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Abstract
Purpose of Review Noninvasive hemodynamic assessments in patients with heart failure (HF) are essential for appropriate
diagnosis and establishment of the best treatment strategies. Recently, the impact of pulmonary circulation and right ventricular
function on prognosis in HF patients has drawn increasing attention. In this article, we explore the usefulness of cardiac imaging
for hemodynamic assessments, mainly focusing on echocardiographic evaluation.
Recent Findings The reliability of Doppler echocardiography as a noninvasive alternative to Swan-Ganz catheterization has been
well investigated with higher than 80% accuracy for estimating pulmonary artery pressure. Strain measurement and three-
dimensional echocardiography are useful for evaluating right ventricular function together with pulmonary circulation. The
accuracy of analyzing left and right ventricular functions by cardiac computed tomography and cardiac magnetic resonate
imaging has also been established. These modalities can provide myocardial tissue information and allow calculation of the
extracellular volume fraction as well.
Summary According to the rapid improvement of technologies, cardiac imaging has become an essential tool for hemodynamic
evaluation in HF management.

Keywords Echocardiography . Cardiac computed tomography . Cardiac magnetic resonate imaging . Noninvasive monitoring .

Hemodynamics . Heart failure

Introduction

The prevalence of patients with cardiovascular disease, espe-
cially those with heart failure (HF), has dramatically increased
in recent years. HF affects an estimated 26 million people
worldwide, and 1–2% of healthcare budgets have been spent
on heart failure over recent decades [1, 2]. Frequent hospital-
ization of HF patients and its huge economic burden to society

can be reduced if HF treatments can be practically optimized
by noninvasive hemodynamic assessments, such as echocar-
diography and other cardiac imaging modalities, instead of
right heart catheterization. In addition, evaluation of cardiac
function by imaging modalities can provide not only hemo-
dynamic information but also chamber morphological infor-
mation. This would be a significant advantage of cardiac im-
aging tools over right heart catheterization.
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Although a majority of patients with HF require hospi-
talization due to congestion, several trials of devices mon-
itoring changes in the volume status of HF patients did
not prove the effect of reducing hospitalizations [3, 4]. On
the other hand, elevations of pulmonary artery pressure
(PAP) and pulmonary vascular resistance (PVR) have
been recognized as independent predictors for poor prog-
nosis, not only in patients with pulmonary arterial hyper-
tension (PAH) but also in patients with left-sided HF
[5–8]. Frequent monitoring of PAP significantly reduces
HF hospitalization rates [6]. However, of note, we should
not only focus on PAP but also pay attention to right
ventricular (RV) function [9]. The left ventricle (LV) has
the capacity to generate high pressure with its contractile
reserve when the afterload increases, whereas the RV has
a very limited capacity to produce enough pressure
against its high afterload [10]. The RV has a compensato-
ry mechanism against the elevated afterload, such as con-
tractive force reinforcement by RV myocardium hypertro-
phy, reduction of wall stress by shape change, and cham-
ber enlargement to handle a larger preload. Even so, when
RV is exposed to a high afterload condition for a
prolonged time, the oxygen supply-demand mismatch in
hypertrophic RV myocardium and the dilatation of the RV
cause the interventricular septum to shift toward the left
and gradually reduce RV contractility. The pressure that

generates the force of the ventricles is mainly produced by
the chamber twisting, which depends on oblique muscle
and transverse muscle contractions. However, an RV free
wall lacks oblique muscle, and its longitudinal shortening
contributes to overall RV function under normal afterload
conditions [11]. Under a condition of high PAP, a septal
wall portion of the RV also contributes to generating pres-
sure for pulmonary circulation; however, excessive PA
elevations change the septal shape, which drastically re-
duces the ejection power of RV. Therefore, in patients
who have encountered progressive RV failure caused by
long-standing excessive afterload, their RVs lose the abil-
ity to generate pressure and the PAP may decrease as a
consequence of low cardiac output [9]. Therefore, we
should evaluate both PAP and the degree of RV dysfunc-
tion accompanied with RV morphological change in HF
patients at the same time.

Ghio et al. revealed the necessity of combining the
right heart hemodynamic variables with a functional eval-
uation of the RV for risk stratification of patients with HF
[5]. They showed that increased PAP accompanied with
reduced RV ejection fraction (RVEF) was clinically asso-
ciated with significantly poorer prognosis than having nei-
ther condition (Fig. 1A). Sub-analysis of BEST (beta-
blocker evaluation of survival trial) also revealed that re-
duced RVEF is a significant independent predictor of

ba

Fig. 1 a Survival rates in patients with advanced heart failure, grouped
according to the coupling betweenmean pulmonary artery pressure (PAP)
and right ventricular ejection fraction (RVEF). Group 1, normal PAP/
preserved RVEF (n = 73); group 2, normal PAP/low RVEF (n = 68);
group 3, high PAP/preserved RVEF (n = 21); group 4, high PAP/low

RVEF (n = 215) (reproduced from Ghio et al. J Am Coll Cardiol
2001:37:183–8, with permission from Elsevier) [5]. b Kaplan–Meier
plots for all-cause mortality (upper) and HF hospitalization (lower) by
RVEF categories (reproduced from Meyer et al. Circulation
2010:121:252–8, with permission fromWolters Kluwer Health, Inc.) [12]
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mortality and hospitalization in patients with systolic HF
[12] (Fig. 1a). Regarding RV morphology, Brown et al.
reported that longitudinal shortening of RV accounts for
the majority of RV contractility and improvement of RV
function following pulmonary vasodilator therapy occurs
from improvements in longitudinal contractions [11].

