.1 0.890
LVIDd (mm) 61.4 +10.2F 57.4+8.9" 50.6 + 8.4 <0.001
LVIDs (mm) 529+9.07 443+69" 3144767 <0.001
Eccentric hypertrophy, n (%) 175 (25.4) 90 (24.2) 227 (14.1)'F <0.001
PASP (mmHg) 457 +16.7 44,0 +15.9 433 +16.5" 0.011
Hemogram and Biochemistry, on Admission
Hemoglobin (g/dl) 12.6 +2.17 11.8+227 11.4+ 2177 <0.001
eGFR (mL/min/1.73m?) 54.8 +27.4 52.9 + 30.1 52.0 +31.4 0.126
Sodium (mEq/L) 138.8 + 4.4 139.1+ 4.0 138.7 + 4.9 0.421
Potassium (mEq/L) 4.11 +0.69 4.03 +0.62 4.12+0.70 0.097
® Ln NT-proBNP (pg/ml), n = 1027 897 +1.23 8.97 +0.97 8.34 +1.43'F <0.001
Medications, n (%)
Beta-blocker 484 (70.1) 255 (68.5) 968 (59.9)'T <0.001
RAS inhibitors 579 (83.9) 323 (86.8) 1341 (83.0) 0.200
Spironolactone 481 (69.7) 234 (62.9) 838 (51.9)ﬁ <0.001
Digoxin 303 (43.9) 228 (38.7) 471 (29.2)'F <0.001

$ Geometric means and standard deviation

t indicated significant P values of < 0.05, compared with HFrEF in post-hoc analysis
T indicated significant P values of < 0.05, compared with HFmrEF in post-hoc analysis

e’: early diastolic tissue velocity mitral annulus; E/e”: ratio of early ventricular filling velocity (E) to early diastolic tissue velocity mitral annulus; EF: ejection fraction;

eGFR: estimated glomerular filtration rate; LA diameter: the diameter of left atrium; LV: left ventricular

LVIDd: left ventricular internal diameter at end diastole; LVIDs: left ventricular internal diameter at end systole; NT-proBNP: N-terminal pro-brain natriuretic peptide;

PASP: pulmonary artery systolic pressure; RAS inhibitors: renin-angiotensin system inhibitors

https://doi.org/10.1371/journal.pone.0220183.t002

LVIDd, LVIDs and Septal E/e’ in HFmrEF significantly lay between HFrEF and HFpEF. How-
ever, eccentric LVH was less present in HFpEF while LA diameter was similar between groups.
While hemoglobin levels increased along with the order of HFpEF, HFmrEF and HFrEF, NT-

proBNP was lower in HFpEF and eGFR was not different.

Pulsatile hemodynamics during hospitalization

The hemodynamic changes of Cohort A during the index hospitalization have been demon-
strated in Fig 1. In short, HFpEF has the highest stroke volume (SV) on admission and at dis-
charge among the study population, while both HFpEF and HFrEF would experience a
significant improvement in stroke volume after treatment. (Fig 1A) In addition, the three
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Fig 1. Mean + Standard Error of measure of (A) stroke volume, (B) systemic vascular resistance index (SVRI), (C)
carotid pulse pressure (carotid PP), (D) reflected wave amplitude (Pb), (E) carotid augmentation index (cAlIx), and (F)
carotid-femoral pulse wave velocity (cf-PWV) during the hospitalizations, stratified by the phenotypes of heart failure.
+ indicated a P value of < 0.05, compared with HFrEF in post-hoc analysis; * indicated a P values of < 0.05, compared
with HFmrEF in post-hoc analysis; * indicated a P values of < 0.05 for the changes of the hemodynamic indices during
the hospitalizations using paired-t test.

https://doi.org/10.1371/journal.pone.0220183.9001

phenotypic HF have similar levels of on-admission and pre-discharge SVRI. Only HFrEF
would experience a significant reduction of SVRI. (Fig 1B) Both HFpEF and HFmrEF have
higher carotid pulse pressure (cPP) and Pb than HFrEF on admission, and HFmrEF would
have a significant reduction of cPP and Pb at discharge. (Fig 1C and 1D) The on-admission
and pre-discharge cf-PWV and cAlx were not different between groups, however, all of them
would have increased cAlx and decreased cf-PWV during the hospitalizations. (Fig 1E and 1F)

Mortality of the three phenotypic heart failure

Among 2677 subjects of Cohort B, 1004 patients died during a mean follow-up duration of
21.3+13.6 months. The Kaplan-Meier survival curve analyses showed that both HFrEF and
HFmrEF shared the similarly higher risks of mortality than HFpEF. (Fig 2) With adjustments
for age, sex, eGFR, and hemoglobin levels, both HFrEF and HFmrEF remained carried higher
risks of mortality [hazard ration and 95% confidence interval, referent to HFpEF: 1.753
(1.488-2.065) and 1.474 (1.211-1.794), respectively].

