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Left ventricular (LV) global longitudinal strain (GLS) has recently garnered attention as a reliable and objective method for evaluating LV
systolic function. One of the key advantages of GLS is its ability to detect subtle abnormalities even when the ejection fraction (EF) appears
to be preserved. However, it is important to note that GLS, much like LVEF, is significantly influenced by load conditions. In recent years,
researchers and clinicians have been exploring noninvasive myocardial work (MW) quantification as an innovative tool for assessing myocardial
function. This method integrates measurements of strain and LV pressure, providing a comprehensive evaluation of the heart’s performance.
Notably, MW offers an advantage over GLS and LVEF because it provides a load-independent assessment of myocardial performance. The
implementation of commercial echocardiographic software that facilitates the noninvasive calculation of MW has significantly broadened
the scope of its application. This advanced technology is now being utilized in multiple clinical settings, including ischemic heart disease,
valvular diseases, cardiomyopathies, cardio-oncology, and hypertension. One of the fundamental aspects of MW is its correlation with
myocardial oxygen consumption, which allows for the assessment of work efficiency. Understanding this relationship is crucial for diagnosing
and managing various cardiac conditions. The aim of this review is to provide an overview of the noninvasive assessment of myocardial by
echocardiography, from basic principles and methodology to current clinical applications.
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fraction (LVEF). LVEF is widely used in cardiac diseases as a
surrogate marker for LV function due to its broad accessibility,
ease of estimation, and extensive application in clinical trials
and guidelines.’) However, LVEF has significant limitations,
including reliance on geometric assumptions and high sensitivity
to external factors like load, leading to reproducibility challenges.
Changes in heart geometry and limited sensitivity in detecting
declining ventricular function further hinder its accuracy.™*

INTRODUCTION

Cardiac imaging is pivotal in evaluating left ventricular (LV)
function and measuring the cardiovascular response to treatment.
In the past, physicians relied on invasive ventriculograms to
assess LV function.[V Pressure—volume loops (PVLs), obtained
through invasive procedures in the cardiac catheterization
laboratory, significantly improved the understanding of cardiac
function by measuring myocardial work (MW), correlating it
with myocardial oxygen consumption (VO,), and revealing
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crucial relationships among preload, afterload, and myocardial P
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contractility.’) However, the impracticality of invasive PVL
in routine clinical practice prompted the development of
noninvasive techniques.

Transthoracic echocardiography emerged as the go-to method
for assessing LV function with the measurement of LV ejection
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These limitations have prompted the exploration of new indices
for assessing myocardial function, with LV global longitudinal
strain (GLS) emerging as a promising alternative for
evaluating LV systolic function in the last decade.” Utilizing
speckle-tracking echocardiography (STE), GLS offers a
semi-automated approach with reduced variability among
observers during myocardial contraction analysis.l! By
quantifying peak GLS, STE can identify subclinical LV
dysfunction in various cardiovascular conditions such
as cardiotoxicity,®! valvular heart disease,!”) and cardiac
amyloidosis (CA).[¥) However, several studies have indicated
that GLS, like LVEF, is significantly influenced by load
dependency, making it susceptible to changes in conditions
of elevated pre- or afterload.!

In 2018, a novel technique known as MW revolutionized LV
function assessment by integrating LV pressure measurement
into strain calculations during echocardiography.['! This
innovative approach was validated and made commercially
available, providing a more load-independent measure of LV
performance compared to GLS. MW incorporates afterload
determination through cuff blood pressure, offering a more
accurate assessment of LV function.!'!]

The transition from invasive ventriculograms to noninvasive
echocardiography, the evolution from LVEF to GLS
measurement, and the introduction of MW reflect the
continuous advancements in cardiac imaging for evaluating
LV function. These progressions have enhanced the precision
and sensitivity of assessing LV function, particularly in
detecting subtle dysfunction across a range of cardiovascular
conditions.!*!

The primary objective of this narrative review is to provide
an overview of the noninvasive assessment of MW by
echocardiography, from basic principles and methodology to
current clinical applications.

MvocarpiAL Work: Core PRriNcIPLES AND CONCEPTS

Since Otto Frank’s original description in 1895, PVLs have
played a crucial role in understanding LV hemodynamics.[']
Frank’s foundational work illustrated the relationship between
preload, afterload, and contractility within the LV myocardium
through the elegant representation of the PVL. This graphical
representation, derived from measurements in the cardiac
catheterization laboratory, captures the phases of the cardiac
cycle — isovolumic contraction, systolic ejection, isovolumic
relaxation, and diastolic filling — in a rectangular form.!'¥

The analysis of PVL enables the measurement of the energy
imparted to the blood, as the loop area represents stroke
work.["! Suga et al. subsequently showed in an experimental
study that pressure-volume area predicts cardiac VO ;! this
result was further confirmed by Takaoka ef al. in a clinical
setting.l'® This same principle has been applied to pressure—
dimension loops to estimate regional LV function and
segmental work. This application has proven particularly useful
for studying the synchrony or dyssynchrony of contraction.!”!

However, the requirement for invasive measures to estimate
pressure—dimension loop area has limited the widespread use
of this index.

Recently, Russell ef al. introduced a noninvasive method for
assessing regional MW through the analysis of LV pressure—
strain loops (PSLs).['"® This innovative method derives the LV
pressure curve from noninvasively acquired brachial artery cuff
pressure. The LV pressure profile is then adjusted according
to the duration of the isovolumic and ejection phases, which
are defined by the timing of aortic and mitral valve events
as recorded by echocardiography. Thus, LV PSL integrates
the estimated LV pressure curve with strain measurements
obtained through STE.

In their experimental study, Russell ef al. demonstrated a good
agreement between the proposed noninvasive method and
the PVL area obtained via invasive measures.['¥! Moreover,
they found a strong correlation between noninvasive
PSL area and regional glucose metabolism using
18-fluorodeoxyglucose-positron emission tomography.!s:1°!
These findings support the use of this noninvasive method as
a reliable index of regional MW, encouraging its inclusion in
clinical practice.