From the above points of view, it seems important to make
excellent use of cardiac imaging modalities in order to evalu-
ate cardiac function in a comprehensive manner that includes
pulmonary circulation and RV functional analysis. In this re-
view article, we provide an overview of imaging modality–
derived noninvasive hemodynamic assessment, mostly
highlighting the recent development of quantitative echocar-
diographic evaluation. We also summarize the recent investi-
gations regarding pulmonary circulatory hemodynamics and
RV functional evaluation by imaging modalities.

Assessment of Cardiac Function Using
Echocardiography

Hemodynamic Evaluation by Echocardiography

Doppler echocardiography is now recognized as a reliable and
cost-effective noninvasive alternative to right heart catheteri-
zation for hemodynamic assessment. Most of these measure-
ments, including right atrial pressure (RAP), PAP, and cardiac
output (CO), are easily obtainable at the bedside.
Echocardiographic hemodynamic assessment is now used as
a guide for treatment optimization and decision-making for
medical or surgical therapy. It may be also used to monitor
critically ill patients.

Several studies have demonstrated a good correlation be-
tween hemodynamic parameters obtained from echocardiog-
raphy and those derived from invasive measurements. Various
echocardiographic methods have been suggested for evalua-
tion of each parameter, but their accuracy varies between the
studies and may not be applicable in certain situations. Most
commonly used methodologies for hemodynamic assessment
by echocardiography, which are supported by the current
guidelines [13••, 14] and described in recent studies [15–19],
are summarized in Table 1.

RAP or central venous pressure (CVP) estimation by echo-
cardiography would be the most frequently used in a setting of
daily clinical practice. Evaluation of inferior vena cava (IVC)
diameter and collapsibility can be relatively easily obtained at
the subcostal window from any patients, and it would help
identify patients who are in hypovolemic states. Of note,
IVC collapsibility would not occur in patients supported by
positive airway pressure ventilation, and it should not be used
for RAP estimation [13••]. CO and stroke volume (SV) are the
most important targets for optimization of hemodynamics in
patients with cardiovascular disease, and echo-derived

noninvasive assessments should guide treatment strategy.
Since the CO calculation by echocardiography was first re-
ported by Magnin et al. [20], a good correlation between in-
vasive and echo-derived measurements has been shown in
several studies and guidelines [13••, 15, 16]. Even so, the
formula of CO and SV estimations includes the LV outflow
(LVOT) diameter for calculating cross-section area, and an
accurate calculation of LVOT is difficult in some patients be-
cause it varies between the echo-views. In addition, the LVOT
shape is not a perfect circle. Therefore, repeated measure-
ments of intra-patient changes in echo-derived CO and SV
would be the most practical usage of this modality, which
helps evaluate patient responses to medical or surgical thera-
py. Using echo-derived hemodynamic estimation as a tool to
monitor “intra-patient” responsiveness to the treatments
should be also applied to PAP, PVR, and SVR.

It is worth mentioning that estimation of CO at the RV
outflow (RVOT) is an important parameter in the care of pa-
tients supported by left ventricular assist devices (LVAD).
LVAD therapy has become a standard therapy for patients
with advanced HF, not only as a bridge to cardiac transplan-
tation but also as a destination therapy or a bridge to myocar-
dial recovery. In patients supported by LVAD, systemic circu-
latory output, or combined LVAD and native heart-driven CO,
is calculated using the RVOT diameter and the time-integral
velocity of RVOT, according to the same formula as CO cal-
culation at LVOT. Systemic circulatory output is the sum of a
patient’s own cardiac output from the LV, when his or her
aortic valve opens at least intermittently, and the flow from
the LVAD. In other words, CO measured at RVOT minus the
LVAD pump flow is equivalent to CO which a patient’s own
heart can produce, as long as a patient does not have an intra-
cardiac shunt [21]. Noninvasive measurement of systemic cir-
culatory output and estimation of output from the own LV in
patients supported by LVAD are critically important, not only
for the optimization of LVAD settings but also for consider-
ation of the timing of weaning from LVAD and the assessment
of LVAD malfunction.