Predictors of major adverse cardiac events in phenotypic heart failure

In cohort A of 230 subjects that 62 patients died and 105 patients experienced MACEs during
a mean follow-up duration of 10.2 + 3.5 months. In this particular cohort, we did not observe
the survival difference between the three phenotypic HF. However, carotid PP and Pb were
significantly associated with 1-year MACEs in patients with HFrEF. In contrast, cf-PWV was
related to the outcomes of patients with HFpEF. In HFmrEF, only Pb was related to post-dis-
charge adverse events. (Table 3)

Discussion

Due to the limited evidence of treatment, HFmrEF was recently classified as the transition
between HFrEF and HFpEF [30]. The present study demonstrated that the clinical and echo-
cardiographic characteristics of HFmrEF, including age, gender, co-morbidities, and left ven-
tricular geometry and functions were usually the intermediates between HFrEF and HFpEF.
Given the patients may experience comparable improvements in cardiac performance and vas-
cular resistance after the acute management, arterial stiffness and wave reflection would pre-
dominantly present in patients with HFmrEF, comparing to HFrEF. During the index
hospitalization, wave reflection phenomenon was significantly obliterated in patients with
HFmrEF rather than in the others, by showing the decrease of carotid PP and Pb. Further-
more, HFmrEF and HFrEF would share similar risks for long-term mortality when patients
with HFpEF would have better outcomes. When arterial stiffness was related to the prognosis
of patients with HFpEF, wave reflection phenomenon correlated with the post-discharge
adverse events in patients with HFmrEF and HFrEF.

The characteristics of myocardial performance in heart failure

It has been noticed that the pathological defect of HFrEF is primarily the myocardial damage,
and HFpEF was related to the increased afterload and the subsequent ventricular stiffness [31].
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The progressively ventricular-arterial (VA) uncoupling from HFpEF to HFrEF resulted in the
geometric changes of the left ventricle that HFrEF would have a dilated ventricle and eccentric
hypertrophy while HFpEF usually presented with concentric hypertrophy [12, 32]. Although
the left ventricular size of HFmrEF was the intermediate between HFrEF and HFpEEF, the pres-
ent study showed that HFmrEF may have similar geometric changes of eccentric hypertrophy
as HFrEF. The results may support that the patients with HFmrEF may have myocardial dam-
age to a certain extend.

The recovery of pulsatile hemodynamics in acute heart failure

We previous have suggested the excessive wave reflections could have initiated the acute
decompensation of heart failure, in addition to volume overload [19, 33]. And the suboptimal

Table 3. The predictors value of pre-discharge pulsatile hemodynamics of 1-year MACE identified by multivariate variate Cox regression analysis.

HFrEF HFmrEF HFpEF
HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value
cPP (mmHg) 1.041 (1.001-1.081) 0.042 1.138 (0.370-3.501) 0.822 1.034 (1.000-1.070) 0.052
cf-PWV (m/s) 1.063 (1.000-1.131) 0.050 1.013 (0.902-1.139) 0.823 1.136 (1.037-1.246) 0.006
cAlx (%) 1.015 (1.000-1.030) 0.051 1.033 (0.993-1.074) 0.103 1.010 (0.985-1.036) 0.423
Pb (mmHg) 1.091 (1.039-1.145) <0.001 1.101 (1.010-1.199) 0.028 1.061 (0.985-1.143) 0.119

cAlx: carotid augmentation index; CI: confidence interval; cf-PWV: carotid-femoral pulse wave velocity; cPP: carotid pulse pressure; HR: hazard ratio, MACE: major
adverse cardiac events, including re-hospitalization for heart failure, non-fatal myocardial infarction, non-fatal stroke, and death; Pb: amplitude of the backward

pressure wave.

https://doi.org/10.1371/journal.pone.0220183.t003
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recovery of the pulsatile hemodynamics at discharge may indicate incomplete treatment,
which was related to adverse clinical outcomes [20]. It is proposed that pulsatile hemodynam-
ics will be much more relevant in patients with HFpEF when they have preserved LV contrac-
tility. In patients with HFrEF, the myocardial dysfunction outweighed arterial compliance in
the prediction of adverse events. However, the influences of pulsatile hemodynamics in
patients with HFmrEF haven’t been elucidated.