How 10 Perrorm MyocARDIAL WoRK ANALYSIS

THROUGH ECHOCARDIOGRAPHY

MW assessment utilizes a vendor-specific algorithm from
GE Healthcare (Pewaukee, WI).[?°! The initial step involves
obtaining transthoracic views for GLS analysis. Three standard
apical views are captured at a frame rate >40 frames/s, ensuring
image quality adequate to visualize myocardial borders. STE
is employed for GLS analysis, and valvular event timings can
either be automatically assessed by the machine or manually
adjusted through visual assessment from the apical long-axis
view. Automated functional imaging calculates GLS from the
apical two-, three-, and four-chamber long-axis views, with
manual adjustments possible to align with the myocardium.
This analysis results in a bull’s-eye GLS plot displaying the
GLS values.?!

Subsequently, noninvasive systolic blood pressure measurement
is performed using a sphygmomanometer on the arm. The peak
LV systolic pressure (LVSP) is estimated from the noninvasive
systolic cuff pressure and should be recorded at the time of
image acquisition. This pressure reading is then input into the
echocardiography machine for MW analysis.

MW enhances automated functional imaging by incorporating
dynamic LV pressures. Once the blood pressure is entered
into the software, a MW bull’s-eye plot is generated, similar
to GLS. Four key values are calculated: global work index
(GWI), global constructive work (GCW), global wasted work
(GWW), and global work efficiency (GWE) [Figure 1].'" The
explanation of the main MW parameters is listed below:

1. GWI represents the average work performed by the
myocardium derived from the PSL
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Figure 1: The left ventricular (LV) global longitudinal strain (GLS) data, measured using the R-wave onset in the electrocardiogram as a common
time reference (left panel), are combined with peak arterial pressure, measured using a cuff manometer (central panel). The right panel displays
a representative trace showing the LV pressure—strain loop and a 17-segment bull’s-eye representation of myocardial work index (top), along with
17-segment bull’s-eye representations of GLS and myocardial work efficiency (bottom)

2.  GCW indicates positive work performed during systole
and negative work (segment lengthening) during
isovolumic relaxation

3. GWW reflects negative work (segment lengthening)
during systole and positive work (segment shortening)
during isovolumic relaxation

4. GWE is calculated as GCW/(GCW + GWW).

Similar to GLS, color-coding visually distinguishes high,
normal, and reduced MW. Each segment can be individually
analyzed for its MW indices. PSLs can be generated globally
and for individual segments. Normal ranges in healthy
individuals were assessed in the European Association of
Cardiovascular Imaging Normal Reference Ranges for
Echocardiography Study?? and in a larger and more recent
study conducted by Olsen ef al. on 1827 participants, included
as part of the fifth study visit of the Copenhagen City Heart
Study.*!

ExpLorING TECHNICAL Limiations IN MYoCARDIAL
WoRk ANALYSIS

Because MW analysis is derived from GLS analysis, the
limitations of GLS acquisition also apply to MW. Poor
image quality and low frame rates hinder speckle-tracking,
making it impossible to assess either GLS or MW. Without
quality imaging, speckle-tracking and MW analysis are not
feasible. A precise and timely brachial cuff pressure reading
is also necessary for the analysis. Atrial fibrillation and other
abnormal rhythms can impede GLS acquisition, especially with
significant heart rate variability.?"! Intra- and inter-observer
variability of MW is similar to GLS analysis. Beyond GLS
analysis and the input of blood pressure, the values generated
are automatically produced by an algorithm. Additionally,
accurate noninvasive cuff pressure measurements are crucial
for MW acquisition.!'”l MW analysis cannot be performed in
clinical situations where LVSP does not equal noninvasive
systolic blood pressure, such as in patients with severe aortic

stenosis (AS) or fixed LV outflow tract obstruction; these
patients were excluded from the original validation studies.!®!

Blood pressure should be measured in the arm, using a
sphygmomanometer, while the patient is in the same position
as the one used during image acquisition to ensure it accurately
reflects the LV’s afterload at the time images are acquired.
Strain analysis may use different algorithms depending on
the vendor platform.

Currently, there is only one vendor platform with a noninvasive
MW algorithm, making MW dependent solely on this available
software.

In addition to technical limitations, other constraints can arise
from patient-specific factors or their underlying pathology. The
accuracy of measuring MW may be compromised in patients
with significant LV remodeling.”** PSLs do not account for
the direction of blood flow, which is particularly important
in conditions like severe mitral regurgitation. Furthermore,
this analysis neglects critical factors such as wall stress,
thickness, and curvature, all of which contribute to afterload.
The construction of PSL also fails to incorporate variations in
diastolic pressure. Research by Lembo et al. has shown that
cohorts with elevated diastolic blood pressure exhibit altered
indices of MW, underscoring the need for further investigation.*!

HYPERTENSION

Arterial hypertension (HTN) serves as an excellent model to
examine myocardial deformation and performance changes due
to pressure overload and the development of LV concentric
geometry. Arterial pressure is a significant independent
predictor of accelerated decline in GLS during follow-up.12¢27)
Investigating LV function in hypertensive (HT) patients
through MW can account for acute loading during the cardiac
cycle, isolating the influence of blood pressure at the time of
observation from chronic remodeling’s impact on regional
deformation. Chan et al. identified increased GWI and GCW
values in a small group with varying HTN degrees, especially
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in those with uncontrolled HTN. These values reflect the
enhanced contractility of the LV, necessitated by pumping
blood against elevated pressures.”® Tadic ef al. confirmed
these findings and showed that type 2 diabetes mellitus further
affects GCW in HT patients.”!

An analysis of 170 HT patients revealed an apex-to-base
gradient in MW distribution, indicating basal segment
impairment compensated by the apical region, particularly in
patients with basal septal hypertrophy.

