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Abstract

A prognostic value of right ventricular (RV) systolic function assessed by echocardiography in patients with acute non-
massive pulmonary embolism (PE) remains controversial. The hypothesis was RV free wall strain measured using speckle-
tracking echocardiography might be a powerful prognostic factor in those patients. We aimed to evaluate the prognostic value
of echocardiographic measurements of RV systolic function for clinical outcomes and to assess the correlation between the
echocardiographic RV function parameters in patients with acute non-massive PE. Between November 2013 and September
2016, 144 consecutive patients diagnosed as acute non-massive pulmonary embolism were prospectively enrolled and echo-
cardiographic evaluations were performed within 1 week of diagnosis to measure various parameters of RV systolic function.
The primary endpoint was in-hospital events, the composite of in-hospital PE-related death, need of additive treatments
such as thrombolysis or pulmonary artery thromboembolectomy, and need of inotropics due to unstable vital sign. Among
patients (mean age 60.3 + 14.7 years, 50% female) with acute non-massive PE, the in-hospital event rate was 11.1% (16 of
144 patients). In multivariate logistic regression analysis, after adjustment of confounding factors such as age, gender, and
diabetes mellitus, RV free wall strain [odd ratio (OR) 1.12, 95% confidence interval (CI) 1.04—1.21, p=0.002] and RV global
wall strain (OR 1.20, 95% CI 1.07-1.35, p=0.002) were independent predictors for in-hospital events. The event rates were
significantly different between groups classified based on RV free wall strain with cut-off value of — 15.85% (p <0.001). RV
strain assessed with speckle-tracking echocardiography is an independent prognostic marker for in-hospital events in patients
with acute non-massive PE. Our results may help identify high—intermediate risk patients who need a closer monitoring.
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Introduction

Acute pulmonary embolism (PE) is a potentially lethal dis-
ease, and right ventricular (RV) dysfunction has been known
to be a poor prognostic factor in patients with PE [1-3], and
Electronic supplementary material The online version of this is associated with the extent of PE [4, 5]. RV dysfunction
article (https://doi.org/10.1007/s00380-019-01340-1) contains has been reported in > 20% of patients with PE [6, 7], and
supplementary material, which is available to authorized users. echocardiography is a useful tool to evaluate RV systolic
dysfunction. However, PE risk stratification approaches
employ several definitions and different ways to evaluate
or measure RV systolic function with echocardiography or
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RV to left ventricular diameter ratio, hypokinesia of the
free RV wall, increased velocity of the tricuspid regurgi-
tation (TR) jet, or combinations of these conditions [8].
However, hypokinesia of the RV free wall is assessed
subjectively and qualitatively, and RV dilatation does
not necessarily mean RV systolic dysfunction. Although
the RV ejection fraction can be measured through three-
dimensional echocardiography, it is not always possible in
patients with RV enlargement. Meta-analyses have shown
that RV dysfunction detected with echocardiography is
associated with an elevated risk of short-term mortality
in patients without hemodynamic instability; however,
its overall predictive power is low [8—10]. This might be
attributed, at least in part, to differences in the definition
of RV dysfunction among studies and to the lack of use of
new quantitative methods such as tissue Doppler image
and speckle-tracking echocardiography.

The hypothesis of this study was that RV free wall strain
measured using speckle-tracking echocardiography was a
powerful prognostic factor in those patients. We aimed to
evaluate the prognostic value of echocardiographic meas-
urements of RV systolic function for clinical outcomes and
to assess the correlation between the echocardiographic
RV function parameters in patients with acute non-massive
PE.