Serial assessments of PAP by echocardiography using tri-
cuspid regurgitation (TR) jet velocity for calculation of the
pressure gradient between RV and RA are also widely used
in daily practice. This measurement is easily obtainable be-
cause most of patients with cardiovascular diseases or HF
have some TR, and recent studies have proven its reliability
in diagnosing pulmonary hypertension (PH) [7, 22]. Figure 2
shows an estimation of PAP by echocardiography. One of the
critical roles of echo-derived noninvasive assessment of PAP
is that the presence of PH is significantly associated with poor
prognosis not only in patients with HF [5–8] but also in the
general population [23]. Considering the recent progress of
HF treatments, which have specifically targeted PH treatment,
repeatable assessments of PAP using noninvasive methods
would be required for optimization of treatment strategy [24].
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Assessment of Pulmonary Hypertension Due to Heart
Failure by Echocardiography

The significant merit of noninvasive PAP assessment by
echocardiography is that it can simultaneously evaluate
LV diastolic function, which would help deduce PH types.
Although the echo-derived estimation of hemodynamic
parameters as continuous variables, especially regarding
pulmonary capillary wedge pressure (PCWP), contains
limitations, and the methodology itself has not yet been

fully validated, simultaneous evaluation of hemodynamics
and ventricular function by echocardiography can provide
physician with some hints for differentiating PH patients
with isolated post-capillary PH (Ipc-PH) from those with
combined post-capillary and pre-capillary PH (Cpc-PH)
due to left-sided HF. Ipc-PH presents a hemodynamic
state that is similar to what was previously known as
passive post-capillary PH. Cpc-PH presents a hemody-
namic state that is similar to what was previously known
as reactive post-capillary PH.

Table 1 Evaluation of hemodynamic parameters by echocardiography

Hemodynamic parameter Echocardiographic indices required for the
assessment

Methodology/formula

RAP (mmHg)
CVP (mmHg)

IVC diameter
IVC diameter change with respiration

(collapsibility)

RAP ≈ 0–5 mmHg; size < 2.1 cm, collapses > 50%
RAP ≈ 5–10 mmHg; size > 2.1 cm; collapses > 50%
RAP ≈ 10–20 mmHg; size > 2.1 cm; collapses < 50%

Venous flow pattern in SVC or hepatic
vein, jugular vein

RAP > 8 mmHg; systolic wave (Vs) < diastolic wave (Vd)

Tricuspid inflow E
TDI-derived RV free wall e′

RAP > 10 mmHg; E/e′ > 6

Tricuspid inflow E RAP = − 1.263 + 0.01116 × [acceleration rate (cm/s2) of E]

Systolic PAP (mmHg) TR jet maximal velocity sPAP ≈ 4 × TRVmax
2 + RAP

Mean PAP (mmHg) TR jet tracing mPAP ≈ (mean PG obtained by TR jet) + RAP

PR jet maximal velocity mPAP ≈ 4 × PRVmax
2 + RAP

Diastolic PAP (mmHg) PR jet end-diastolic velocity mPAP ≈ 4 × PRVdiastolic end
2 + RAP

PVR (WU) TR jet maximal velocity
TVI of the RVoutflow tract

PVR ≈ TRVmax TVIRVOT × 10 + 0.16
PVR > 6 WU; TRVmax/TVIRVOT > 0.275
PVR ≈ 5.19 × TRVmax

2/TVIRVOT − 0.4 (for patients with
elevated PVR)

Pulmonary systolic flow PVR ≈ [(PEPp AcTp)] TTp

LAP (mmHg)
PCWP (mmHg)

Mitral inflows E and A
TDI-derived mitral annular e′

Under normal global LV function (LVEF > 40%)
PCWP ≤ 12 mmHg; E/e′ ≤ 8
PCWP > 12 mmHg; E/e′ ≥ 13 (mean)
PCWP > 12 mmHg; septal E/e′ ≥ 15, lateral E/e′ ≥ 12
Depressed LV function (LVEF < 40%)
PCWP ≤ 12 mmHg; E/A < 1, E < 50 cm/s
PCWP > 12 mmHg; E/A > 1, DcT of E < 150 ms

Mitral inflows E and A PCWP ≈ 32.16 + (− 0.1045 × E) + (0.1345 × A) + (− 0.17 ×DcT
of E) + (4.95 × E/A)

SV (L) TVI of the LVoutflow tract
LVoutflow diameter

SV ≈ (RLVOT/2)
2 × TVILVOT

CO (L/min) Heart rate
TVI of the LVoutflow tract
LVoutflow diameter

CO ≈HR× (RLVOT )2 × TVILVOT

SVR (WU) MR jet maximal velocity PVR ≈ 0.459 + 49.397 × (MRVmax TVILVOT)

CO of the diseased LV under LVAD
support (L/min)

