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Abstract

Pressure—volume (PV) analysis is the most comprehensive way to describe cardiac function, giving insights into cardiac
mechanics and energetics. However, PV analysis still remains a highly invasive and time-consuming method, preventing it
from integration into clinical practice. Most of the echocardiographic parameters currently used in the clinical routine to
characterize left ventricular (LV) systolic function, such as LV ejection fraction and LV global longitudinal strain, do not take
the pressure developed within the LV into account and therefore fall too short in describing LV function as a hydraulic pump.
Recently, LV pressure-strain analysis has been introduced as a new technique to assess myocardial work in a non-invasive
fashion. This new method showed new insights in comparison to invasive measurements and was validated in different cardiac
pathologies, e.g., for the detection of coronary artery disease, cardiac resynchronization therapy (CRT)-response prediction,
and different forms of heart failure. Non-invasively assessed myocardial work may play a major role in guiding therapies and
estimating prognosis. However, its incremental prognostic validity in comparison to common echocardiographic parameters
remains unclear. This review aims to provide an overview of pressure-strain analysis, including its current application in the
clinical arena, as well as potential fields of exploitation.

Keywords Non-invasive pressure-strain analysis - Myocardial work - Myocardial mechanics - Echocardiography - Strain -
Speckle tracking

Introduction

The evaluation of left ventricular (LV) systolic function is
of significant importance in all echocardiographic examina-
tions. The most common parameter to assess systolic func-
tion is left ventricular ejection fraction (LVEF), whereas
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reduced LVEF is correlated with poor outcome [1-3]. How-
ever, LVEF is sensitive neither for the assessment of regional
differences in myocardial function nor for diastolic dysfunc-
tion [4]. Strain analysis by speckle-tracking echocardiogra-
phy (STE) has become more and more relevant in the evalu-
ation of regional and global left ventricular function over the
last years, primarily due to its ability to detect subclinical
dysfunction in a variety of cardiac pathologies, including
a condition of preserved LVEF [5-11]. A major limitation
of myocardial strain-analysis lies in its load dependency,
which can lead to misinterpretation of the actual myocardial
contractility [12, 13].

Pressure—volume analysis, the gold standard in assessing
ventricular function, delivers reasonably load-independent
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measures, as the end-systolic and end-diastolic pressure—
volume relationships [14—17]. Furthermore, PV analysis gives
insight into the ventricular-arterial coupling and offers infor-
mation about myocardial energetics and efficiency. In terms
of myocardial energetics, the total myocardial oxygen con-
sumption per beat (MVO?2) is described by the pressure—
volume area (PVA), which is defined as the sum of stroke
work (SW) and the potential energy (PE) [18-20]. Stroke
work stands for the external work of the heart, meaning the
energy which is required to eject blood into the vascula-
ture system and is represented by the area of the pressure—
volume loop [18]. PE is the potential myocardial work which
is not liberated due to aortic valve closure and stored in the
myofilaments (Fig. 1) [18]. Pressure—volume analysis has
been proven to be an essential tool for the understanding of
cardiovascular physiology and pathophysiology. However,
due to its invasive nature and complexity, it has never been
implemented into daily clinical practice.

Due to a further development in echocardiographic tech-
niques including the implementation of volume and strain
analysis, it became possible to estimate diastolic and sys-
tolic pressure volume relationships non-invasively [21,
22]. Recently, Russel et al. established a method to non-
invasively assess myocardial work by obtaining pressure-
strain-loops via STE based on a non-invasive approach to esti-
mate left ventricular pressure (LVP) [22]. This review aims
to provide an overview of the current state of research regard-
ing this promising and holistic approach to non-invasively
assess LV function.
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Fig.1 Pressure—volume analysis; the sum of the potential energy
(PE) and stroke work (SW) describes the pressure volume area
(PVA), ESPVR end-systolic pressure volume relationship, EDPVR
end-diastolic pressure—volume relationship
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Theoretical background and first clinical validation

Whereas the pressure—volume loop describes the global
myocardial work und function, also regional myocardial
work has been studied in the form of pressure-length
loops, obtained via micromanometers for the assessment
of pressure, and implanted sonomicrometric crystals for
the calculation of dimensions in animal models [23, 24].

The sonomicrometry technique, first introduced in 1956
by Rushmer et al. [25], has traditionally been used for the
assessment of the dimensions of the heart [26, 27]. One of
the first studies on the topic by Leraand et al. showed that
ultrasonic elements sutured into the left myocardial wall
of anesthetized dogs correctly measured local myocardial
distances [28].