Huang et al. conducted a study on segmental and global MW
in HT patients with various LV geometries.*!! They divided
125 HT patients into four groups: normal geometry, concentric
remodeling, concentric hypertrophy (CH), and eccentric
hypertrophy (EH). Utilizing echocardiography, they measured
indices such as GWI, GCW, GWW, and GWE. They observed
a gradual decrease in GLS across the groups (P < 0.001).
Despite no changes in GWI and GCW, GWW increased and
GWE decreased in CH and EH groups (P <0.001). Segmental
analysis showed a reduction in longitudinal strain in basal
and middle regions across all HT subgroups, with apical
reduction only in CH and EH groups (P < 0.001). Significant
findings included the association between left atrial volume
index (LAVI), GLS, and GWE with LV hypertrophy. This
study demonstrates that apical MW increases initially as a
compensatory mechanism in LV remodeling, maintaining
normal GWIL.BY Thus, MW appears more sensitive in the
context of HT patients. Larger scale studies are needed to
establish MW indices’ clinical utility and prognostic impact
on cardiovascular outcomes in HT patients. An example of

ANT_SEPT

GLS: - 19%
BP: 185/90 mmHg

MW analysis application in the context of an HT patient is
shown in Figure 2.

CoroNARY ARTERY DISEASE

Detecting early ischemia in patients with significant coronary
artery disease (CAD) and normal resting systolic function
remains challenging and continues to be investigated.
Many questions also remain in the context of myocardial
infarction with nonobstructive coronary arteries.** Previous
studies have shown that GLS is a strong predictor of stable
ischemic cardiopathy, even in the absence of wall motion
abnormalities.***3) However, there is currently a lack of
agreement on the most effective GLS diagnostic cutoff value,
as it can vary greatly among studies as a result of clinical
characteristics, dependence on afterload, or differences
between vendors. Furthermore, the contractile patterns
of ischemic myocardium are strongly affected by loading
conditions, often resulting in rapid shifts from hypokinesis
to dyskinesis following a sudden increase in afterload.B
MW estimation has shown to overcome these limitations and
provide valuable diagnostic and prognostic information in
both chronic and acute settings.>”

Edwards et al. demonstrated that in patients with suspected
CAD and normal systolic function, in the presence of
obstructive coronary disease, GWI, GCW, and GWE are
significantly lower, while GWW is slightly increased. They
reported that a GWI value of 1810 mmHg% could detect
CAD with a 95% positive predictive value. Notably, GWI
outperformed GLS in predicting significant CAD, with an

-1000
mmHg%

GWI: 2393 mmHg%

' GCW: 3058 mmHg%
GWW: 244 mmHg%
GWE: 92%

Figure 2: Hypertension. Blood pressure at the time of the echocardiogram was 185/90 mmHg. Left ventricular ejection fraction (63%) and global
longitudinal strain (-19%) are both preserved (a), global work index is elevated (2393 mmH%) with multiple, red-shaded segments, especially in the
apex (b), pressure-strain loop is normal (c) and global work efficiency is relatively unaffected (92%), as demonstrated by all green-shaded segments,
except for the basal septum that is yellow-shaded which indicates reduced efficiency (d). GWE = Global work efficiency, GWW = Global wasted
work, GCW = Global constructive work, GWI = Global work index, GLS = Global longitudinal strain, BP = Blood pressure
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area under the curve (AUC) of 0.786 for GWI compared to
0.693 for GLS.F¥

In non-ST-segment acute coronary syndrome, the regional MW
index has outperformed other echocardiographic parameters
(such as GLS and LVEF) in identifying acute coronary artery
occlusion. The presence of four adjacent segments with an
MW index <1700 mmHg% showed 81% sensitivity and 82%
specificity in detecting coronary occlusion, with a negative
predictive value of 94%. This surpasses the functional risk area
measured by strain, which has 78% sensitivity, 65% specificity,
and a 91% negative predictive value.*”

The superiority of GWI in identifying patients with acute
coronary occlusion is evident when compared to LVEF,
showing 70% sensitivity versus 63%, 82% specificity
versus 62%, and a negative predictive value of 91% versus
86%.1Y% In a study involving 93 patients with anterior
ST-elevation myocardial infarction, all MW indices were
reduced in the left descending coronary artery territory.
However, a significant improvement was observed at a
3-month follow-up in patients who experienced LV recovery.
Among the indices, GCW demonstrated an independent and
incremental value in predicting both segmental and global
LV recovery, outperforming standard parameters like LVEF
and advanced parameters like GLS. GCW also predicted
inhospital complications such as heart failure (HF) or LV
apical thrombus.“!

ANT_SEPT

Conversely, STEMI patients who experienced LV ischemic
remodeling at the 3-month follow-up exhibited lower levels
of GWI, GCW, and GWE but higher levels of GWW.2!
Supporting these findings, El Mahdiui et al. showed that GWE
is lower in patients who have undergone primary percutaneous
coronary intervention for STEMI compared to healthy controls
and those with cardiovascular risk factors and becomes even
more impaired in the presence of HF with reduced ejection
fraction (HFrEF).[*¥ These results suggest that MW impairment
reflects altered (persistent anaerobic) energy metabolism
occurring in remodeled myocardium. An example is provided
in Figure 3.

Stress echocardiography using noninvasive MW estimation is
valuable for addressing loading changes during the test. Halabi
et al. found MW feasible during stress echocardiography,
with peak stress GWI correlated to functional capacity.[*4
In the context of CAD, MW analysis has shown promising
results. Lin ef al. studied 85 angina pectoris patients without
prior CAD history, who underwent treadmill exercise stress
echocardiography and coronary angiography.[*] Global MW,
derived from STE, was analyzed using logistic regression
to assess CAD presence. Significant coronary stenosis
was found in 41 patients, with 25 showing positive stress
echocardiograms. Higher GWW and lower GWE were
observed in significant CAD cases (P < 0.05). Peak GWE and
recovery GWW effectively predicted CAD, with combined
parameters improving identification accuracy. Global MW

-1000
mmHg%
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Figure 3: Coronary artery disease. A patient presenting with an anterior ST elevation myocardial infarction caused by occlusion at the mid-segment of
the left anterior descending artery. Left ventricular ejection fraction is mildly reduced (48%). (a) The global longitudinal strain (GLS) bull’s eye shows
impaired longitudinal deformation of apical and mid-anteroseptal segments with coronary distribution and reduced GLS value (—7%), (b) Global work
index bull’s eye shows the regional impairment of myocardial work index in the same segments that show reduced longitudinal deformation, (c) The
pressure-strain loop shows a reduced area under the curve, and it is shifted toward right, which means a significant impairment of myocardial work, (d)
Global work efficiency (GWE) bull’s eye shows impairment of myocardial work efficiency especially in apical segment, that are red shaded, with a
GWE significantly reduced (72%). GWE = Global work efficiency, GWW = Global wasted work, GCW = Global constructive work, GWI = Global

work index, GLS = Global longitudinal strain, BP = Blood pressure
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with exercise stress provides accurate noninvasive CAD
screening.