All of the three phenotypes of HF in the study presented with typical hemodynamic changes
of a rising stroke volume and a decreasing SVRI after the management for AHF [34]. When
the increased arterial stiffness and wave reflections were usually the fundamental pathophysi-
ology leading to HFpEF rather than HFrEF [35, 36], HFmrEF unexpectedly exhibited the high-
est carotid PP, cf-PWYV, cAlx and Pb on admission. During the hospitalization, each HF
subgroup would experience similar reduction of arterial stiffness due to the shift of the work-
ing pressure to a more compliant region by vasodilatory therapy [37]. However, only HFmrEF
may encounter a more prominent obliteration of wave reflection than the others after treat-
ment. Although each phenotype of HF was characterized by various risk factors, including age,
morbidities and renal functions, which may confound the measures of pulsatile hemodynam-
ics. In cohort A, we analyzed hemodynamic changes in each individual, which was indepen-
dent of baseline characteristics. In short, the study results may indicate that the acute
perturbation of wave reflection phenomenon involves the decompensation of HFmrEF.

The clinical outcome of each phenotypic heart failure

It was suggested a threshold effect of LVEF on the prognosis of CHF in MAGGIC study that
the linear association between LVEF and mortality may no longer exist in the patients with
LVEF of >40% [17]. The findings may support that HFmrEF would have a better survival rate
than HFrEF. However, Solomon et al. reported there was no survival discrepancy regardless of
LVEF among the CHF patients with LVEF of >45% in CHARM study [14]. In the present
study, we demonstrated in AHF patients that HFmrEF shared similar mortality risks as HFrEF
when HFpEF had better survival. The risks of mortality remained high in HFmrEF after
accounting for age, sex, renal function and hemoglobin. The results may imply a need for evi-
dence-guided therapies in the management of HFmrEF.

Pulsatile hemodynamics and clinical outcomes in each phenotypic heart
failure

Arterial stiffness and wave reflection has been associated with myocardial performance and
possibly increase the incident heart failure [38-41]. The present study also supported that cf-
PWYV was associated with the post-discharge adverse events in patients with HFpEF. In con-
trast, carotid PP and Pb were correlated with clinical outcomes in subjects with HFrEF. In
patients with HFmrEF, only Pb was predictive of adverse events. The study results may sup-
port the wave reflection phenomenon a major prognostic indicator in HFmrEF.

Conclusion

Among patients hospitalized for AHF, those with HFmrEF may have clinical and echocardio-
graphic characteristics intermediates between HFrEF and HFpEF. However, HFmrEF would
have left ventricular geometric changes as HFrEF, when both of them presented more eccen-
tric hypertrophy than HFpEF. In addition, subjects with HFmrEF were characterized with
increased pulsatile hemodynamics, including PP, arterial stiffness and wave reflection. The
impaired LV function coupled with enhanced pulsatile hemodynamics may suggest the unfa-
vorable ventriculo-arterial coupling in HFmrEF. Therefore, HFmrEF would have worse
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clinical outcomes than HFpEF. The reduction of wave reflection was significant in those with
HFmrEF and the pre-discharge level of wave reflection, such as Pb, was associated with adverse
events. Given wave reflection predominates the prognosis of HFmrEF, future study is needed
to develop the tailored therapy for the specific phenotype of HF.

Study limitations

There were several limitations of this study. First, we have conducted delicate studies to dem-
onstrate the hemodynamic features of various phenotypic HE. Given the population of Cohort
A was relatively small, the statistical might not be sufficient to demonstrate some small dis-
crepancies, if any. In addition, the subjects of Cohort A were of sinus rhythm. Therefore, the
study results of pulsatile hemodynamics may only be cautious generalized to other population.
Second, the study population was enrolled as their first visit to our hospital for AHF. However,
majority of them have encountered the decompensations rather than de novo events. For that
reason, future studies with the enrollment of de novo HF are needed to figure out the longitu-
dinal outcomes of HFmrEF. Third, the LVEF were conducted by Simpson’s method and M-
mode modified Ellipsoid method in cohort A and B, respectively. We measured the inter-rater
reliability for HF phenotypes in 18307 subjects in whom both LVEF data were obtained from
January 2014 to December 2015. The Cohen’s kappa coefficient was 0.607, represented the
substantial agreement of HF phenotypes from two methods. (p value < 0.001)

Supporting information

S1 Table. The pulsatile hemodynamics of the study population.
(DOCX)

$2 Table. Comparison of the baseline characteristics between Cohort A and B.
(DOCX)

Author Contributions

Conceptualization: Wei-Ming Huang, Shih-Hsien Sung, Hao-Min Cheng, Dai-Yin Lu,
Ching-Wei Lee, Chen-Huan Chen.

Data curation: Wei-Ming Huang.