In analogy to the pressure—volume loop ability to reflect
global myocardial oxygen consumption, Delhaas et al.
could show that the regionally assessed stress-fiber strain
area was not only able to reflect regional myocardial work
but also regional oxygen demand [29].

Assessment of myocardial wall stress is difficult and not
feasible in clinical practice. Studies by Skulstad and Urheim
et al. could validate the invasively measured LV pressure as
a surrogate of left ventricular wall stress [30, 31]. Further-
more, they demonstrated that regional myocardial work can
be estimated from a combined measurement of invasively
assessed LV pressure and myocardial strain by strain Dop-
pler echocardiography (SDE) [30, 31]. Over a wide range
of conditions, the SDE method correlated well with those
measured by sonomicrometry [30, 31], leading to a more
non-invasive approach of determining myocardial work.

The new approach by Russel et al. goes even a step
further by assessing myocardial work completely non-
invasively. They combined segmental strain curves by
speckle tracking echocardiography with an estimated LV
pressure curve where the systolic cuff pressure is used as a
surrogate of LV peak pressure [22]. The method was vali-
dated in a variety of pathologies showing a good correla-
tion to invasive measurements [5, 13, 22, 32-38]. Similar
to the pressure—volume loop, non-invasive pressure-strain
loops were shown to reflect regional myocardial oxygen
consumption and metabolism validated by '*F-fluorode-
oxyglucose positron emission tomography [22] (Table 1).

Segmental work calculation

In general, a vendor-specific module (EchoPAC Version
202, GE) is necessary to assess non-invasive myocardial
work by combining left ventricular strain data obtained via
speckle-tracking echocardiography with a non-invasively
estimated LV pressure curve.
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Practically, LV global longitudinal strain (GLS) has
to be estimated by processing two-dimensional grayscale
images acquired in the standard apical two-, three-, and
four-chamber views at similar heart rate, depth, and a frame
rate between 38 and 80 frames/s with an off-line dedicated
software (Automated Functional Imaging; EchoPAC®, Ver-
sion 202, GE).

The novelty of integrating non-invasive LV pressure is
based on the creation of a normalized left ventricular pres-
sure curve which was obtained by assembling invasive LVP
measurements from patients in different conditions of inot-
ropy [22]. All invasive LVP measurements were normal-
ized to equal durations of isovolumetric contraction, ejection
phase, and isovolumetric relaxation as well as the amplitudes
of left ventricular peak pressure [22].

To then establish each patient’s specific LVP curve, the
normalized LVP curve has to be adjusted according to the
patient’s valvular event times assessed via echocardiography
and the measured systolic cuff pressure, as a surrogate for
LV peak pressure [22].

To determine valvular events, event timing can be derived
by ECG-triggering or Doppler echocardiography. Electri-
cal and mechanical phases should be aligned and can be

Fig.2 Practical assessment

of myocardial work. a Global
longitudinal strain is calcu-

lated through two-dimensional a)
grayscale images acquired in the

standard apical two-, three- and
four-chamber views. b Visuali-

zation of the calculated strain
measurements. ¢ Determina-

tion of valvular event timings

using pulsed-wave Doppler or
ECG-triggering and insertion b
of systolic and diastolic blood )
pressure levels for myocardial

work calculation. d Visualiza-

tion of myocardial work via the
pressure-strain loop

c)

d)
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manually adjusted. It is recommended to assess the blood
pressure at the time of the examination (Fig. 2).

A 17-segment model is considered for the calculation of
segmental myocardial work. However, segmental myocardial
work is not assessed by calculating the area of each segmen-
tal pressure strain loop, rather it is calculated as a function
of time for the duration of the whole cardiac cycle [32]. In
particular, according to Russel et al. the strain recordings
have to be differentiated to acquire the corresponding strain
rate, which is then multiplied with the instantaneous LV
pressure, resulting in a measure of power [32]. To finally
obtain myocardial work as a function of time, instantaneous
power also has to be integrated over time (Fig. 3).