Heart rate
TVI of the RVoutflow tract
RVoutflow diameter

CO of native LV ≈ [HR × (RRVOT 2)2 × TVIRVOT] − estimated
LVAD pump flow

RAP, right atrial pressure; CVP, central venous pressure; SVC, superior vena; TDI, tissue Doppler imaging; TR, tricuspid regurgitation; sPAP, mean
pulmonary artery pressure; TRVmax, peak velocity of tricuspid regurgitation jet; mPAP; mean pulmonary artery pressure; PG, pressure gradient; PR,
pulmonary regurgitation; PRVmax, peak velocity of pulmonary regurgitation jet; PRVdiastolic end, end-diastolic velocity of pulmonary regurgitation jet;
TVI, time-velocity integral; TVIRVOT, time-velocity integral of the right ventricular outflow tract; PEPp, pre-ejection period of pulmonary systolic flow;
AcTp, acceleration time of pulmonary systolic flow; TTp, total systolic time of pulmonary systolic flow; LAP, left atrial filling pressure; PCWP, pulmonary
capillary wedge pressure; LV, left ventricular; LVEF, left ventricular ejection fraction;DcT, deceleration time; SV, stroke volume;CO, cardiac output;HR,
heart rate; RLVOT, LVoutflow diameter; MRVmax, peak velocity of mitral regurgitation jet; LVAD, left ventricular assist device

Reproduced and modified from Beigel R, et al. J Crit Care 2014:29:184.e1–8, with permission from Elsevier [15]
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The current hemodynamic definition of PH is summa-
rized in Table 2 [25••]. As stated above, group 2 PH,
known as PH owing to the result of left heart disease, is
classified into two different hemodynamic profiles.
Previously, it was dichotomized to passive and reactive
post-capillary PH using a transpulmonary gradient (TPG)
defined as the mean PAP minus PCWP for discrimination;
passive post-capillary PH was associated with TPG ≤
12 mmHg and reactive post-capillary PH was associated
with TPG > 12 mmHg. Thereafter, the definition and the
terminologies were updated, including the use of the dia-
stolic pressure gradient (DPG), defined as diastolic PAP
minus mean PAWP [25••]. Very recently, a proposal to
change the diagnostic criteria of pulmonary hypertension
from mean PAP > 25mmHg to > 20 mmHg was made at
the World Symposium on Pulmonary Hypertension in
2018. Thus, the cutoff values and the definition may pos-
sibly be altered in the near future, although the fundamen-
tal concept has been well investigated.

In Ipc-PH or passive post-capillary PH, high PCWP
due to stiff LV with abnormal relaxation and compliance
is transmitted back to the pulmonary venous circulation.
The PAP elevation in passive PH patients is caused in
order to produce forward flow from the pulmonary circu-
lation to left atrium (LA); accordingly, a TPG ≤ 12 mmHg
or DPG < 7 mmHg is good enough. Stated differently, the
degree of PA elevation in Ipc-PH patients is not extremely
significant and can be reduced if LV diastolic function
improves and PCWP decreases via adequate HF treat-
ment. In contrast, Cpc-PH, which used to be called as

reactive PH or out-of-proportion PH, is associated with
further significantly elevated PAPs that are conducive to
vascular proliferative changes and vasoconstriction in
both pulmonary venous and atrial systems. Patients in this
category manifest with a pre-capillary component to PH,
showing TPG > 12 mmHg or DPG ≥ 7 mmHg. Due to
histological changes in the pulmonary vasculature, elevat-
ed PAP in Cpc-PH patients cannot be normalized with
treatment of underlying HF alone.

Accordingly, patients with post-capillary PH due to
significantly advanced diastolic dysfunction are subjected
to a pre-capillary component of PH and ultimately devel-
op RV failure, which mimics RV structural and function-
al changes seen in patients with PAH (group 1 PH).
From this point of view, echocardiography is a powerful
tool for evaluating patients with HF and diastolic dys-
function who are at risk of or on the way to developing
Cpc-PH. Their RV would initially show hypertrophy in
response to the high afterload, followed by the develop-
ment of RV and RA dilatations with leftward displace-
ment of interventricular septum, so-called D-shaped LV.
The disease progression gradually causes irreversible RV
systolic and diastolic dysfunction. RV myocardial ische-
mia, owing to imbalanced oxygen demand and supply,
occurs as a result of reduced coronary flow under elevat-
ed PAP. The reduced coronary flow cannot provide
enough oxygen to hypertrophic and dilated RV and is
reported to be a contributor to RV dysfunction in PH
patients [26]. Figure 3 shows echocardiographic findings
obtained from patients developing Cpc-PH.