Methods
Patients

The study was conducted at Asan Medical Center, a high-
volume tertiary centre in Korea. Between November 2013
and September 2016, consecutive 144 patients diagnosed as
acute non-massive pulmonary embolism were prospectively
enrolled and echocardiographic evaluations were performed
to measure various parameters of RV systolic function. The
inclusion criteria were as follows: (1) age >18 years; (2) CT
diagnosis of acute PE; and (3) echocardiography evalua-
tion was performed within 1 week, since PE was diagnosed.
Patients were excluded if they (1) presented with shock or
hypotension at the admission, (2) had suboptimal echocar-
diographic images for the assessment of RV function, and
(3) had a final diagnosis other than acute PE after work-
up. At screening, all patients underwent clinical evaluation,
including medical history, physical examination, including
PE severity index (PESI), which was calculated as previ-
ously reported [8], electrocardiography, chest radiography,
echocardiography, computed tomography (CT), and labora-
tory tests including troponin-I and brain natriuretic peptide.
This study was approved by the Institutional Review Board
in Asan Medical Center (2017-0612).
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Echocardiography

All echocardiographic evaluations were performed with a
GE Vivid E9 machine and a 3.5-MHz probe (GE, Vingmed
Ultrasound, Horten, Norway). All echo-derived parameter
analyses were performed by two experienced sonographers
following the American Society of Echocardiography guide-
lines [11], with blinding of clinical data. To quantify the RV
function, we measured the RV index of myocardial perfor-
mance (RIMP), two-dimensional RV fractional area change
(FAQ), tricuspid annular plane systolic excursion (TAPSE),
longitudinal S’ velocity of the tricuspid lateral annulus (S’
velocity), pulmonary vascular resistance (PVR), and eccen-
tricity index (Fig. 1). RIMP was calculated as the RV iso-
volumic time divided by the ejection time [12, 13]. PVR
was noninvasively calculated using the TR velocity and RV
outflow tract time—velocity integral, as previously reported
[14]. The eccentricity index was calculated as the left ven-
tricular dimension parallel to the septum divided by another
dimension perpendicular to the septum measured at the mid-
papillary level [11, 15-17].

Offline speckle-tracking analyses were performed in
EchoPAC (PC version 201, Horten, Norway) by two expe-
rienced sonographers. RV free or global longitudinal wall
strain was measured from the RV-focused apical 4-chamber
view using speckle-tracking echocardiography, as previously
described [11, 16, 18]. The endocardial border was traced
at end systole and end diastole. The quality of the track-
ing was confirmed visually from two-dimensional images
of the strain traces. RV free wall strain was measured from
the lateral annulus of the tricuspid valve to the RV apex,
and RV global wall strain was measured from the whole RV
myocardium including the interventricular septum.

Clinical outcomes

The primary outcome was defined as the in-hospital events,
the composite of in-hospital PE-related death, need of addi-
tive treatments such as thrombolysis or pulmonary artery
embolectomy, and need of inotropics due to unstable vital
sign after the diagnosis of acute PE. The causes of deaths
were carefully reviewed by two investigators, and the deaths
due to other causes, such as concurrent severe infection (sus-
pected or confirmed sepsis), or terminal malignancy (with
death expected within days) were excluded.

Statistical analysis

Continuous variables were presented as means + standard
deviation or median (range), whereas categorical variables
were described as numbers and percentages. The independent
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Fig. 1 Representative examples of parameters assessing right ventricu-
lar (RV) function: a fractional area change, b RV index of myocardial
performance, ¢ longitudinal strain, d longitudinal S’ velocity of tricus-

t test and Pearson’s Chi-square test (or Fisher’s exact test)
were used to compare two groups for continuous variables
and categorical variables, respectively. The effects of a vari-
able on clinical events were evaluated using univariate logis-
tic regression analysis. For multivariate logistic regression
analysis, confounding factors such as age, gender, and dia-
betes mellitus were adjusted with echocardiographic param-
eters. Receiver operating characteristics (ROC) curve analyses
were performed to assess the optimal cut-off values of echo-
cardiographic parameters for predicting events. Kaplan—Meier
survival analysis was performed to compare the development
of clinical events between groups. The correlations between
parameters were analysed by Spearman’s correlation coeffi-
cients. Statistical analysis was performed with Statistical Pack-
age for Social Sciences, version 17 (SPSS Inc., Chicago, IL,
USA). All tests were two-sided, and a p value of <0.05 was
considered significant.