Global values of myocardial work are derived from the
average of all segmental myocardial work values. Further
parameters describe the relationship between positive and
negative myocardial work according to their occurrence dur-
ing the cardiac cycle (Fig. 4):

e Constructive myocardial work (GCW): positive segmen-
tal work performed during myocardial shortening in sys-
tole and negative segmental work during lengthening in
isovolumic relaxation
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Left ventricular
pressure (mmHg)

Instantaneous LV
power (mmHg %/s)

Time (s) 2. MULTIPLICATION
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1. DIFFERENTIATION

Strain rate (%/s)
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Fig.3 Calculation of segmental myocardial work by pressure strain-
analysis. Myocardial work by pressure strain analysis is calculated
as a function of time throughout the cardiac cycle. The calculational
steps include (1) the differentiation of the segmental strain (%) in
order to obtain the strain rate (%/s) which was then (2) multiplied
with the left ventricular pressure (mmHg). This results in a measure

e Wasted myocardial work (GWW): negative segmental
work performed during lengthening in systole and posi-
tive segmental work performed during myocardial short-
ening in isovolumic relaxation

e Myocardial work efficiency (GWE): relationship between
constructive work and the sum of constructive and wasted
work

Methods

For this literature review, we searched MEDLINE (PubMed)
and Embase, while clinicaltrials.gov was searched for ongo-
ing clinical studies. The following search terms included in
the title were used: “cardiac work,” “constructive work,”
“global longitudinal strain,” “global work index,” “myo-
cardial work,” “myocardial work efficiency,” “non-invasive
myocardial work,” in combination with “pressure-strain
loops” in the title or abstract. Relevance and credibility of
all the sources were considered, and the final decision on
inclusion was reached through a consensus of the following
screening authors: DA, TR, AF, and AA. Review articles,
case reports, comments, and author replies were excluded.
The cited references were published within the last 8 years.

Mvc AvO AvC Mvo

3. INTEGRATION
OVER TIME

Segmental myocardial
work (mmHg %)

Time(s)
0.1 0.4

mMvc avo AvC MVo

of instantaneous LV power (mmHg %/s). To finally obtain segmen-
tal myocardial work over time (mmHg %), (3) the instantaneous LV
power has to be integrated over time. MVC mitral valve closure, AVO
atrial valve opening, AVC atrial valve closure, MVO mitral valve
opening

A narrative synthesis with a tabulation system was used to
analyze studies for their diverse research designs, methods,
and implications.

Clinical applications

In the present review, we focused on the state of the art
regarding non-invasive myocardial work assessment in
several clinical fields: in CRT recipients, in patients with
ischemic cardiac disease, mitral valve repair, heart failure
with reduced (HFrEF) and those with heart failure and pre-
served ejection fraction (HFpEF) or HFpEF-like syndromes
(hypertrophic cardiomyopathy, cardiac amyloidosis) (Fig. 5).

Furthermore, we searched for ongoing clinical trials
focusing on non-invasive myocardial work assessed by
pressure-strain loops.

Cardiac resynchronization therapy

Cardiac resynchronization therapy (CRT) is an effective
therapy that aims to restore mechanical efficiency to the fail-
ing LV by resynchronizing the contraction of the left and
right ventricle, resulting in a reduction of both morbidity and
mortality [39]. According to the 2016 ESC guidelines for the

@ Springer
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Strain(%)

Global average
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Fig.4 Measurement of myocardial work indices by 2D echocardiog-
raphy. A Left ventricular pressure—strain loop. B Bull’s eye of global
work index (GWI). C Bar graphs depicting global constructive work

diagnosis and treatment of heart failure, CRT is taken into
account with a class I a recommendation in symptomatic
patients with heart failure (HF) in sinus rhythm with a QRS
duration > 150 ms and left bundle branch block (LBBB) as
well as with an LVEF <35% despite optimal medical therapy
(OMT); in patients with HFrEF regardless of their NYHA
class who indicate for ventricular pacing and high degree
AV block (including patients with atrial fibrillation) [40].
However, the number of patients who do not respond to
CRT remains high (30-35%) [41]. Estimating CRT response
is difficult as there is a lack of a globally accepted CRT
response definition. Mostly, CRT response is identified by
a>10-15% reduction of LV end-systolic volume (LVESV),
assessed by echocardiography 6 months after device implan-
tation, as a sign of LV reverse remodeling [42]. Current
patient selection criteria utilize the surface 12-lead ECG
to identify electromechanical delay; here, the presence of
left bundle branch block morphology is considered to be a
predictor of response to CRT [39]. However, it is becoming
increasingly clear that QRS duration is an inadequate predic-
tor of CRT response, since LV dyssynchrony is not uncom-
mon in patients with a narrow QRS, proving how electri-
cal dyssynchrony does not always correlate to mechanical
delay [43]. In such cases, mechanical dyssynchrony may be,
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work analysis