Fig. 2 Evaluation of pulmonary
artery pressure (PAP) by
echocardiography. The upper
right image demonstrates normal
right atrial pressure of 3 mmHg.
The lower image demonstrates
the estimation of systolic PAP and
mean PAP, based on the RV-RA
pressure gradient (PG) using TR
jet maximal velocity and TR jet
trace. sPAP indicates systolic PAP
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Table 2 Hemodynamic definitions of pre- and post-capillary pulmonary hypertension

Definition Characteristics* Clinical group(s)**

PH mPAP ≥ 25 mmHg All
Pre-capillary PH mPAP ≥ 25 mmHg

PCWP ≤ 15 mmHg
1. Pulmonary arterial hypertension
3. PH due to lung diseases
4. Chronic thromboembolic PH
5. PH with unclear and/or multifactorial mechanisms

Post-capillary PH mPAP ≥ 25 mmHg
PCWP > 15 mmHg

2. PH due to left heart disease
5. PH with unclear and/or multifactorial mechanisms

Recent classification of post-capillary PH
Using DPG Isolated post-capillary PH

(Ipc-PH)
DPG < 7 mmHg and/or PVR ≤ 3 WU¶ 2. PH due to left heart disease

5. PH with unclear and/or multifactorial mechanisms
Combined post-capillary and pre-capillary PH
(Cpc-PH)

DPG ≥ 7 mmHg and/or PVR > 3 WU¶ 2. PH due to left heart disease
5. PH with unclear and/or multifactorial mechanisms

Reactive post-capillary PH TPG > 12 mmHg 2. PH due to left heart disease
5. PH with unclear and/or multifactorial mechanisms

Abbreviations not defined in the text: PH, pulmonary hypertension; mPAP, mean pulmonary arterial pressure; PCWP, pulmonary capillary wedge
pressure;DPG, diastolic pressure gradient (diastolic PAP −mean PCWP); PVR, pulmonary vascular resistance; TPG, transpulmonary pressure gradient
(mean PAP −mean PCWP); WU, Wood units

*All values measured at rest. **Number indicates PH group classification

Wood units are preferred to dynes s cm−5

Reproduced fromGaliè et al. Eur Heart J. 2016:37:67–119, with permission of Oxford University Press on behalf of the European Society of Cardiology
[25••]

Fig. 3 Echocardiographic images obtained from a patient with a long
history of left heart failure developing combined post-capillary and pre-
capillary (Cpc) pulmonary hypertension. The upper left image
demonstrates leftward septal displacement at the end-systolic phase,
indicated by the yellow allows. The lower left image demonstrates the
reduced systolic function as reflected by low RVFAC. RVFAC < 35%
indicates RV systolic dysfunction. The right images demonstrate the

elevation of PVR, estimated by the formula using the TRVmax and
TVIRVOT. The normal range of PVR is < 1.5 Wood units. RVFAC
indicates right ventricular fractional area change; PVR indicates
pulmonary vascular resistance; TRVmax indicates peak velocity of
tricuspid regurgitation jet; TVIRVOT indicates time-velocity integral of
the right ventricular outflow tract
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Evaluation of Chamber Morphology and Patients’
Prognoses by Echocardiography

In addition to the noninvasive hemodynamic assessment ex-
amined above, echocardiography is useful for obtaining both
LV and RV morphological information, as well as chamber-
specific functions. This information is of particular signifi-
cance when attempting to risk-stratify HF patients and predict
their prognoses.

Even a glance at LV shape via echocardiography aids esti-
mation of the severity of LV remodeling and prognosis. The
sphericity index is the ratio of the long-axis diameter (mitral
annulus to apex at four-chamber view) and minor-axis/trans-
verse diameter (mid-cavity level at four-chamber view or ide-
ally at short-axis view) of the LV (Fig. 4a). This ratio can predict
functional capacity in patients with LV dysfunction [27]. As
compared with the LVend-diastolic dimension and LVejection

fraction, LV volume (especially LV end-systolic volume) and
LA dilatation are markers for poor prognoses [28]. Three-
dimensional echocardiography can allow us to calculate LV
volume as accurately as when measuring via cardiac MRI. In
addition to the CO estimation using time-velocity integral
(TVI) at LVoutflow, serial assessment of LV contractility would
help assess disease progression and responsiveness to treat-
ment. The ratio of pre-ejection time (PEP) and ejection time
(ET) of aortic valves using M-mode and dP/dt calculations
using mitral regurgitation jets are also good indices for LV
contractility (Fig. 4). As noted previously, LV diastolic func-
tional analysis is also important because it presents a substantial
risk for developing PH.

RV functional analysis is essential for risk stratification and
prognosis assessment in patients with HF and all patients with
cardiovascular diseases. The RV functional parameters, which
should be obtained by echocardiography, are shown in Table 3

a b

c d

Fig. 4 a Sphericity index (SI). The ratio of long-axis (L) and minor-axis
(T) diameters at end-diastolic phase obtained at apical four-chamber view.
In patients with DCM, L/T is approximately between 1.5 and 2.0.
According to the progression of LV remodeling, LV shape transforms
from elliptical to spherical, and SI approaches 1, which is a sign of poor
prognosis. A patient with dilated cardiomyopathy in the figure shows L =
7.1 cm, T = 5.6 cm, and SI = 1.26. b PEP/ET calculation by M-mode
echocardiography at aortic valve section. PEP is the duration from Q
wave of EKG to aortic opening. ET is the duration from aortic valve
opening to closing. In patients with reduced LV contractility, time
required for LV pressure increase is prolonged. As a result, PEP/ET
increases (normal range = 0.28–0.41). The same patient in panel a
shows PEP = 124 ms, ET = 191 ms, PEP/ET = 0.649. c TVI calculation
by systolic forward flow at LVOT. Presuming that LVOT diameter may
not alter much in each patient, the change in TVI can be used as a simple
monitoring tool for CO change (normal range, 18 to 20 cm). TVI below