Formal analysis: Wei-Ming Huang, Chi-Jung Huang, Chao-Yu Guo.
Investigation: Wen-Chung Yu.

Methodology: Wen-Chung Yu, Chao-Yu Guo, Chen-Huan Chen.
Resources: Chen-Huan Chen.

Software: Chi-Jung Huang.

Supervision: Shih-Hsien Sung, Chen-Huan Chen.

Writing - original draft: Wei-Ming Huang.

Writing - review & editing: Shih-Hsien Sung.

References

1. Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JG, Coats AJ, et al. 2016 ESC Guidelines for the
diagnosis and treatment of acute and chronic heart failure: The Task Force for the diagnosis and treat-
ment of acute and chronic heart failure of the European Society of Cardiology (ESC). Developed with

PLOS ONE | https://doi.org/10.1371/journal.pone.0220183  August 5, 2019 10/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220183.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220183.s002
https://doi.org/10.1371/journal.pone.0220183

@ PLOS|ONE

Acute heart failure and pulsatile hemodynamics

10.

11.

12

13.

14.

15.

16.

17.

18.

the special contribution of the Heart Failure Association (HFA) of the ESC. European journal of heart
failure. 2016; 18(8):891-975. Epub 2016/05/22. https://doi.org/10.1002/ejhf.592 PMID: 27207191.

Pitt B, Zannad F, Remme WJ, Cody R, Castaigne A, Perez A, et al. The effect of spironolactone on mor-
bidity and mortality in patients with severe heart failure. Randomized Aldactone Evaluation Study Inves-
tigators. The New England journal of medicine. 1999; 341(10):709-17. Epub 1999/09/02. https://doi.
org/10.1056/NEJM199909023411001 PMID: 10471456.

Effect of enalapril on survival in patients with reduced left ventricular ejection fractions and congestive
heart failure. The SOLVD Investigators. The New England journal of medicine. 1991; 325(5):293-302.
Epub 1991/08/01. https://doi.org/10.1056/NEJM199108013250501 PMID: 2057034.

Effects of enalapril on mortality in severe congestive heart failure. Results of the Cooperative North
Scandinavian Enalapril Survival Study (CONSENSUS). The CONSENSUS Trial Study Group. The
New England journal of medicine. 1987; 316(23):1429-35. Epub 1987/06/04. https://doi.org/10.1056/
NEJM198706043162301 PMID: 2883575.

Brophy JM, Joseph L, Rouleau JL. Beta-blockers in congestive heart failure. A Bayesian meta-analysis.
Annals of internal medicine. 2001; 134(7):550-60. Epub 2001/04/03. https://doi.org/10.7326/0003-
4819-134-7-200104030-00008 PMID: 11281737.

Packer M, Bristow MR, Cohn JN, Colucci WS, Fowler MB, Gilbert EM, et al. The effect of carvedilol on
morbidity and mortality in patients with chronic heart failure. U.S. Carvedilol Heart Failure Study Group.
The New England journal of medicine. 1996; 334(21):1349-55. Epub 1996/05/23. https://doi.org/10.
1056/NEJM199605233342101 PMID: 8614419.

Massie BM, Carson PE, McMurray JJ, Komajda M, McKelvie R, Zile MR, et al. Irbesartan in patients
with heart failure and preserved ejection fraction. The New England journal of medicine. 2008; 359
(23):2456—67. Epub 2008/11/13. https://doi.org/10.1056/NEJMoa0805450 PMID: 19001508.

Owan TE, Hodge DO, Herges RM, Jacobsen SJ, Roger VL, Redfield MM. Trends in prevalence and
outcome of heart failure with preserved ejection fraction. The New England journal of medicine. 2006;
355(3):251-9. Epub 2006/07/21. https://doi.org/10.1056/NEJMoa052256 PMID: 16855265.

Yusuf S, Pfeffer MA, Swedberg K, Granger CB, Held P, McMurray JJ, et al. Effects of candesartan in
patients with chronic heart failure and preserved left-ventricular ejection fraction: the CHARM-Pre-
served Trial. Lancet (London, England). 2003; 362(9386):777—-81. Epub 2003/09/19. https://doi.org/10.
1016/s0140-6736(03)14285-7 PMID: 13678871.

Redfield MM, Chen HH, Borlaug BA, Semigran MJ, Lee KL, Lewis G, et al. Effect of phosphodiester-
ase-5 inhibition on exercise capacity and clinical status in heart failure with preserved ejection fraction:
a randomized clinical trial. Jama. 2013; 309(12):1268-77. Epub 2013/03/13. https://doi.org/10.1001/
jama.2013.2024 PMID: 23478662; PubMed Central PMCID: PMC3835156.