G$=-20.3%

pid lateral annulus, e tricuspid annular plane systolic excursion, and f
eccentricity index

Results
Baseline characteristics and clinical outcomes

Among 200 patients, 30 were not finally diagnosed as hav-
ing acute PE and 18 were excluded because of unstable
vital signs at the admission. Eight patients had suboptimal
echocardiographic images for offline analysis, and they
were excluded from the study. Consequently, 144 patients
with acute non-massive PE were prospectively enrolled.
The median age of the 144 patients was 60.3 + 1.2 years
and 50% (72 patients) of them were women. The in-hos-
pital event rate was 11.1% (16 events; eight resulted in in-
hospital PE-related death; five received thrombolysis ther-
apy; two underwent pulmonary artery embolectomy; and
one used inotropics) (Supplement Table 1). The median
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Table 1 Comparisons of

2 o Variable In-hospital event (n=16) No event (n=128) p value
baseline characteristics
Baseline characteristics
Age, years 559+17.0 60.9+14.4 0.20
Female sex 7 (43.8) 65 (50.8) 0.60
Body mass index, kg/m> 24.9+3.1 242+3.4 0.43
Hypertension 6 (37.5) 51 (39.8) 0.86
Diabetes mellitus 5(31.3) 17 (13.3) 0.07
Hyperlipidemia 4 (25.0) 20 (15.6) 0.31
Immobilization 5(1.3) 20 (15.6) 0.16
Use of oral contraceptives 1(6.3) 4 (3.1) 0.45
Active malignancy 9 (56.3) 55 (43.0) 0.31
Deep vein thrombosis 9 (56.3) 76 (59.4) 0.81
COPD 1(6.3) 8 (6.3) >0.99
Symptoms
NYHA class III-IV 8 (50.0) 62 (48.4) 0.91
Altered mentality 1(6.3) 0 NA
Chest pain or discomfort 1(6.3) 19 (14.8) 0.70
Vital signs
Systolic blood pressure (mmHg) 126.1+17.3 127.3+16.8 0.79
Diastolic blood pressure (mmHg) 832+114 82.4+12.1 0.80
Heart rate (beats/min) 105.3+17.2 97.0+19.8 0.11
Respiratory rate (breaths/min) 21.3+25 20.8+3.3 0.57
Body temperature, °C 36.8+0.4 36.8+0.7 0.78
Sa0,, % 924+73 95.1+5.0 0.06
Severity index
PESI score 96.5+31.3 97.2+25.1 0.93
PESI class > III 10 (66.7) 92 (71.3) 0.71
Laboratory findings
Hemoglobin, g/dL 11.0+2.7 11.6+2.3 0.32
Creatinine, mg/dL 0.9+0.3 0.8+0.3 0.21
eGFR, mL/min/1.73 m? 76.5+18.5 79.8+14.7 0.42
BNP, pg/mL (n=124) 179 (5-1414) 51 (2-893) 0.12
p-Dimer, g/mL 1341122 12.6 +10.8 0.77
Troponin-I, ng/mL (n=126) 0.312+0.677 0.200+1.074 0.72
Elevated troponin-I 8 (50.0) 42 (32.8) 0.17
Discharge medication
Antiplatelet therapy 3(18.8) 11 (8.6) 0.19
Calcium channel blocker 4 (25.0) 22 (17.2) 0.49
Beta-blocker 1(6.3) 8 (6.3) >0.99
Warfarin 5(@31.3) 27 (21.1) 0.35
DOAC 5(@31.3) 56 (43.8) 0.34
Heparin IV 2 (12.5) 1(0.8) 0.033
Low molecular weighted heparin 6(37.5) 42 (32.8) 0.71
Duration of hospital stay (days) 9 (1-90) 20 (5-46) 0.002

Values are numbers (%), mean +=SD or median (range) for non-parametric statistics

NA not-assessable, COPD chronic obstructive pulmonary disease, NYHA New York Heart Association,
PESI pulmonary embolism severity index, eGFR estimated glomerular filtration rate, BNP brain natriuretic
peptide, /VC inferior vena cava, DOAC direct oral anticoagulant

time to the outcomes was 10.0 (0.1-41) days. Comparisons  group showed trend of a higher prevalence of diabetes
of the baseline characteristics between patients with and ~ mellitus and lower SaO, level. PESI score was not signifi-
without events are presented in Table 1. In-hospital event  cantly different between the two groups. Laboratory data
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and discharge medication were not significantly different
between the two groups. Duration of hospital stay was
shorter in in-hospital event group than no event group.