in fact, the result of abnormalities in regional contractil-
ity of the LV and loading conditions which can be better
assessed through further imaging techniques, rather than
ECG. However, although some echocardiographic dyssyn-
chrony parameters have proven to be valuable in predicting
CRT response in numerous, single-center studies [44, 45],
the multi-center PROSPECT trial showed how such predic-
tors are burdened with low sensitivity and specificity [42].
Therefore, as of today, no imaging technique is accepted
for the identification of CRT responders, as also pointed
out by 2016 ESC heart failure guidelines, which discourage
the use of echocardiographic dyssynchrony criteria for the
selection of patients [40]. Lastly, some clinical evaluations
have also been proposed to detect CRT responders: male
sex and ischemic etiology were shown as good predictors
to less favorable CRT response [46, 47]. Nonetheless, when
they were considered together with baseline LV volumes,
they proved to be no longer independent variables [48].
Regarding the use of pressure-strain analysis, Galli et al.
could show that GCW and GWW were associated with
a positive response to CRT [36, 38]. GCW and GWW at
baseline were significantly higher in CRT-responders in
comparison to non-responders. After 6 months of follow
up, CRT responders presented an increase in GCW and a
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Fig.5 Current scientific articles on myocardial work divided according to different clinical subtopics

reduction in GWW associated with LV reverse remodeling.
Based on the findings of Russel et al. indicating that pres-
sure strain measurements reflect cardiac metabolism, Galli
et al. hypothesized that higher GCW at baseline represents
a higher contractile reserve and is therefore able to predict
positive CRT response, whereas decreased amount of GCW
could be associated with reduced myocardial viability, limit-
ing the beneficial effects of CRT [22, 36, 49, 50]. Further-
more, Ciampi et al. previously showed that the existence
of contractile reserve assessed by dobutamine stress echo-
cardiography is associated with a better prognosis, which
is independent of the presence of LV dyssynchrony, as LV
stimulation recruits viable myocardium [50]. There are
several methods for the assessment of myocardial viability
available, e.g., stress echocardiography, cardiac magnetic
resonance, and nuclear imaging. Non-invasive estimation of
myocardial work by pressure-strain analysis could provide a
simple, easily accessible and cost-saving additive method.

Additionally, Galli et al. confirmed a predictive value of
GWW for positive CRT response, postulating that GWW
might stand for a recruitable energy waste which could be
significantly reduced in positive CRT responders [36]. The
combination of GCW > 1057 mm Hg% and GWW > 364 mm
Hg% showed very good specificity with low sensitivity [36].
Hence, myocardial work indices can be used to identify
CRT responders, but patients might also benefit from CRT
if GCW and GWW are below the mentioned cut-off values
[36]. However, given the existence of numerous independent
mechanisms influencing CRT response, the study suggests
that the combination of clinical, electrocardiographic, and
echocardiographic data in particular might be more useful
to detect CRT responders [50-55]. In an earlier study by
Vecera et al., also septal wasted work, especially in combi-
nation with the wall motion score index (WMSI), strongly
predicted CRT response [56]. These results were confirmed
in a study by Zhu et al. using a 3D echocardiography and 3D
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speckle tracking imaging analysis to simultaneously obtain
left ventricular global and segmental principal strain and
volume. Here, the measurement of baseline septal myocar-
dial WW helped to enable a better patient selection for CRT
(the more septal wasted at baseline, the higher probability of
response to CRT was achieved) [57]. Also, there are prelimi-
nary data indicating that preserved GWE and GCW before
CRT are associated with improved long-term outcome
[37, 58]. Recently, Duchenne et al. could demonstrate that
the acute redistribution of regional myocardial work after
CRT device implantation from the lateral to the septal wall
appeared to be strongly related to long-term reverse remod-
eling. Proper patient selection should consider the presence
of loading inhomogeneities for a successful resynchroniza-
tion therapy [59] (Table 2). In a study by Kostyukevich et al.,
CRT responders had significantly larger septal WW and
lateral CW compared to non-responders at baseline. Plus,
on multivariate analysis, baseline lateral CW was indepen-
dently associated with CRT response (CW > 881 mm Hg%)
[60]. Moreover, CRT responders demonstrated a significant
improvement in septal CW and WW as well as a decrease
and an increase in lateral CW and WW respectively [60].

In conclusion, even though pressure strain loops and
related indexes cannot be used on their own to assess CRT
candidates, they represent a novel method that shows prom-
ising results in the prediction of CRT response and long-
term outcomes.