Lekavich CL, Barksdale DJ, Neelon V, Wu JR. Heart failure preserved ejection fraction (HFpEF): an
integrated and strategic review. Heart failure reviews. 2015; 20(6):643-53. Epub 2015/09/26. https://
doi.org/10.1007/s10741-015-9506-7 PMID: 26404098.

He KL, Burkhoff D, Leng WX, Liang ZR, Fan L, Wang J, et al. Comparison of ventricular structure and
function in Chinese patients with heart failure and ejection fractions >55% versus 40% to 55% versus
<40%. The American journal of cardiology. 2009; 103(6):845-51. Epub 2009/03/10. https://doi.org/10.
1016/j.amjcard.2008.11.050 PMID: 19268743; PubMed Central PMCID: PMC4940025.

Penicka M, Bartunek J, Trakalova H, Hrabakova H, Maruskova M, Karasek J, et al. Heart failure with
preserved ejection fraction in outpatients with unexplained dyspnea: a pressure-volume loop analysis.
Journal of the American College of Cardiology. 2010; 55(16):1701—10. Epub 2010/04/17. https://doi.
org/10.1016/j.jacc.2009.11.076 PMID: 20394874.

Solomon SD, Anavekar N, Skali H, McMurray JJ, Swedberg K, Yusuf S, et al. Influence of ejection frac-
tion on cardiovascular outcomes in a broad spectrum of heart failure patients. Circulation. 2005; 112
(24):3738—44. https://doi.org/10.1161/CIRCULATIONAHA.105.561423 PMID: 16330684.

Gottdiener JS, McClelland RL, Marshall R, Shemanski L, Furberg CD, Kitzman DW, et al. Outcome of
congestive heart failure in elderly persons: influence of left ventricular systolic function. The Cardiovas-
cular Health Study. Annals of internal medicine. 2002; 137(8):631-9. Epub 2002/10/16. https://doi.org/
10.7326/0003-4819-137-8-200210150-00006 PMID: 12379062.

Lam CS, Solomon SD. The middle child in heart failure: heart failure with mid-range ejection fraction
(40-50%). European journal of heart failure. 2014; 16(10):1049-55. Epub 2014/09/12. https://doi.org/
10.1002/ejhf.159 PMID: 25210008.

The survival of patients with heart failure with preserved or reduced left ventricular ejection fraction: an
individual patient data meta-analysis. European heart journal. 2012; 33(14):1750-7. Epub 2011/08/09.
https://doi.org/10.1093/eurheartj/ehr254 PMID: 21821849.

Parragh S, Hametner B, Bachler M, Kellermair J, Eber B, Wassertheurer S, et al. Determinants and
covariates of central pressures and wave reflections in systolic heart failure. International journal of

PLOS ONE | https://doi.org/10.1371/journal.pone.0220183  August 5, 2019 11/13


https://doi.org/10.1002/ejhf.592
http://www.ncbi.nlm.nih.gov/pubmed/27207191
https://doi.org/10.1056/NEJM199909023411001
https://doi.org/10.1056/NEJM199909023411001
http://www.ncbi.nlm.nih.gov/pubmed/10471456
https://doi.org/10.1056/NEJM199108013250501
http://www.ncbi.nlm.nih.gov/pubmed/2057034
https://doi.org/10.1056/NEJM198706043162301
https://doi.org/10.1056/NEJM198706043162301
http://www.ncbi.nlm.nih.gov/pubmed/2883575
https://doi.org/10.7326/0003-4819-134-7-200104030-00008
https://doi.org/10.7326/0003-4819-134-7-200104030-00008
http://www.ncbi.nlm.nih.gov/pubmed/11281737
https://doi.org/10.1056/NEJM199605233342101
https://doi.org/10.1056/NEJM199605233342101
http://www.ncbi.nlm.nih.gov/pubmed/8614419
https://doi.org/10.1056/NEJMoa0805450
http://www.ncbi.nlm.nih.gov/pubmed/19001508
https://doi.org/10.1056/NEJMoa052256
http://www.ncbi.nlm.nih.gov/pubmed/16855265
https://doi.org/10.1016/s0140-6736(03)14285-7
https://doi.org/10.1016/s0140-6736(03)14285-7
http://www.ncbi.nlm.nih.gov/pubmed/13678871
https://doi.org/10.1001/jama.2013.2024
https://doi.org/10.1001/jama.2013.2024
http://www.ncbi.nlm.nih.gov/pubmed/23478662
https://doi.org/10.1007/s10741-015-9506-7
https://doi.org/10.1007/s10741-015-9506-7
http://www.ncbi.nlm.nih.gov/pubmed/26404098
https://doi.org/10.1016/j.amjcard.2008.11.050
https://doi.org/10.1016/j.amjcard.2008.11.050
http://www.ncbi.nlm.nih.gov/pubmed/19268743
https://doi.org/10.1016/j.jacc.2009.11.076
https://doi.org/10.1016/j.jacc.2009.11.076
http://www.ncbi.nlm.nih.gov/pubmed/20394874
https://doi.org/10.1161/CIRCULATIONAHA.105.561423
http://www.ncbi.nlm.nih.gov/pubmed/16330684
https://doi.org/10.7326/0003-4819-137-8-200210150-00006
https://doi.org/10.7326/0003-4819-137-8-200210150-00006
http://www.ncbi.nlm.nih.gov/pubmed/12379062
https://doi.org/10.1002/ejhf.159
https://doi.org/10.1002/ejhf.159
http://www.ncbi.nlm.nih.gov/pubmed/25210008
https://doi.org/10.1093/eurheartj/ehr254
http://www.ncbi.nlm.nih.gov/pubmed/21821849
https://doi.org/10.1371/journal.pone.0220183