HearT FAILURE AND CARDIAC RESYNCHRONIZATION
THERAPY

The first promising use of segmental MW is predicting
therapeutic outcomes in HF patients undergoing cardiac
resynchronization therapy (CRT). CRT is essential for treating
symptomatic HF patients with LVEF <35% and a wide QRS
complex.*! However, about 30% of patients do not experience
significant benefits from CRT. These patients necessitate
more frequent clinical reassessments, both in person and via
telemedicine, leading to increased healthcare costs.”!

Efforts to identify echocardiographic parameters to predict CRT
response have not yielded promising results. A multicenter trial
with 498 patients found that none of the 12 conventional and
tissue Doppler-based echocardiographic dyssynchrony indices
reliably predicted CRT response. Although longitudinal,
circumferential, and radial strain and strain rate have shown
good accuracy in identifying CRT-beneficial patients,
prospective randomized trials using STE are still needed. "

Some authors have proposed that assessing residual myocardial
contractility in patients with dyssynchrony might predict
LV functional recovery after CRT. In this context, MW
demonstrates the potential for identifying patients likely to
experience myocardial improvement postresynchronization.
A recent study found that GWW and septum average MW
were higher in CRT responders than nonresponders. Post-CRT
implantation, both indices significantly reduced to near-normal
heart values.P!

Moreover, combining septal wasted work (WW) with the LV
wall motion score, used to identify transmural myocardial scar,
improved CRT response prediction. The AUC for combined
parameters was 0.86, compared to 0.80 for septal WW and 0.63
for the wall motion score alone. This suggests that a combined
approach is beneficial .

A larger prospective multicenter study, with 200 CRT recipients,
demonstrated that the work difference between septum and
lateral wall is a strong predictor of CRT response, yielding an
AUC of 0.77.52 Combining this work difference with septal
viability, evaluated via cardiac magnetic resonance, increased
the AUC to 0.88, with 86% sensitivity and 84% specificity.
This combination proved superior to other electrocardiographic
and echocardiographic parameters in predicting CRT response.
Further, MW redistribution across the septal and lateral walls
after CRT is a useful index for predicting long-term reverse
remodeling.F

In a cohort of 97 patients, Galli et al. showed that GCW is
an independent predictor of CRT response at 6 months and
is significantly associated with myocardial remodeling extent
in both ischemic and nonischemic patients.’* Despite the
promising results, comparisons of AUCs did not reveal a
statistically significant difference, emphasizing the necessity

for further research to confirm these findings and potentially
refine predictive models for CRT responses.

The available evidence on these new echocardiographic
parameters is insufficient to guide treatment decisions
independently. However, an integrative approach combining
clinical, electrocardiographic, and advanced echocardiographic
parameters may assist in identifying suitable candidates for CRT.

In patients with HFrEF, treatment with sacubitril/valsartan
has demonstrated a significant increase in GCW after a
6-month follow-up period. Moreover, improvements in
GWE were observed at the 12-month follow-up compared
to baseline, suggesting a reduction in LV wall stress and
an increase in myocardial metabolism induced by this
medication.’! Conversely, a baseline GCW value below
910 mmHg% is indicative of high cardiovascular risk in
patients.’! Furthermore, in patients with HF with preserved
ejection fraction (HFpEF), an increase in GCW during
exercise has been associated with improved 6-month follow-up
exercise capacity in response to spironolactone treatment.¢
Nonetheless, the prognostic significance of MW indices in HF
patients remains inconclusive, warranting further research to
determine the utility of MW in clinical practice for this patient
population.

HyperTROPHIC CARDIOMYOPATHY AND ATHLETE’S

HEeaRT

Hypertrophic cardiomyopathy (HCM) and athlete’s heart
exhibit similar features on echocardiography, making it
challenging to differentiate between adaptive hypertrophy and
cardiomyopathy.”!

Cardiac magnetic resonance imaging (CMRI) enables an
optimal depiction of hypertrophic phenocopies through
detailed tissue characterization. However, it has limitations,
including being time-consuming and often impractical for
patients with conditions such as claustrophobia.>®

Various studies have examined GLS, radial strain, LV twist,
and atrial strainP’! as potential methods of distinguishing
HCM from other hypertrophic phenocopies, such as athlete’s
heart and amyloidosis; however, there is no consensus on
the effectiveness of strain in this particular population.!®-¢4!
Reduced GLS is frequently observed in patients with HCM
and is often correlated with fibrosis detected on CMRI.[

Recently, there has been interest in MW as a valuable tool
for assessing LV systolic function in individuals with HCM.
Galli ef al. demonstrated that GCW is significantly decreased
in patients with nonobstructive HCM when compared to
healthy controls.’¥ Their research also revealed a noteworthy
association between GCW and substantial fibrosis on CMRI.
Similarly, Gongalves et al. found that a GCW cutoff of <1550
mmHg% was linked with >15% late gadolinium enhancement
on CMRI, with high sensitivity and specificity.[® Hiemstra
et al. showed that a reduction in MW parameters in patients
with nonobstructive HCM was significantly linked to poorer
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long-term outcomes, with patients exhibiting a GCW >1730
mmHg% showing better event-free survival.[”!