Echocardiographic parameters

Comparisons of echocardiographic parameters between the
two groups are presented in Table 2. RV global wall strain
and RV free wall strain showed higher values and TAPSE, §'
velocity, and eccentricity index showed significantly lower
values, which meant decreased RV systolic function, in the
in-hospital event group compared with the ‘no event’ group,
while PVR, RIMP, TR maximal velocity, and FAC did not.
The magnitude of RV longitudinal strain decreased in con-
cordant with expectations for the group with in-hospital
events.

Predictors of clinical outcomes

Univariate analyses of clinical factors and echocardiographic
parameters in predicting in-hospital events are shown in
Table 3. On univariate logistic regression analysis, RV
global wall strain, RV free wall strain, PVR, TAPSE, S’
velocity, FAC, and eccentricity index were significantly
associated with in-hospital events. On multivariate logis-
tic regression analysis after adjustment with clinical con-
founding factors of age, gender, and diabetes mellitus in the
several models, RV global wall strain, RV free wall strain,
PVR, TAPSE, §' velocity, FAC, and eccentricity index were
independently associated with in-hospital events (Table 4).

ROC curve analyses for predicting clinical events revealed
that the areas under the curve (AUC) were 0.754 [95% confi-
dence interval (CI) 0.621-0.887, p=0.001] for RV free wall
strain, 0.731 (95% CI 0.593-0.868, p =0.003) for RV global
wall strain, and 0.740 (95% CI 0.605-0.874, p=0.002) for
TAPSE (*[— 1]), while other parameters showed lower

Table 3 Univariate analysis of clinical and echocardiographic param-
eters in predicting in-hospital events

Univariable

OR 95% CI p value
Age 0.98 0.95-1.01 0.20
Female sex 0.75 0.27-2.15 0.60
Body mass index (kg/m?) 1.06 0.92-124 043
Hypertension 0.91 0.31-2.65 0.86
Diabetes mellitus 2.97 0.92-9.60 0.07
Hyperlipidemia 1.80 0.53-6.15 0.35
Immobilization 2.46 0.77-7.83 0.13
Use of oral contraceptives 2.07 0.22-19.72  0.53
Active malignancy 1.71 0.60-4.87 0.32

History of deep vein thrombosis ~ 0.88 0.31-2.51 0.81

Sa0, (%) 0.93 0.87-1.01 0.07
PESI class > 111 0.80 0.26-2.51 0.71
RV global wall strain (%) 1.17 1.05-1.30 0.004
RV free wall strain (%) 1.11 1.04-1.19 0.002
PVR, wood units 1.50 1.06-2.12 0.024
RIMP 0.54 0.31-9.55 0.68
TAPSE (mm) 0.81 0.72-0.93 0.002
S" velocity (cm/s) 0.80 0.66-0.96 0.019
TR V., (m/s) 1.97 0.82-4.73 0.13
FAC (%) 0.95 0.91-0.99 0.013
Eccentricity index 0.01 0-0.41 0.014
LV EF (%) 1.02 0.93-1.12 0.61
Hemoglobin (g/dL) 0.89 0.72-1.12 0.32
¢GFR (mL/min/1.73 m?) 0.99 0.96-1.02 0.42
BNP (pg/mL) 1.003  1.001-1.005  0.005

OR odd ratio, CI confidence interval, PESI pulmonary embolism
severity index, RV right ventricular, PVR pulmonary vascular resist-
ance, RIMP right ventricular myocardial performance index, TAPSE
tricuspid annular plane systolic excursion, 7R V,,,. maximal veloc-
ity of tricuspid regurgitation, FAC fractional area change, LV EF left
ventricular ejection fraction, eGFR estimated glomerular filtration

rate, BNP brain natriuretic peptide

Table 2 Comparisons of

; . Variable In-hospital event No event (n=128) p value
echocardiographic parameters (n=16)
RV global wall strain (%) —-15.6+54 -19.8+5.0 0.002
RV free wall strain (%) —-155+8.1 —-225+79 0.001
Pulmonary vascular resistance, WU 32+1.6 25+1.1 0.09
RIMP 0.51+0.21 0.54+0.18 0.68
TAPSE (mm) 16.6+4.8 21.1+4.9 0.001
S’ velocity (cm/s) 11.9+4.0 14.0+34 0.020
TRV, (/s) 3.0+0.6 2.8+0.5 0.12
FAC (%) 32.1+15.5 40.0+10.9 0.06
Eccentricity index 0.88+0.15 0.97+0.13 0.011
LV EF (%) 62.3+5.8 61.5+6.1 0.62