Ischemic heart disease

In patients with non-ST-elevation myocardial infarction
(NSTEMI), Boe et al. could show that the non-invasively
estimated myocardial work index (MWI) was able to detect
acute coronary occlusion, being superior to all other echo-
cardiographic parameters used, including strain analysis
[33]. Patients with NSTEMI represent a very heterogonous
group in which timing of invasive therapy is not well defined
[61, 62]. The identification of acute coronary occlusion in
patients with NSTEMI could be beneficial in identifying
patients who would benefit from direct or early revasculari-
zation [33].

In a further study, Edwards et al. validated that non-inva-
sively assessed global myocardial work at rest allowed to
detect subclinical coronary artery disease (CAD) in patients
with preserved LVEF and no regional wall motion abnor-
malities (RWMA-s) [34]. Interestingly, global myocardial
work was even more sensitive in detecting subclinical coro-
nary disease than global longitudinal strain (GLS), also in
patients only suffering from a single-vessel disease [34].
GLS has a predominant contribution from the longitudi-
nal arranged endocardial layer and therefore detects early
ischemia-induced cardiac dysfunction since the subendocar-
dium is more sensitive for reduced perfusion [63—70]. Other

@ Springer

echocardiographic parameters that represent radial thick-
ening as LVEF or RWMAss are less sensitive for the early
derangement of myocardial function caused by ischemia [71,
72]. Here, global myocardial work performed even better
than GLS underlining the sensitivity of myocardial work for
myocardial oxygen consumption which seems to be reduced
in early stages of CAD where LVEF is still preserved, and
RWMAS are still absent [34].

In a retrospective analysis by El Mahdiui et al., a reduced
myocardial work efficiency could be confirmed in patients
with recently revascularized ST-elevation myocardial infarc-
tion and patients with heart failure with reduced ejection
fraction [73]. However, there was no alteration of myocardial
work efficiency in patients with no structural heart disease
or patients presenting typical cardiovascular risk factors in
comparison to healthy individuals [73] (Table 3).

Chronic heart failure

According to the current ESC Heart Failure Guidelines from
2016, heart failure represents a clinical diagnosis, which
is characterized by typical symptoms and signs as well as
increases of natriuretic peptide (BNP or NT-proBNP) [40].

Furthermore, echocardiographic determination of left
ventricular function is necessary for the diagnosis of heart
failure. Currently, left ventricular ejection fraction (LVEF)
and also the assessment of left ventricular filling pressure
by using the ratio of early transmitral flow and myocardial
relaxation (E/e’ ratio) are the recommended parameters of
choice [40].

The prognostic accuracy of LVEF, while significant in
the circumstance of an LVEF <40%, appears to be low in
the case of HFpEF [74]. Additionally, LVEF is known to be
significantly load dependent.

Today, myocardial strain measurements are well imple-
mented in the daily clinical routine offering more precise,
reproducible, and comprehensive information regarding LV
mechanics and function. Clinical implications of myocardial
strain assessment are diverse.

Notably, global longitudinal strain (GLS) was shown to
be associated with outcome in symptomatic heart failure
patients with reduced and preserved LVEF, and furthermore
a stronger predictor of outcome than LVEF, especially in
patients with preserved LVEF [75-78].

However, like LVEF, strain parameters prove to be
dependent on afterload, resulting in a possible misinterpre-
tation of the true contractile function [33, 79].

The estimation of myocardial work fixes this weakness by
implementing the estimated LV pressure as described earlier.

In the setting of HFTEF, Wang et al. could show that
global myocardial work (GMW) was a better prognosticator
than both GLS and LVEF, where reduced values of GMW
are significantly associated with death or poor outcome [80].
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In a group of patients with acute myocardial infarction
and heart failure with preserved or mid-range ejection frac-
tion, it was shown that both GLS and Global Myocardial
Work Index (GWI) are reduced in the majority of individu-
als. Some patients presented normal GWI despite abnormal
GLS, emphasizing the importance of implementing blood
pressure in the assessment of myocardial function [81].

Moreover, global constructive work (GCW) has been
proven to be a better estimate of LV contractile response to
physical effort, and hence a better measure of exercise capac-
ity, in HFpEF than GLS. Its exertional increase in patients
treated for 6 months with spironolactone is considered to be
associated with improvement in functional capacity [82].

Heart failure patients with reduced ejection fraction
treated with sacubitril/valsartan showed signs of LV reverse
remodeling by common echocardiographic parameters as
well as a significant improvement of constructive work and
myocardial work efficiency during a follow up of 12 months.
Wasted work, on the contrary, did not appear to be greatly
affected [83, 84]. Also, GCW could predict long-term out-
come in patients with HFrEF receiving sacubitril/valsartan.
Not only was a GCW <910 mmHg at baseline associated
with a more advanced disease state, higher values for LV

end-diastolic and end-systolic volume and more reduced
LVEF but also a significant predictor of major adverse car-
diac events (MACEs) before start of therapy [83]. Figure 6
demonstrates how changes in pressure-strain curves accord-
ing to the LVEF range can be easily derived through the
non-invasive assessment of MW by STE.