Regarding differential diagnosis in the context of hypertrophic
phenocopies, de Gregorio et al. assessed MW in transthyretin
amyloid cardiomyopathy (ATTR-CM) and nonobstructive
HCM versus well-controlled HTN patients.[®® The study
involved 83 participants: 32 with ATTR, 29 with HCM, and
22 HTN controls. ATTR patients had higher LV mass and
lower LVEF than HCM patients and HTN controls. ATTR was
further divided into ATTR 1 with LVEF <50% and ATTR2 with
LVEF >50%. GWI and GCW were notably lower in ATTR,
especially in ATTR1 group, and GWI effectively distinguished
ATTR2 from HCM better than GLS and LVEF.®) An example
of MW analysis application to HCM is provided in Figure 4.

Unlike HCM, LV hypertrophy in athletes is considered to be
an adaptative and reversible response to training. Athletes
typically show increased end-diastolic volume with normal or
slightly reduced LVEF, which significantly increases during
exertion. MW, taking into account afterload — often decreased
in endurance athletes — may offer a more precise measurement
of LV function. In a study conducted by D’Andrea et al.
comparing STE strain and MW in 350 endurance athletes
with 150 healthy controls, it was found that while resting LV
GLS was lower in endurance athletes compared to controls
(—18.4 £ 2.6 vs. =22.4 + 3.3%; P < 0.01), GWE showed
no significant difference.l? Furthermore, GWE at rest was
closely linked to maximal watts, peak VO,, and LV E/e’ during
peak exertion. Regular exercise training was associated with

-1000

mmHg%

GWI: 1925 mmHg%

decreased GLS but increased GW1I at rest, with GWI positively
correlated with VO,/kg." These findings suggest that GWI
at rest may serve as a more precise predictor of an athlete’s
heart performance compared to other indicators of LV systolic
function. In a preliminary study, Junianto et a/. highlighted that
in elite air force soldiers, higher intensity of physical training
was associated with greater LV GLS, GWE, GCW, and GWI
and a lower GWW. This suggests more significant physiological
adaptations compared to lower-intensity training./’"

Even among elite power athletes, D’ Andrea et al. demonstrated
that GWE at rest was the strongest predictor of maximum watts
(P <0.0001), peak VO, (P < 0.0001), increase in pulmonary
artery systolic pressure (P <0.001), and the number of B-lines
(P <0.001), all measured at peak effort.”

The application of MW analysis in stress echocardiography to
evaluate myocardial performance in athletes, both endurance
and power athletes, has highlighted in the study conducted
by Borzi et al. that at peak exertion, both groups exhibit a
significant increase in GWI compared to controls (nonathletes)
and reduced GWE values in power athletes compared to
endurance athletes.!® This underscores that endurance athletes
demonstrate better cardiovascular performance, but further
studies are needed to confirm these results.

AmyLOIDOSIS

Advancements in cardiac imaging have led to more accurate
and timely diagnosis of CA in the echocardiography

ANT_SEPT

GLS:-19%
BP: 122/65 mmHg

" GCW: 2232 mmHg¥%
GWW: 94 mmHg%
GWE: 95%

Figure 4: Hypertrophic cardiomyopathy. () Parasternal long axis view showing severe hypertrophy of the interventricular septum in a patient affected by
sarcomeric hypertrophic cardiomyopathy, (b) Global longitudinal strain’s bull’s eye showing impairment of longitudinal deformation in anterior-septum
segments, interested by hypertrophy, (c) Myocardial work index bull’s eye showing a decreased amount of myocardial work performed by basal
anteroseptal segment, light-blue shaded, (d) Myocardial work efficiency’s bull’s eye showing preserved global work efficiency of 95% and decreased
regional work efficiency in segments interested by hypertrophy. GWE = Global work efficiency, GWW = Global wasted work, GCW = Global constructive
work, GWI = Global work index, GLS = Global longitudinal strain, BP = Blood pressure
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laboratory.[®%371 STE has proven to be a reliable tool
in identifying cardiac amyloid, particularly through the
observation of relative apical sparing which serves as a sensitive
and specific marker of the disease.l’*%757 Studies have also
explored MW in patients with CA, with findings indicating
significantly reduced GWI and GWE in these individuals
compared to controls.[®"78 While MW demonstrated lower
accuracy in diagnosing ATTR-CM compared to parameters
such as relative wall thickness or relative apical sparing
measured by GLS, it showed a significant correlation with
NT-proBNP and troponin levels.l”” Research further revealed
correlations between GWI and NT-proBNP, mortality, and
peak VO, in ATTR-CM patients, although performance
was not superior to GLS.® On the contrary, GWI was
found to be predictive of major adverse cardiac events and
all-cause mortality by Clemmensen et al.®" In the context
of hypertrophic phenocopies, de Gregorio et al.®? assessed
systemic vascular resistance (SVR) and GWI in HFpEF
patients. Sixty outpatients, divided equally between those with
nonobstructive HCM and wild-type ATTR, were examined.
Participants were classified into four functional classes using
SVR and GWI thresholds from earlier studies.'## Results
showed 85% had high SVR, with 100% ATTR and 70% HCM
affected. Furthermore, 43% of HCM and 93% of AT TR patients
had impaired SVR and GWI, suggesting that this classification
may provide deeper insights into the pathophysiological and
clinical characteristics of these hypertrophic phenotypes.®’

The utility of MW indices in the context of CA warrants
additional investigation to determine their specific role in

mmHg%

GWI: 824 mmHg%

clinical management. The description of a case with CA
in Figure 5 depicts increased LV wall thickness alongside
the characteristic apical sparing GLS pattern indicative of
amyloidosis, with evidence of normal work at the apex and
negative work at the base shown through GWI. A case of ATTR
is shown in Figure 6.