@ PLOS|ONE

Acute heart failure and pulsatile hemodynamics

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

cardiology. 2015; 190:308—14. Epub 2015/05/04. https://doi.org/10.1016/}.ijcard.2015.04.183 PMID:
25935618.

Sung SH, Yu WC, Cheng HM, Lee CW, Lin MM, Chuang SY, et al. Excessive wave reflections on
admission predict post-discharge events in patients hospitalized due to acute heart failure. European
journal of heart failure. 2012; 14(12):1348-55. Epub 2012/08/01. https://doi.org/10.1093/eurjhf/hfs124
PMID: 22848069.

Sung SH, Yu WC, Cheng HM, Chuang SY, Wang KL, Huang CM, et al. Pulsatile hemodynamics and
clinical outcomes in acute heart failure. American journal of hypertension. 2011; 24(7):775-82. Epub
2011/03/05. https://doi.org/10.1038/ajh.2011.26 PMID: 21372800.

Huang WM, Hsu PF, Cheng HM, Lu DY, Cheng YL, Guo CY, et al. Determinants and Prognostic Impact
of Hyperuricemia in Hospitalization for Acute Heart Failure. Circulation journal: official journal of the Jap-
anese Circulation Society. 2016; 80(2):404—10. Epub 2015/11/26. https://doi.org/10.1253/circj.CJ-15-
0964 PMID: 26597355.

Gheorghiade M, Pang PS. Acute heart failure syndromes. Journal of the American College of Cardiol-
ogy. 2009; 53(7):557—73. Epub 2009/02/14. https://doi.org/10.1016/j.jacc.2008.10.041 PMID:
19215829.

Lu DY, Cheng HM, Cheng YL, Hsu PF, Huang WM, Guo CY, et al. Hyponatremia and Worsening
Sodium Levels Are Associated With Long-Term Outcome in Patients Hospitalized for Acute Heart Fail-
ure. J Am Heart Assoc. 2016; 5(3):e002668. Epub 2016/03/25. https://doi.org/10.1161/JAHA.115.
002668 PMID: 27009619; PubMed Central PMCID: PMC4943243.

Cheng YL, Cheng HM, Huang WM, Lu DY, Hsu PF, Guo CY, et al. Red Cell Distribution Width and the
Risk of Mortality in Patients With Acute Heart Failure With or Without Cardiorenal Anemia Syndrome.
The American journal of cardiology. 2016; 117(3):399—-403. Epub 2015/12/29. https://doi.org/10.1016/j.
amijcard.2015.11.011 PMID: 26708638.

Sung SH, Liao JN, Yu WC, Cheng HM, Chen CH. Common Carotid Artery Stiffness Is Associated with
Left Ventricular Structure and Function and Predicts First Hospitalization for Acute Heart Failure. Pulse
(Basel, Switzerland). 2014; 2(1—4):18-28. Epub 2014/05/01. https://doi.org/10.1159/000367645 PMID:
26587440; PubMed Central PMCID: PMC4646138.

Schiller NB, Acquatella H, Ports TA, Drew D, Goerke J, Ringertz H, et al. Left ventricular volume from
paired biplane two-dimensional echocardiography. Circulation. 1979; 60(3):547-55. Epub 1979/09/01.
https://doi.org/10.1161/01.cir.60.3.547 PMID: 455617.

Teichholz LE, Kreulen T, Herman MV, Gorlin R. Problems in echocardiographic volume determinations:
echocardiographic-angiographic correlations in the presence of absence of asynergy. The American
journal of cardiology. 1976; 37(1):7—11. Epub 1976/01/01. https://doi.org/10.1016/0002-9149(76)
90491-4 PMID: 1244736.