Hedwig et al. described the relation between global work
index (GWI) and known prognostic parameters of echocar-
diography (GLS and LVEF), cardiopulmonary exercise
test (Peak O, consumption and VE/VCO, slope), and NT-
pro-BNP in patients with heart failure [85]. In particular, a
GWI <500 mmHg% could predict significant left ventricu-
lar remodeling, impaired LVEF, low exercise capacity, and
high NT-pro-BNP levels, indicating dismal prognosis [85]
(Table 3).

Further applications of non-invasive myocardial
work

Recently, Chan et al. described various patterns of non-
invasively assessed myocardial work by pressure-strain analy-
sis in healthy patients and in those suffering from arterial
hypertension or dilated cardiomyopathies [86]. Especially

Fig.6 Measurement of myocardial work indices by 2D echocar-
diography; representative pressure strain—loops, bull’s eye plots of
myocardial work index, and bar graphs showing GCW and GWW
in control subjects (A) and subjects with HFmrEF (B), HFpEF (C),

@ Springer

and HFrEF (D). GCW global constructive work, GWW global wasted
work, HFmrEF heart failure with mid-range ejection fraction, HFpEF
heart failure with preserved ejection fraction, HFrEF heart failure
with reduced ejection fraction
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patients suffering from arterial hypertension presented excit-
ing results: In comparison to the control group, high systolic
blood pressure (> 160 mmHg) led to a significant increase
of GWI with no changes in MW efficiency, whereas GLS
showed normal results [86]. These results confirm that usual
STE-parameters as GLS are not able to reflect the increased
cardiac energy demand to counteract increased afterload.
Besides, in the cohorts of ischemic and not-ischemic dilated
cardiomyopathy, there was a significant reduction of GWI
and GWE due to an increase in wasted myocardial work and
a reduction of constructive myocardial work [86].

Schrub et al. could also show in patients with dilated
cardiomyopathy that the presence of left ventricular dys-
synchrony assessed by echocardiography as septal flash or
apical rocking leads to a significant reduction to global myo-
cardial work efficiency due to an increase of wasted work
[87]. These findings were especially present in the myocar-
dial septum. Furthermore, the septal work efficiency was
the only predictor of exercise capacity (VO, peak) in these
patients [87].

Galli et al. were the first to investigate pressure-strain
analysis in patients with non-obstructive hypertrophic car-
diomyopathy [35]. Here, global constructive work appeared
to be significantly impaired in comparison to healthy indi-
viduals, despite no significant changes in LVEF [35]. At
a multivariable regression analysis, GCW emerged as the
main predictor of LV fibrosis assessed by late gadolinium
enhancement [35]. Furthermore, GCW correlated with VO,
peak assessed by cardiopulmonal exercise testing, favoring
GCW as an indirect, easily accessible measure of exercise
capacity in patients with non-obstructive HCM [35].

Mansour et al. studied the variations of MW indices dur-
ing stress echocardiography in patients at peak exercise with
high systolic blood pressure values of > 180 mmHg [88].
They could confirm the results by Chan et al. [86], show-
ing an increase of GCW, GWW, and GWI independent of
peak GLS values at peak exercise, whereas GWE remained
relatively preserved [88]. Furthermore, Mansour et al. inves-
tigated the contribution of the apex to MW. Here, the work
done by the apex increased with peak exercise, emphasiz-
ing how the work done by the apex counteracts the energy
loss measured by the GWW, especially in patients with
SBP> 180 mmHg [88].

Non-invasive myocardial work has also been investi-
gated in patients with cardiac amyloidosis at rest and dur-
ing exercise by Clemmensen et al. [89]. These patients had
significantly reduced measures of GWI and GWE at rest in
comparison to healthy controls, especially pronounced in
the basal segments of the myocardium. Furthermore, the
myocardial work index reserve is significantly reduced in
patients with cardiac amyloidosis in comparison to healthy
individuals and correlates moderately with exercise capacity
[89]. Another study by Clemmensen et al. could show that

in patients with cardiac amyloidosis, GWI and the apical-
to-segmental work ratio were able to predict MACE and
all-cause mortality in these patients [90]. The new myocar-
dial work indices outperformed GLS in predicting outcome,
whereas GLS is already known to be more reliable than tra-
ditional echocardiographic parameters in the case of cardiac
amyloidosis [90] (Table 3).