DiLatep CARDIOMYOPATHY

Accurately characterizing LV function is crucial for patients
with dilated cardiomyopathy (DCM) to determine prognosis,
adjust treatment plans, and monitor for any deterioration. GLS
has been proven to be a more precise predictor of prognosis in
HF patients than LVEF.35%7 The utilization of PVL in assessing
DCM is a relatively recent development. Both invasive and
CMRI assessments of PVL have shown diminished MW in
patients with DCM compared to healthy individuals.®®

Recently, noninvasive echocardiographic evaluation of MW
has been investigated as a method to assess LV performance
in DCM patients, revealing reduced GWI, increased GWW,
and reduced GWE compared to controls.?® In previous
studies, researchers found that reduced GWI, GCW, and GWE
were all better indicators of fibrosis on CMRI compared to
GLS.® Furthermore, GWI and GCW have been shown to
predict a combined endpoint of all-cause mortality, LV assist
device implantation, or heart transplantation in patients with
advanced HF.”® One study even demonstrated that treatment
with sacubitril/valsartan led to improved GCW and GWE.!
More research is needed to comprehensively evaluate MW
parameters in patients with DCM to better understand the

ANT_SEPT

GLS:-11%
BP: 100/80 mmHg

Figure 5: Dilatative cardiomyopathy. (a) Four-chamber view demonstrates severely dilated left ventricle in a patient with nonischemic dilatative
cardiomyopathy and left ventricular ejection fraction equal to 30%, (b) A bull’s-eye plot for the same patient correlates with a severely reduced global
longitudinal strain (—4%), (c) A bull’s-eye plot demonstrates severely decreased global work index (397 mmHg%), (d) Myocardial efficiency bull’s
eye showing diffuse impairment of work efficiency with global work efficiency severely impaired and equal to 66%. GWE = Global work efficiency,
GWW = Global wasted work, GCW = Global constructive work, GWI = Global work index, GLS = Global longitudinal strain, BP = Blood pressure
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mmHg%
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GLS: - 4%
BP: 105/90 mmHg

“T GCW: 789 mmHg%
GWW: 370 mmHg%
GWE: 66%

Figure 6: Transthyretin cardiac amyloidosis. (a) Four-chamber view demonstrates severely thickened left ventricular walls and granular sparkling
aspect of the interventricular septum, (b) A bull's-eye plot of strain from the same patient demonstrates the typical apical sparing seen in amyloid
heart disease, (c) A bull’s-eye plot of myocardial work index in the same patient shows decreased global work index (global work index; 824 mmHg%)
with normal work index at the apex and negative work at the base, (d) Work efficiency bull’s eye showing preserved myocardial work efficiency at
the apical segments. GWE = Global work efficiency, GWW = Global wasted work, GCW = Global constructive work, GWI = Global work index,

GLS = Global longitudinal strain, BP = Blood pressure

potential of this technique in characterizing myocardial
performance and tracking changes over time in response to
the natural progression of the disease and various treatments.

Detailed in Figure 5 is a case of a patient with nonischemic
DCM, showcasing severely reduced GWI and an abnormal
PSL indicative of severe LV dysfunction.

VawvuLArR HeART DISEASE

Aortic stenosis

AS is a disease that affects both the valve and the LV
myocardium, as it tries to compensate for the fixed obstruction.
While LVEF may be preserved initially, GLS is often found to
be abnormal in severe AS. This indicates subclinical myocardial
dysfunction even when LVEF appears normal. Studies have
linked abnormal GLS to poor clinical outcomes in severe AS
patients, with GLS abnormalities persisting in some individuals
even after AS correction.”'! This suggests that abnormal GLS
can identify subclinical LV dysfunction, possibly indicating a
later stage of the disease where compensatory mechanisms of
the LV have already failed.

In this context, MW has shown promise in assessing AS,
since both GLS and LVEF are dependent on afterload.
Initial validations excluded patients with severe AS because
systolic blood pressure was unsuitable as a surrogate
for LVSP due to fixed obstruction. Jain et al. studied
transcatheter aortic valve replacement (TAVR) patients in
the cardiac catheterization laboratory, directly measuring
LVSP, brachial cuff pressure, left radial arterial pressure,

and echocardiographic parameters.’” Their findings showed
that a noninvasive method for assessing LVSP in severe
AS (systolic blood pressure + mean aortic gradient) closely
matched invasively measured LVSP (r = 0.92).°?! Fortuni
et al. confirmed this correlation in 120 severe AS patients
undergoing TAVR (r = 0.846; P < 0.001).%!

MW can help distinguish between two severe AS profiles:
patients with abnormal GLS and high GWI and those with
abnormal GLS and decreased GWI; the latter group may
indicate more persistent LV dysfunction.”? De Rosa et al.
observed decreased GWI and GCW postintervention, similar
to Jain et al.’s findings. Jain et a/. documented reductions in
GWI and GCW from pre-TAVR to post-TAVR. De Rosa et al.
also noted that low-flow, low-gradient AS patients did not
experience improvement in GWI post-TAVR.P¥ Lastly, Ilardi
et al. recently investigated the prognostic significance of
MW in AS patients. They observed higher GWI, GCW, and
GWW in AS patients compared to controls and found that
decreased GWI (hazard ratio [HR]: 0.998, 95% confidence
interval [CI]: 0.997-1.000, P = 0.034) and GCW (HR:
0.998, 95% CI: 0.997-0.999, P =0.003) measurements after
follow-up were significantly linked to increased mortality.”
Further research is needed to assess the effectiveness of MW
indices in severe AS for risk assessment and postintervention
clinical outcomes.

Aortic regurgitation
Chronic aortic regurgitation (AR) patients may be
asymptomatic for an extended period before experiencing
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symptoms. The evaluation of LV dysfunction is crucial
in decision-making for asymptomatic AR patients. In this
context, Meucci et al.”® examined 57 patients with chronic
severe AR and preserved LVEF who underwent surgical aortic
valve replacement. Their findings indicated that baseline
LVEF was normal along with normal to increased GWI and
GCW (LVEF: 59.7% +4.4%, GWI: 2084 = 483 mmHg%, and
GCW: 2482 + 525 mmHg%). GWI and GCW were positively
correlated with markers of AR severity, effective regurgitant
orifice area, and regurgitant volume.”! Moreover, the surgical
intervention resulted in a reduction in GWI, GCW, and GWE.
It was observed that impaired GWI following the surgery was
linked to unfavorable LV reverse remodeling, with a threshold
of 1285 mmHg% for GWI identified as a predictor (AUC:
0.790, 95% CI: 0.651-0.929, P = 0.001). Another study
involving 151 patients with severe, asymptomatic AR
conducted by D’ Andrea et al.®” revealed that baseline GLS
and GWE were significantly lower in individuals with normal
LVEF compared to healthy controls. The use of MW may
offer valuable insights into determining the optimal timing
for intervening in AR to prevent postoperative myocardial
dysfunction.