12 cm indicates low cardiac output. The same patient in panel a shows
VTI = 7.47 cm. His LVOT is 2.1 cm andHR is 62 bpm, and the CO in this
patient is calculated as 1.6 L/min, according to the following formula:
CO = SV (stroke volume) × HR (heart rate), SV = LVOT area ×
TVILVOTVTI, LVOT area = (LVOT 2)2 × π. d dP/dt calculation by
mitral regurgitation jet. Mitral regurgitation jet shape represents
pressure gradient between LV and LA, and dP/dt is its slope. In patients
with reduced LV contractility, time required for LV pressure increase is
prolonged. As a result, the slope of dP/dt becomes less steep or shelving
(normal range ≥ 1200 mmHg/s). In patients with severe LV systolic
dysfunction, dP/dt may be below 800 mmHg/s. The calculation formula
is as follows: dividing the difference of pressure gradients at 1 m/s
(pressure gradient of 4 mmHg) and 3 m/s (pressure gradient of
36 mmHg) by the required time (ΔT), dP/dt = (36–4) ΔT. The same
patient in panel a shows ΔT = 48 s, dP/dt = 667 mmHg/s
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[29]. The RV free wall lacks oblique muscle, and longitudinal
contraction is a greater contributor to the RV effective stroke
volume than transverse shortening [11]. Therefore, assess-
ment of longitudinal shortening of RVas a means of RV func-
tional analysis is logical and reliable from an anatomical point
of view. Tricuspid annular plane systolic excursion (TAPSE),
which quantifies the displacement of the tricuspid annular at
the RV free wall, is a simple and easily obtainable parameter
reflecting global RV function. Tissue Doppler imaging (TDI)–
derived RV free wall S′ [30], which is also a parameter
reflecting RV longitudinal contraction, is easy to measure.
Two-dimensional speckle-tracking echocardiography has also
been used to evaluate RV function. A longitudinal strain of the
RV free wall is a reproducible and reliable index of RV global
function [31]. Interestingly, Guazzi et al. proposed that the
ratio of TAPSE (reflecting RV myocardial length) and PA
systolic pressure (developed pressure of RV), which indicate
the cardiac “length-force relationship,” provides a comprehen-
sive noninvasive assessment of RV contractile state and re-
serve [32].

Regarding the volumetric analysis of RV, two-
dimensional echocardiography contains problems in its
accuracy. While the LV is elliptical in shape, the RV has
much complex geometry consisting of an inlet portion, an
outlet portion, and an apical trabecular portion between
them. Compared with the LV, the RV is more triangular
or semi-lunar in form on lateral or vertical projections. As
long as a patient is evaluated at an institution with suffi-
cient experience and skills with three-dimensional echo-
cardiography, three-dimensional echo-derived RV ejection
fraction measurement is recommended as a method of
quantifying RV systolic function [29].

Table 4 summarizes the echo-derived predictive indica-
tors for prognosis in patients with HF. These parameters
cannot be obtained from right heart catheterization alone
and demonstrate the usefulness of concomitant assessment
by cardiac imaging.

Assessment of Cardiac Function Using Cardiac
Computed Tomography

Cardiac computed tomographic angiography (CTA) has
been widely used as a noninvasive assessment tool of the
coronary arteries, and it can detect significant coronary
luminal obstruction with high accuracy. The technology
of cardiac CTA using multi-detector row CT (MDCT) in-
cluding submillimeter slice collimation and high temporal
resolution has undergone rapid improvement. Using the
raw MDCT data, we can now evaluate multiple other car-
diac functional parameters, such as LV and RV volumes,
ejection fractions, and cardiac output without the need for
additional contrast or radiation exposure [33, 34]. Recent
studies have revealed that LV volume and LVEF measure-
ments by MDCT using retrospective gating have a good
correlation with cardiac MRI, which is currently consid-
ered the gold standard for volumetric analysis [35, 36].
Regarding LV global functional analysis, MDCT is report-
ed to be more accurate than cineventriculography, two-
dimensional echocardiography, and three-dimensional
echocardiography compared with MRI [36].