Discussion

Reference values of myocardial work and correlation
with standard/advanced 2DE parameters

The NORRE (Normal Reference Ranges for Echocardiog-
raphy) study, the first related multicenter study, investigated
a large population of healthy individuals (n=226) over a
wide range of ages and delivered current normal reference
values of non-invasive myocardial work indices [91]. Only
in univariable analysis, GWI and GCW were age dependent.
Merely in woman, both GWI and GCW increased with age
due to an age-dependent significant increase of both systolic
and diastolic blood pressure only in the female subgroup
[91]. Moreover, multivariable analysis showed a gender and
age independent correlation of both GWI and GCW only
with systolic blood pressure [91]. Also, solely in univari-
able analysis, GWW and GWE showed independently of
age minor as well as increased values in female individu-
als, respectively [91]. In conclusion, MW indices were not
strongly dependent on age or gender. However, GWI and
GWC were clearly associated with systolic blood pressure.

In a following sub study of the NORRE study, Manganaro
et al. investigated the correlations between the new indices
of non-invasive MW with main measures of systolic and
diastolic function [92]. In multivariable analysis, the correla-
tion between MW indices and LV size was not sufficiently
significant. In fact, GWW and GWE poorly correlated with
end systolic volume, while GWI and GCW were poorly cor-
related to LV mass adjusted to body surface area (BSA).
These findings were not confirmed in multivariable analysis
so that their relevance should be regarded as limited [92].
These results probably rely on the actual study population
that only included healthy subjects, where LV size and con-
sequentially parameters of cardiac function like MW indices
are in normal ranges.

Similar considerations can be inferred when analyz-
ing diastolic function: GWI and GCW correlated with LA
size and E/E' ratio only in univariable analysis, leading to
the consideration that MW and diastolic parameters are
weakly associated [92]. Here, the Tei index made an excep-
tion, which proved to be significantly correlated with both
GWW and GWE [92]. Moreover, both GWI and GCW were
as expected associated with GLS, LVEF, and SBP as well
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as with global radial strain. In addition, GCW was also sig-
nificantly correlated with global circumferential strain [92].

Intra- and interobserver variability

Several studies have tested the reproducibility of non-
invasive myocardial work indices, showing good results regard-
ing both intra- and inter-observer variability [22, 34, 36, 38,
56, 85, 91]

Limitations of non-invasive pressure estimation

Naturally, the LV pressure estimation cannot fully repro-
duce direct invasive measurements. Hence, pressure strain
analysis comes with certain limitations which are essential
for the understanding of this new method. Myocardial work
by pressure strain analysis has to be understood as an index
of cardiac work, as work is defined as the product of force
and time. Pressure-strain analysis delivers a surrogate of the
myocardial work performed by each segment, as LV pressure
does not entirely explain each segment’s force development
[22]. When comparing left ventricles with different dimen-
sions as in the study by Chan et al., myocardial work could
be underestimated in dilated hearts due to their higher wall
stress for each given LV-pressure [93, 94]. It is shown that
the estimation of LV pressure itself is imprecise, leading
to a bias of overestimation of the regional pressure-strain
area [13]. Interestingly, Hubert et al. could show that the
estimated global myocardial work parameters correlate very
well with the invasively measured cardiac work [13].

In conditions of specific valvular pathologies, for exam-
ple, aortic stenosis or left ventricular output obstruction, the
estimation of LV peak pressure by measuring peripheral sys-
tolic arterial pressure cannot be used. The pressure gradient
across the ventricle and the peripheral artery would lead to
a false estimation of the actual LV pressure [22]. Regarding
further disadvantages in comparison to invasive measure-
ments, pressure-strain loop analysis is not able to deliver
information about LV diastolic pressure or maximal rate of
rise or fall of LV pressure [22].

Furthermore, since single blood pressure measurements
can be very variable in the same patient during the day, this
variability could eventually affect the assessment of myocar-
dial work. The impact of taking a 24-h blood pressure meas-
urement into account for the calculation of myocardial work
needs further investigation. Also, strain analysis by echocar-
diography inherently depends on image quality which might
have an impact on the feasibility of this method for some
patients. In patients with cardiac arrhythmias, e.g., atrial
fibrillation, GLS by STE might not be accurately assessable,
questioning the estimation of myocardial work indices in
these patients. Additionally, the estimation of myocardial
work is software dependent and might differ among different

@ Springer

vendors as it does for GLS [95]. Currently, the only soft-
ware package available is provided by GE (Echopac V.202,
GE). Boe et al. suggested that future improvements to the
method, potentially by using 3D echocardiography, should
include information about LV geometry, wall thickness, and
local radii allowing the measurement of wall-stress instead
of pressure [94]. Regarding the echocardiographic reference
ranges, further studies in larger cohorts and different cardiac
pathologies are needed. If the current results are valid for
non-Caucasian European individuals is still uncertain [91].