RV right ventricular, WUs wood units, RIMP right ventricular myocardial performance index, TAPSE tri-

cuspid annular plane systolic excursion, 7R V,

'na Maximal velocity of tricuspid regurgitation, FAC frac-

tional area change, LV EF left ventricular ejection fraction
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Table 4 Multivariate analyses of clinical and echocardiographic

parameters in predicting in-hospital events

Multivariable adjusted®

OR 95% CI1 p value
PVR, wood units 1.64 1.13-2.38 0.010
TAPSE (mm) 0.80 0.69-0.91 0.001
S’ velocity (cm/s) 0.76 0.62-0.94 0.012
RV global wall strain (%) 1.20 1.07-1.35 0.002
RV free wall strain (%) 1.12 1.04-1.21 0.002
FAC (%) 0.94 0.90-0.98 0.006
Eccentricity index 0.01 0-0.42 0.015

OR odd ratio, CI confidence interval, PVR pulmonary vascular resist-
ance, TAPSE tricuspid annular plane systolic excursion, RV right ven-
tricular, FAC fractional area change

20dd ratios were adjusted with age, gender, and diabetes mellitus

values (Fig. 2). The best cut-off values for predicting out-
comes were — 15.85% for RV free wall strain (sensitivity
66.7%, specificity 79.8%, positive predictive value 27.8%,
and negative predictive value 95.4%), — 18.95% RV global
wall strain (sensitivity 80.0%, specificity 64.3%, positive

predictive value 20.7%, and negative predictive value 96.5%)
and 12.75 mm for TAPSE (sensitivity 40.0%, specificity
98.4%, positive predictive value 75.0%, and negative pre-
dictive value 93.4%). The event rates were significantly
different between groups classified based on RV free wall
strain with cut-off value of — 15.85% (30.5% vs. 5.7% of
in-hospital events, p <0.001, Fig. 3).

There were correlations among echocardiographic parame-
ters of RV contractility. RV free wall strain showed significant
but modest correlations with the PVR (R2 =0.33, p<0.0001),
TAPSE (R?>=0.29, p <0.0001), S’ velocity of the tricuspid
annulus (R?=0.15, p <0.0001), FAC (R>=0.41, p <0.0001),
and eccentricity index (R*>=0.20, p <0.0001), while the cor-
relation with RIMP was not significant (Fig. 4).

Discussion

Prognosticindicators in acute PE

The rate of in-hospital events was 11.1% in our study, which
is comparable to that in the previous reports in patients
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k7 19 76 mn
g S 0740 (0.605:0.874)  0.002
© 0.4+ o
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Fig.4 Correlations between right ventricular (RV) free wall strain and other parameters for RV function. FAC fractional area change, RIMP RV
index of myocardial performance, PVR pulmonary vascular resistance, TAPSE tricuspid annular plane systolic excursion

with non-massive PE [8]. The prognostic value of RV strain
measured by speckle-tracking echocardiography in patients
with acute PE is still controversial [15, 16, 19]. One study
reported that four simple parameters that measure different
aspects of the right ventricle (ratio of RV to left ventricular
end-diastolic diameter, RV systolic pressure, TAPSE, and
inferior vena cava collapsibility) were independently asso-
ciated with mortality in patients presenting with acute PE;
however, the RV strain values were not [19].