Cardiac CT can also be used to assess tissue character-
ization. The area of myocardial fibrosis or scar tissue can
be detected by late enhancement (LE) in cardiac MDCT,

Table 3 Echo-derived RV parameters and their normal values

RV functional parameters Normal values Abnormality threshold

Systolic functional parameters TAPSE (mm) 24 ± 3.5 < 17

Pulsed Doppler S wave (cm/s) 14.1 ± 2.3 < 9.5

Color Doppler S wave (cm/s) 9.7 ± 1.85 < 6.0

RV fractional area change (%) 49 ± 7 < 35

RV free wall 2D strain (%) − 29 ± 4.5 > − 20 (absolute value< 20)

RV 3D EF (%) 58 ± 6.5 < 45

Systolic and diastolic functional parameters Pulsed Doppler MPI* 0.26 ± 0.085 > 0.43

Tissue Doppler MPI 0.38 ± 0.08 > 0.54

Diastolic functional parameters E wave deceleration time (ms) 180 ± 31 < 119 or > 242

E/A 1.4 ± 0.3 < 0.8 or > 2.0

e′/a′ 1.18 ± 0.33 < 0.52

e′ 14.0 ± 3.1 < 7.8

E/e 4.0 ± 1.0 > 6.0

Abbreviations not defined in the text: MPI, myocardial performance index (Tei index)

Reproduced and modified from Lang et al., J Am Soc Echocardiogr 2015:28:1–39, with permission from Elsevier [29]
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although late (or delayed) gadolinium enhancement (LGE)
of cardiovascular magnetic resonance imaging (CMR) is
the gold standard imaging tool of visualization in such
lesions [37]. The LE detection by cardiac CT would be
an alternative tool in patients with contraindications for
CMR. The calculation of extracellular volume fraction
(ECV) by cardiac MDCT provides useful information in
the diagnosis and management of patients with cardiovas-
cular diseases [38]. Indeed, the American College of
Cardiology Foundation/American Heart Association
guideline clearly states that the advantage of cardiac CT
over echocardiography may be its ability to characterize
the myocardium in addition to accurate assessment of car-
diac structure and function [39]. Considering that low-
kilovolt (KV) scans are now used to reduce radiation ex-
posure and that automated analysis technology is rapidly
improving, the role of cardiac CT for evaluating cardiac
function will likely continue to be further established.

Assessment of Cardiac Function Using
Cardiovascular Magnetic Resonance Imaging

The CMR can evaluate cardiac structure, morphological fea-
tures, coronary narrowing, myocardial perfusion, and cardiac
function using multiple imaging techniques in a single system
such as spin echo imaging, gradient echo imaging, late gado-
linium enhancement (LGE) sequences, and flow velocity
encoding [40].

Steady-state free precession (SSFP) imaging is used for cine
acquisitions to evaluate cardiac structure, wall motion, and dy-
namic volumetric analysis of LV and RV. It can also be useful
for detecting thrombus in the cardiac chambers and clarifying
the border of myocardium or prominent trabeculations, helping
to diagnose noncompaction cardiomyopathy. Indeed, the as-
sessment of chamber volume and ejection fractions by CMR
is reliable and reproducible; therefore, it is now the standard
noninvasive tool for cardiac functional analysis [37, 41, 42•]. In

Table 4 Echocardiographic indices useful for predicting prognosis in patients with HF

Study Prognostic parameters Study results in detail Comments

Rossi et al.
(2002) [28]

DCM patients
• LAVI (mL)
• LVEDV (mL)
• LVESV (mL)
• LVEDVI (mL/m2)
• LVESVI (mL/m2)
• LVEF (%)
• E/A ratio
• Restrictive mitral inflow pattern
• MR grade

Univariate HR (95%CI), p value
• LAVI 1.02(1.02–1.03), p < 0.0001
• LVEDV 1.00(1.00–1.01), p = 0.001
• LVESV 1.00(1.00–1.01), p = 0.0003
• LVEDVI 1.01(1.00–1.01), p = 0.0001
• LVESVI 1.01(1.00–1.01), p < 0.0001
• LVEF 0.96(0.93–0.98), p = 0.0006
• E/A 1.6 (128–2.01), p < 0.0001
• Restrictive pattern 0.33

(0.20–0.55), p < 0.0001
• MR 1.21(1.028–1.44), p = 0.02

• LVend-systolic volume is more significantly
associated with poor prognosis than LV
end-diastolic volume

• LV diastolic parameters and LA dilatation are more
significantly associated with poor prognosis than
systolic parameters

Ghio et al.
(2001) [5]

Patients with LVEF < 35%
• Decrease in RVFAC by 5%
• NYHA (III /IV vs. II)
• Increase in LVESDI by 5 mm
• Increase in mPAP by 5 mmHg

Multivariate-HR (95%CI), p value
• RVFAC 1.26 (1.10–1.46), p = 0.001
• NYHA 2.7 (1.4–5.1), p = 0.003
• LVESDI 1.20(1.04–1.40), p = 0.013
• mPAP 1.10 (1.0–1.21), p = 0.047

• RV dysfunction most significantly predicts
poor prognosis

Ghio et al. (2001) [5] • RVEF < 35% AND mPAP
> 20 mmHg

• 7 times higher death/transplant; vs. RVEF > 35% AND mPAP < 20 mmHg
• 3 times higher death/transplant; vs. RVRF < 35% OR mPAP > 20 mmHg