Prognostic value of non-invasive myocardial
work assessment: contemporary and upcoming
challenges

As abovementioned, non-invasive assessment of myocardial
work has been investigated in different cardiac conditions,
ranging from coronary artery disease, including patients
with NSTEMI, to LV-dyssynchrony, arterial hypertension,
cardiac amyloidosis, and dilated and hypertrophic cardio-
myopathy [33-36, 38, 56, 57, 82, 86—89]. However, to date,
there are only a few small-scale studies which investigated
the prognostic relevance of non-invasively assessed myo-
cardial work, namely, studies on CRT and heart failure [37,
58, 83, 85]. GCW and GWW, respectively as measures of
cardiac reserve and energy loss, provide additional infor-
mation to commonly used echocardiographic parameters
in identifying CRT responders. The prospective, observa-
tional Contractile Reserve in Dyssynchrony (CRID) study
investigated if wasted work can predict response to CRT
in 210 participants who fulfill the indications of a CRT-
device implantation. The study was completed in December
2018, and the results are yet to be published [96]. In another
ongoing study by Jens-Uwe Voigt et al. entitled “Myocardial
Work and Metabolism in CRT (WORK-CRT),” non-invasive
measures of LV mechanical dyssynchrony (e.g., apical rock-
ing) will be examined to determine their predictive value in
CRT response [97].

A further randomized interventional trial, “Early rhBNP
on Myocardial Work in Patients With STEMI,” by Song
Ding et al. started in November 2019 and is set to end in
September 2022, with an estimated number of 200 enrolled
patients [98]. This study aims to assess the impact of early
intracoronary injection and ongoing intravenous infusion of
recombinant human BNP (thBNP) over 72 h on myocar-
dial work in patients with anterior STEMI after percutane-
ous coronary intervent [98]. The impact of non-invasively
estimated myocardial work for the prediction of mortality
in patients with acute myocardial infarction has yet to be
determined. So far, pressure-strain analysis has not been
investigated in patients with ST-segment elevation myocar-
dial infarction.
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In patients with cardiogenic shock, measures of myo-
cardial work were shown to be the strongest predictors of
intra-hospital mortality, especially the cardiac power output
(CPO) [99]. CPO is a parameter of external cardiac work,
calculated as the product of cardiac output and mean aortic
pressure divided by 451. In a recently published study of
our group, we could show that CPO precisely reflects left
ventricular stroke work per minute over a broad scope of ino-
tropic states [100]. Here, CPO was measured by right heart
catheterization (RHC) as well as invasive arterial pressure
which were correlated with LV SW min~! measured via the
conductance method, the invasive gold-standard. LVEF did
not reflect myocardial work at all [100]. However, the use
of RHC is controversial in critically ill patients [101]. The
non-invasive estimation of myocardial work indices could be
very useful to monitor cardiac function and inotropic inter-
ventions in the ICU setting.

Another interesting outlook is related to the field of trans-
catheter valve repair. Papadopoulos et al. conducted a ret-
rospective case—control study to evaluate left ventricular
global longitudinal strain and myocardial work indices in
patients with heart failure and mitral regurgitation 1 year
after transcatheter mitral-valve repair compared to patients
treated with optimal medical treatment [102]. Preserved
baseline GLS and GCW appeared to be able to predict
reduction in LVEDV and LVESYV, respectively, after suc-
cessful MV repair proving to be potential new markers of
positive LV remodeling, which could allow better patients’
selection for this procedure [102]. In addition, patients who
were treated with a MitraClip® showed stable GWE as well
as improved GCW and GWTI at follow-up, reflecting better
cardiac energetics in contrast to patients treated with optical
medical treatment [102].

Conclusions

The ability to assess myocardial work non-invasively broad-
ens the currently available techniques for evaluating cardiac
function. The adjustment to loading conditions leads to the
implementation of critical hemodynamic concepts in the
daily assessment of cardiac function. Further studies focus-
ing on the prognostic impact of non-invasive myocardial
work are needed.
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