In contrast, other reports demonstrated the prognostic
roles of RV strain [15, 16]. Vitarelli et al. demonstrated
that mid-free wall RV longitudinal strain correlated with
unfavourable outcomes in submassive PE [15]. Patients

with submassive or intermediate-risk PE diagnosed as RV
hypokinesia assessed using qualitative interpretation were
included in the study. As the qualitative assessment of RV
function may be subjective, the inclusion of patients may
also be subjective. Therefore, we included patients with non-
massive PE including patients with low risk in our study.
Dahhan et al. demonstrated that the addition of echocar-
diographic parameters to clinical parameters may improve
the risk prediction in acute PE [16]. In the current study
involving a larger number of patients, we found that the RV
free wall strain was the best prognostic imaging indicator in
patients with acute non-massive PE.
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In the current stage, the guidelines do not provide any
cut-off values of quantitative parameters for RV function.
The dichotomous decision about RV dysfunction would be
subjective and consequently misleading for patient manage-
ment, especially in patients with intermediate risk. There-
fore, a more objective and quantitative value is required in
this clinical situation, and the cut-off value of RV free wall
strain of — 15.85%, which was the result of our study, can
be useful for this purpose. As a decreased RV systolic func-
tion judged by RV free wall strain value of above — 15.85%
may portend a poor short-term prognosis, we suggest that
patients with non-massive PE at this high risk may warrant
a more aggressive initial treatment strategy.

Quantitative assessment of RV function

Risk stratification in patients with PE is important in con-
sidering more aggressive initial treatments such as throm-
bolysis therapy or pulmonary artery embolectomy [20]. For
risk stratification and further management, the assessment
of RV function is one of the crucial factors [21]. The pres-
ence of RV systolic dysfunction likely represents a more
advanced pathophysiologic stage of PE than PE without RV
systolic dysfunction. Although there are many quantification
methods for this purpose, RV systolic function is generally
determined through a qualitative assessment in clinical prac-
tise. In this study, we found that there were significant but
not strong correlations between RV free wall strain and other
parameters, which might be caused by differences in meth-
ods measuring RV function. Indeed, all echocardiographic
parameters have inherent limitations. The S’ velocity of the
tricuspid annulus and TAPSE might be affected by angle
dependence and tethering from apical contraction, and FAC
might be influenced by the two-dimensional imaging plane.
The eccentricity index is dependent not only on the RV
contractility but also mainly on the difference between the
RV and left ventricular pressures. Noninvasively calculated
PVR is an important parameter in patients with pulmonary
hypertension; however, it might not be directly linked to RV
dysfunction. Finally, RIMP is not only a systolic parameter,
but is also affected by diastolic dysfunction. Although the
speckle-tracking image also depends on the imaging qual-
ity and temporal resolution, it measures RV myocardial
systolic function without the confounding effect of angle
dependency and tethering. In the current study, RV free wall
strain showed significant but modest correlations with other
parameters, and this result might be hypothesis generating
that RV analysis of basal segments peak S’ velocity and
TAPSE are more angle dependent and less comprehensive
than RV free wall strain is. Our results on correlations make
it plausible that the echocardiographic parameters of RV
function are not interchangeable.
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Study limitations

This current study has several limitations. First, our study
investigated nonrandomized, observational data, and the
overall findings should, therefore, be considered to be
hypothesis-generating. The optimal patient number for this
study was not calculated, because, before study, it was hard
to determine groups of patients which would depend on the
best predictive parameter. Consequently, this study might be
underpowered. Second, the study does not provide informa-
tion on which RV echocardiographic parameters obtained
at the time of identifying PE that predict adverse outcomes
within days after index PE, because echocardiography was
performed within 1 week after the diagnosis. Third, the
number of patients and events was limited. Although poten-
tial confounding factors were included in the multivariate
model, additional confounding factors were not fully evalu-
ated due to small number of clinical events. Therefore, fur-
ther investigation in larger studies with a longer follow-up
period is warranted. Further prospective study is also nec-
essary to validate the clinical value of a stratified treatment
strategy according to the RV systolic dysfunction judged
using RV free wall strain values.

In conclusion, RV free wall strain assessed with speckle-
tracking echocardiography is an independent prognostic
marker for in-hospital events, such as in-hospital PE-related
death, additive need of aggressive treatment, and need of
inotropics due to unstable vital sign in patients with acute
non-massive PE. Our results may help identify high-inter-
mediate risk patients who need a closer monitoring.
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