Darahim et al.
(2012) [30]

Patients with LVEF < 40%
• TDI-derived RV free wall S′ (cm/s)
• TDI-derived RV S′ integral (cm)
• RVFAC (%)
• TAPSE (cm)

Best cutoff value, sensitivity, specificity for death/transplant/acute HF
• S′ of 10, 92% sensitivity, 65% specificity
• S′ integral of 2.4, 80% sensitivity, 55% specificity
• RVFAC of 30, 72% sensitivity, 63% specificity
• TAPSE of 15.5, 75% sensitivity, 63% specificity
S′ < 10 independently predicts poor outcomes

Haeck ML et al.
(2012) [31]

Patients with PH with any etiologies
• RV longitudinal peak systolic

strain ≥ − 19%

• Higher values cause mortality and worse NYHA functional class;
vs. RV longitudinal strain < − 19%

Guazzi et al.
(2013) [32] • TAPSE/PASP < 0.36 mm/mmHg

• TAPSE < 16 mm
• NYHA class ≥ 3
• E/e′ ≥ 3

Multivariate-HR (95%CI), p value
• TAPSE/PASP 10.3 (5.4–19.8), p < 0.001
• TAPSE 5.1 (2.8–9.1), p < 0.001
• NYHA 4.4 (2.4–8.0), p < 0.001
• E/e′ 4.1 2.3–7.2

• TAPSE/PASP independently predict cardiac death
in patients with HF, irrespective of LV morphology
and degree of dysfunction.

Abbreviations not defined in the text: LAVI, left atrial volume index; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic
volume; LVEDVI, left ventricular end-diastolic volume index; LVESVI, left ventricular end-systolic volume index; LVEF, left ventricular ejection
fraction;MR, mitral regurgitation; EDT, mitral E wave deceleration time; LVESDI, left ventricular end-systolic diameter index; mPAP, mean pulmonary
artery pressure; FMR, functional MR; TDI, tissue Doppler imaging; RV, right ventricular; RVFAC, RV fractional area change; TAPSE, tricuspid annular
plane systolic excursion; NYHA, New York Heart Association
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particular, the RV chamber has a complex geometry of triangu-
lar shapes with trabeculations; therefore, accurate volumetric
and functional analysis by two-dimensional echocardiography
contains limitations. CMR can clarify the myocardium and
moving blood in a three-dimensional view, which allows ade-
quate RV volumetric and functional analysis [42•, 43•]. Several
studies have revealed the usefulness of RV functional analysis
by CMR for risk stratification and prediction of prognosis in
patients with PH [44, 45]. RV stroke volume is a prognostic
hemodynamic parameter in PH patients, and CMR has the abil-
ity to analyze RV function [45]. RV functional analysis by
CMR is now used to assess the reversibility of RV remodeling
by catheter intervention in areas of chronic thromboembolic
pulmonary hypertension (CTEPH) [46]. CMR-derived LA
functional analysis is also a promising area for further develop-
ment [47]. Diastolic functional parameters, which are equiva-
lent to the mitral annular velocity obtained from echo-derived
TDI, can also be analyzed by CMR [48].

Other CMR-related technologies of cardiac functional anal-
ysis include T1 mapping [49] and myocardial strain measure-
ments [50]. T1 myocardial mapping can be performed either
with or without gadolinium-based contrast agents. T1 mapping
without or before contrast administration is called native T1
mapping, which reflects the myocardial disease tissue–
specific and interstitial changes. Using post-contrast T1 map-
ping and native T1 mapping together with the hematocrit level
measurement, ECV fraction can be calculated [49]. Myocardial
strain analysis by CMR is useful for both global and regional
myocardial functional evaluation. Several methodologies have
been applied, including CMR tagging, phase velocity mapping
(PVM), displacement encoding with simulated echoes
(DENCE), and strain encoded (SENC). Recently developed
CMR feature tracking (CMR-FT) uses similar methodology
to speckle-tracking echocardiography and analyzes results with
a post-processing approach to existing data without additional
image acquisition [50]. In patients who have limited transtho-
racic echocardiographic windows, CMR-FT is a useful tool for
evaluating global and local myocardial function by strain
measurement.

Conclusion

Echocardiography can be performed serially at the bedside,
and some key parameters are relatively easily obtainable; thus,
it can be a valid alternative to invasive cardiac catheterization
and suitable for hemodynamic monitoring. Complex parame-
ters of pulmonary hemodynamics can also be evaluated by
echocardiography. Cardiac CT and CMR are used not only
for global cardiac functional analysis but also for evaluation
of myocardial tissue and interstitial characterization.

Cardiac imaging modalities, when several tools are com-
bined, can provide hemodynamic information, including

pulmonary circulation as well as structure and morphological
feature of the cardiac chambers in a comprehensive manner.
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