Mitral valve disease

Functional mitral regurgitation (FMR) results from LV
dysfunction impacting mitral valve function.”®® MW offers
additional insights into LV performance in FMR patients and
has been linked to outcomes and survival.[*”

Verbeke et al. assessed MW in 181 HF and FMR patients,
finding GWI and GLS to be independently associated with
cardiovascular mortality and HF hospitalization (GWI:
HR0.927,P=0.034; GLS: HR 0.884, P=0.015). However, GWI
did not significantly surpass GLS (delta-2 log-likelihood = 0.8,
P=0.37).1

Yedidya et al. studied 373 FMR patients and found that GWI,
GCW, and GWW were significantly lower, while GWE was
higher in severe FMR cases compared to mild and moderate
ones. These parameters correlated with worse long-term
survival: GWI <500 mmHg%, GCW <750 mmHg%, and
GWW <300 mmHg%.!%

In FMR patients treated with percutaneous edge-to-edge mitral
valve repair, MW was also evaluated.

Papadopoulos et al. found a significant increase in GWI and
GCW postintervention in 86 patients. Baseline LVEF, GLS,
GWI, and GCW were linked to reduced LV end-diastolic
volume 1 year postintervention, while baseline GCW was
associated with a reduction in LV end-systolic volume (P <0.05
for all).lon

At 6-month follow-up, Hubert et al. observed in 56 patients
a significant postintervention improvement in GCW
(977 £ 366 vs. 1101 £ 404 mmHg%, P = 0.003), while
LVEF and GLS remained unchanged. For patients with
LVEF < 35%, GWI predicted poor outcomes (AUC 0.882,
P =0.009).01%%

Yedidya et al. studied 70 FMR patients, categorizing them
into improvers (>20% increase in forward stroke volume [SV]
index) and nonimprovers (<20%). Nonimprovers exhibited
worsened GWI and GCW (P = 0.005, P = 0.004), while
improvers showed no change (P = 0.093, P = 0.112). GWE
correlated with SV improvement postintervention, independent
of LV systolic function.!**

Regarding severe rheumatic mitral stenosis, Rudiktyo et al.
evaluated 33 patients with isolated mitral stenosis and
demonstrated a direct and positive correlation between GWE
and the patient’s functional capacity, objectively measured
through exercise testing.['*

RigHT VEnTRICULAR MYocARDIAL WoORK

Assessing right ventricular (RV) function remains clinically
challenging. Various echocardiographic parameters such as
tricuspid annular plane systolic excursion, fractional area
change, and S’ are used, each with technical limitations. Limited
studies have explored RV MW using a standard algorithm.

In a recent study conducted by Landra et al. on 23 patients
who underwent LVAD implantation, it was demonstrated
that, among MW indices, the performance for early right
HF prediction was greatest for RV GWE. The AUC for
RV GWE was 0.92, with a cutoff of 77%, yielding 100%
sensitivity and 82% specificity. During long-term follow-up,
death occurred in 4 of 14 patients (28.6%) in the group with
RVGWE >77%, compared to 6 of 9 patients (66.7%) in the
group with RVGWE <77%, resulting in an HR of 0.25 (95%
CI: 0.07-0.90, P = 0.033).01%%]

Butcher et al. found RV GCW moderately correlates with
invasively measured SV and SV index (r = 0.63, P = 0.002
and » = 0.59, P = 0.004) in 22 HF patients with reduced
ejection fraction (EF).1'%! A follow-up study on 51 pulmonary
HTN patients and 21 patients without structural heart disease
demonstrated that RV GCW (HR: 1.42 per 100 mmHg%
<900 mmHg%, 95% CI: 1.12-1.81, P = 0.004) and RV
GWI (HR: 1.46 per 100 mmHg% <650 mmHg%, 95% CI:
1.09-1.94, P=0.010) correlate with all-cause mortality, unlike
conventional RV function parameters.!'"”

In the context of atrial septal defects (ASDs), Wu et al.
analyzed 29 patients with ASD, comparing them to an
equal number of age- and sex-matched controls without
cardiovascular diseases.!'®! The ASD patients underwent right
heart catheterization (RHC).['®® The authors demonstrated
that the RV GWI, RV GCW, and RV GWW were significantly
higher in ASD patients than in controls, while no significant
difference was found in RV GWE. RV GWI, RV GCW, and
RV GWW showed significant correlations with RHC-derived
SV and SV index, outperforming RV GLS as predictors of
ASD.[108

These studies utilized software initially designed for LV MW,
emphasizing the need for dedicated RV MW software and
validation.
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RoLe oF MyocarDIAL WoRK ANALYSIS IN
CARDIO-ONCOLOGY

The field of oncology is continuously expanding, with new
therapeutic agents being developed on a daily basis, leading to
the complexity of cardio-oncology as a specialty. The GLS has
proven more effective than LVEF in identifying and managing
cancer patients with cancer therapeutics-related cardiac
dysfunction (CTRCD). Consequently, it has been included
in the recent European Society of Cardiology guidelines on
cardio-oncology.'®! It is standard practice to regularly assess
both GLS and LVEF; however, the reliability of GLS can be
affected by changes in systolic blood pressure, making serial
comparisons challenging. A recent review on subclinical
cardiotoxicity and the potential role of MW in these cases
suggested that MW could offer promising insights for cancer
patients at a higher risk of cardiac issues.!'!”) While studies on
MW in breast cancer patients have yielded mixed results, a study
conducted by Guan et al."'l compared MW and GLS in breast
cancer patients undergoing different treatments. The study
found that while GLS was still a sensitive indicator of cardiac
dysfunction, changes in MW indices were observed after the
sixth cycle of treatment.!''] Additionally, Calvillo-Argiielles
et al. studied 136 HER2 + breast cancer patients undergoing
anthracycline and trastuzumab therapy and determined that
MW indices did not provide any meaningful advantages over
GLS and established clinical risk factors in predicting CTRCD
at subsequent appointments.