Ma YC, ZuoL, ChenJH, Luo Q, Yu XQ, Li Y, et al. Modified glomerular filtration rate estimating equation
for Chinese patients with chronic kidney disease. Journal of the American Society of Nephrology:
JASN. 2006; 17(10):2937—-44. Epub 2006/09/22. https://doi.org/10.1681/ASN.2006040368 PMID:
16988059.

Sung SH, Cheng HM, Wang KL, Yu WC, Chuang SY, Ting CT, et al. White coat hypertension is more
risky than prehypertension: important role of arterial wave reflections. Hypertension. 2013; 61(6):1346—
53. Epub 2013/04/24. https://doi.org/10.1161/HYPERTENSIONAHA.111.00569 PMID: 23608649;
PubMed Central PMCID: PMC4536898.

Lund LH. Heart Failure With "Mid-Range" Ejection Fraction-New Opportunities. Journal of cardiac fail-
ure. 2016; 22(10):769-71. Epub 2016/07/30. https://doi.org/10.1016/j.cardfail.2016.07.439 PMID:
27469481.

Gladden JD, Linke WA, Redfield MM. Heart failure with preserved ejection fraction. Pflugers Archiv:
European journal of physiology. 2014; 466(6):1037-53. Epub 2014/03/26. https://doi.org/10.1007/
s00424-014-1480-8 PMID: 24663384; PubMed Central PMCID: PMC4075067.

Cheng HM, Yu WC, Sung SH, Wang KL, Chuang SY, Chen CH. Usefulness of systolic time intervals in
the identification of abnormal ventriculo-arterial coupling in stable heart failure patients. European jour-
nal of heart failure. 2008; 10(12):1192—200. Epub 2008/11/14. https://doi.org/10.1016/j.ejheart.2008.
09.003 PMID: 19004668.

Milo-Cotter O, Adams KF, O’Connor CM, Uriel N, Kaluski E, Felker GM, et al. Acute heart failure associ-
ated with high admission blood pressure—a distinct vascular disorder? European journal of heart fail-
ure. 2007; 9(2):178-83. Epub 2006/08/01. https://doi.org/10.1016/j.ejheart.2006.06.004 PMID:
16877039.

Cotter G, Moshkovitz Y, Kaluski E, Milo O, Nobikov Y, Schneeweiss A, et al. The role of cardiac power
and systemic vascular resistance in the pathophysiology and diagnosis of patients with acute

PLOS ONE | https://doi.org/10.1371/journal.pone.0220183  August 5, 2019 12/13


https://doi.org/10.1016/j.ijcard.2015.04.183
http://www.ncbi.nlm.nih.gov/pubmed/25935618
https://doi.org/10.1093/eurjhf/hfs124
http://www.ncbi.nlm.nih.gov/pubmed/22848069
https://doi.org/10.1038/ajh.2011.26
http://www.ncbi.nlm.nih.gov/pubmed/21372800
https://doi.org/10.1253/circj.CJ-15-0964
https://doi.org/10.1253/circj.CJ-15-0964
http://www.ncbi.nlm.nih.gov/pubmed/26597355
https://doi.org/10.1016/j.jacc.2008.10.041
http://www.ncbi.nlm.nih.gov/pubmed/19215829
https://doi.org/10.1161/JAHA.115.002668
https://doi.org/10.1161/JAHA.115.002668
http://www.ncbi.nlm.nih.gov/pubmed/27009619
https://doi.org/10.1016/j.amjcard.2015.11.011
https://doi.org/10.1016/j.amjcard.2015.11.011
http://www.ncbi.nlm.nih.gov/pubmed/26708638
https://doi.org/10.1159/000367645
http://www.ncbi.nlm.nih.gov/pubmed/26587440
https://doi.org/10.1161/01.cir.60.3.547
http://www.ncbi.nlm.nih.gov/pubmed/455617
https://doi.org/10.1016/0002-9149(76)90491-4
https://doi.org/10.1016/0002-9149(76)90491-4
http://www.ncbi.nlm.nih.gov/pubmed/1244736
https://doi.org/10.1681/ASN.2006040368
http://www.ncbi.nlm.nih.gov/pubmed/16988059
https://doi.org/10.1161/HYPERTENSIONAHA.111.00569
http://www.ncbi.nlm.nih.gov/pubmed/23608649
https://doi.org/10.1016/j.cardfail.2016.07.439
http://www.ncbi.nlm.nih.gov/pubmed/27469481
https://doi.org/10.1007/s00424-014-1480-8
https://doi.org/10.1007/s00424-014-1480-8
http://www.ncbi.nlm.nih.gov/pubmed/24663384
https://doi.org/10.1016/j.ejheart.2008.09.003
https://doi.org/10.1016/j.ejheart.2008.09.003
http://www.ncbi.nlm.nih.gov/pubmed/19004668
https://doi.org/10.1016/j.ejheart.2006.06.004
http://www.ncbi.nlm.nih.gov/pubmed/16877039
https://doi.org/10.1371/journal.pone.0220183

@ PLOS|ONE

Acute heart failure and pulsatile hemodynamics

35.