Li et al "™ conducted a study on HER2 + breast cancer patients
undergoing pertuzumab and trastuzumab therapy. Following
four cycles of treatment, GLS, GWI, GCW, and GWE were
significantly reduced, detecting toxicity more promptly and
sensitively than LVEF. However, it remains uncertain if the
changes in myocardial parameters correspond to occurrences
of myocardial toxic events.[''*]

Kosmala et al."'¥ explored the ability of MW indices to
differentiate changes in GLS specifically caused by chemotherapy
versus changes in afterload. Patients were categorized into four
groups based on their CTRCD status and blood pressure levels. The
findings revealed that patients who were positive for CTRCD but
did not experience a rise in blood pressure exhibited considerably
larger decreases in GWI and GCW. The researchers noted that
the decline in GLS alongside an increase in GWI and GCW
indicated the impact of heightened afterload on LV performance
in the absence of actual myocardial dysfunction.'') Vaz Ferreira
et al." analyzed MW before and after treatment in breast cancer
patients receiving anthracycline and/or anti-HER therapy. Al MW
indices showed impairment at 4-6 months posttreatment, with a
tendency to return to baseline levels at 12—14 months. Patients
with CTRCD exhibited a notable decrease in GWI and GWE at
4—6 months compared to those without CTRCD.

The feasibility of MW indices compared to traditional
echocardiographic parameters was also explored in a population
of children and young adults (598 patients) undergoing

anthracycline therapy.["'®! Zhan et al. observed that MW indices
offered an earlier and more sensitive indicator of progression
toward CTRCD than conventional measures such as LVEF and
GLS.1"I Further research is necessary to ascertain the clinical
significance of MW in cardio-oncology and CTRCD and its added
value compared to GLS alone. Additionally, it remains unclear
whether a MW-oriented approach can decrease the long-term risk
of HF and enhance clinical outcomes. In Table 1, the main clinical
applications of Myocardial Work Analysis are summarized.!'!”

Table 1: Current applications of myocardial work in
clinical practice

Cardiac disease =~ MW parameters

CAD Regional MW is superior to LVEF and GLS for
detecting acute coronary occlusion in NSTEMI
patients’®”!

Regional MW decreases during stress
echocardiography in areas supplied by stenosed
arteries, along with decreased GWE!!")

A GWI value of <1810 mmHg% has a 95% positive
predictive value for detecting significant CADE®!
GWI and GCW increase with higher afterload
(HTN), while GLS and LVEF remain
unchanged*%’!

Hypertension

GWI increases progressively with each stage of
HTNI

Patients with LBBB exhibit significantly higher
WW, which improves with CRT!!

WW in the septum combined with the wall motion
score index strongly predicts CRT responsel®!)
GWTI has been found to be superior to GLS in
predicting major adverse cardiac events and
all-cause mortality!®!

Dyssynchrony

Amyloidosis

HCM Patients with HCM have significantly reduced
GCW[IZO]
A GCW greater than 1730 mmHg% is linked to

better event-free survival®’

In AS patients, GWI, GCW, and GWW are
increased than normal reference values. Reduced
GWI and GCW at follow-up are linked to higher
mortality®!

Reduced GWI, GCW, and GWW are associated
with worse long-term survival in patients with
severe functional mitral regurgitation. GCW
improves after transcatheter edge-to-edge repair,
while GLS and LVEF do not!'*”!

GWI and GCW positively correlate with the
severity of AR in patients with normal LVEF.

A GWI threshold of 1285 mmHg% predicts LV
reverse remodeling®®

Valvular heart
disease

Cradioncology In a small subset of patients with a systolic blood
pressure reduction >21 mmHg and a GLS change
of <3.3%, MW indices are more strongly associated

with concurrent CTRCD than GLS!?

WW=Wasted work, CRT=Cardiac resynchronization therapy,
CTRCD=Cancer therapeutics-related cardiac dysfunction, GCW=Global
constructive work, GLS=Global longitudinal strain, GWE=Global

work efficiency, GWI=Global work index, GWW=Global WW,
HTN=Hypertension, LBBB=Left bundle branch block, LV=Left
ventricular, LVEF=LV ejection fraction, MRI=Magnetic resonance
imaging, NSTEMI=Non-ST-segment-elevation myocardial infarction,
MW=Myocardial work, AS=Aortic stenosis, HCM=Hypertrophic
cardiomyopathy, CAD=Coronary artery disease, AR=Aortic regurgitation
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CoNCLUSIONS

Validation studies have proven that the noninvasive assessment
of MW indices using LV PSL is highly correlated with invasive
measurements of stroke work and cardiac metabolism. This
strong correlation has led to the widespread utilization of MW
measurement in a variety of clinical settings.

The key benefit of this advanced diagnostic tool is its ability to
combine strain measurement with pressure, resulting in a more
objective assessment of ventricular function that considers
loading conditions and overcomes the limitations of EF and
GLS. As a result, MW evaluation is particularly valuable in
determining whether reduced contraction is due to increased
afterload, as seen in arterial HTN, or decreased contractility,
as seen in ischemic cardiomyopathy.

Furthermore, MW indices provide comprehensive insights into
both segmental and global myocardial energetics, opening up
new possibilities for studying cardiomyopathies and improving
the prediction of therapeutic responses. Increasing evidence
supports the feasibility and reliability of MW measurements
in various clinical applications.

However, to fully establish the added value of this technique,
well-designed multicenter studies involving larger and diverse
populations are necessary. Such studies would confirm the
significance of MW indices and potentially integrate them into
routine echocardiographic assessments.
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