36.

37.

38.

39.

40.

41.

congestive heart failure. European journal of heart failure. 2003; 5(4):443-51. Epub 2003/08/19. https://
doi.org/10.1016/51388-9842(03)00100-4 PMID: 12921805.

Redfield MM. Heart Failure with Preserved Ejection Fraction. The New England journal of medicine.
2016; 375(19):1868-77. Epub 2016/12/14. https://doi.org/10.1056/NEJMcp1511175 PMID: 27959663.

Marti CN, Gheorghiade M, Kalogeropoulos AP, Georgiopoulou VV, Quyyumi AA, Butler J. Endothelial
dysfunction, arterial stiffness, and heart failure. Journal of the American College of Cardiology. 2012; 60
(16):1455—-69. Epub 2012/09/25. https://doi.org/10.1016/j.jacc.2011.11.082 PMID: 22999723.

Halabi CM, Broekelmann TJ, Knutsen RH, Ye L, Mecham RP, Kozel BA. Chronic antihypertensive
treatment improves pulse pressure but not large artery mechanics in a mouse model of congenital vas-
cular stiffness. American journal of physiology Heart and circulatory physiology. 2015; 309(5):H1008—
16. Epub 2015/08/02. https://doi.org/10.1152/ajpheart.00288.2015 PMID: 26232234; PubMed Central
PMCID: PMC4591401.

Chow B, Rabkin SW. The relationship between arterial stiffness and heart failure with preserved ejec-
tion fraction: a systemic meta-analysis. Heart failure reviews. 2015; 20(3):291-303. Epub 2015/02/27.
https://doi.org/10.1007/s10741-015-9471-1 PMID: 25716909.

Solomon SD, Anavekar N, Skali H, McMurray JJ, Swedberg K, Yusuf S, et al. Influence of ejection frac-
tion on cardiovascular outcomes in a broad spectrum of heart failure patients. Circulation. 2005; 112
(24):3738—44. Epub 2005/12/07. https://doi.org/10.1161/CIRCULATIONAHA.105.561423 PMID:
16330684.

Mottram PM, Haluska BA, Leano R, Carlier S, Case C, Marwick TH. Relation of arterial stiffness to dia-
stolic dysfunction in hypertensive heart disease. Heart. 2005; 91(12):1551-6. Epub 2005/11/17. https:/
doi.org/10.1136/hrt.2004.046805 PMID: 16287739; PubMed Central PMCID: PMC1769207.

Tsao CW, Lyass A, Larson MG, Levy D, Hamburg NM, Vita JA, et al. Relation of Central Arterial Stiff-
ness to Incident Heart Failure in the Community. J Am Heart Assoc. 2015; 4(11). Epub 2015/11/26.
https://doi.org/10.1161/jaha.115.002189 PMID: 26597152; PubMed Central PMCID: PMC4845230.

PLOS ONE | https://doi.org/10.1371/journal.pone.0220183  August 5, 2019 13/13


https://doi.org/10.1016/s1388-9842(03)00100-4
https://doi.org/10.1016/s1388-9842(03)00100-4
http://www.ncbi.nlm.nih.gov/pubmed/12921805
https://doi.org/10.1056/NEJMcp1511175
http://www.ncbi.nlm.nih.gov/pubmed/27959663
https://doi.org/10.1016/j.jacc.2011.11.082
http://www.ncbi.nlm.nih.gov/pubmed/22999723
https://doi.org/10.1152/ajpheart.00288.2015
http://www.ncbi.nlm.nih.gov/pubmed/26232234
https://doi.org/10.1007/s10741-015-9471-1
http://www.ncbi.nlm.nih.gov/pubmed/25716909
https://doi.org/10.1161/CIRCULATIONAHA.105.561423
http://www.ncbi.nlm.nih.gov/pubmed/16330684
https://doi.org/10.1136/hrt.2004.046805
https://doi.org/10.1136/hrt.2004.046805
http://www.ncbi.nlm.nih.gov/pubmed/16287739
https://doi.org/10.1161/jaha.115.002189
http://www.ncbi.nlm.nih.gov/pubmed/26597152
https://doi.org/10.1371/journal.pone.0220183

