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Background There is already extensive literature on the natural history of hypertensive heart disease (HHD) and aortic stenosis
(AS). Once these patients develop severe left ventricular systolic dysfunction (LVSD) despite guideline-directed
therapy for heart failure (HF), it is often thought to be end-stage from irreversible adverse remodelling. Our case
series challenges this traditional paradigm. A more holistic model that factors in the interactions between the
ventricle and vasculature is required. Based on a novel hypothetical concept of myocardial fatigue, we propose that
occasionally LVSD is not an inherent myocardial or valvular disease but a consequence of an arterial afterload mis-
match. By addressing this, the ventricle may recover and contract efficiently in unison with the arterial system.

...................................................................................................................................................................................................
Case summary We present two cases of severe LVSD in a young lady with long-standing essential hypertension and a gentleman with

stable severe AS. Both patients were already established on HF medications. After optimizing their blood pressure con-
trol, repeat echocardiography revealed normalization of left ventricular ejection fraction within 3 months, along with a
demonstrable improvement in ventricular–arterial coupling and for AS, a reduction in valvular-arterial impedance.

...................................................................................................................................................................................................
Discussion Just as Frank–Starling’s law was discovered by initially drawing analogies to skeletal muscle behaviour, it is biologic-

ally plausible that cardiac fatigue can occur in the setting of afterload mismatch. The chance of recovery rests upon
early recognition before it transitions to irreversible myocardial damage. Only by testing new emerging theories of
HF can we galvanize original research and find new avenues to understanding this complex syndrome.
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Learning points
• A proposed mechanism to hypertensive and valvular heart failure with reduced ejection fraction is not only to focus on the effect of the

ventricle on the arterial circuit but also the effects of the vasculature on the ventricle; in that a markedly increased and protracted arterial
resistance can impede myocardial performance.

• Intrinsic contractile dysfunction of cardiomyocytes may only be temporary because of excessive opposing forces during systole before any
irreversible damage to its contractile properties occurs. An exciting part of this thinking is that if this mechanism were true, left ventricular
systolic function in these patients should recover fully if arterial resistance could be tackled effectively.

* Corresponding author. Tel: ±44 (0)2476 964693, Email: Patrick.tran2@uhcw.nhs.uk
Handling Editor: Matteo Cameli
Peer-reviewers: Gonzalo Luis Alonso Salinas and Emilia D’Elia
Compliance Editor: Debbie Falconer
Supplementary Material Editor: Elhosseyn Guella
VC The Author(s) 2021. Published by Oxford University Press on behalf of the European Society of Cardiology.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact
journals.permissions@oup.com

European Heart Journal - Case Reports CASE SERIES
doi:10.1093/ehjcr/ytab089 Heart failure

https://orcid.org/0000-0001-9304-9521
https://orcid.org/0000-0003-4574-484X
https://orcid.org/0000-0001-7793-1733
http://creativecommons.org/licenses/by-nc/4.0/


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..Introduction

This case series challenges the common notion that left ventricular
systolic dysfunction (LVSD) defines the terminal phase in the natural
history of hypertensive heart disease (HHD) or severe aortic stenosis
(AS). The classical paradigm shared by both involves an initial adap-
tive left ventricular hypertrophy (LVH) to minimize wall stress, fol-
lowed by maladaptive remodelling from progressive cardiomyocyte
loss and fibrosis, before an eventual decline in contractility leading to
heart failure with reduced ejection fraction (HFrEF).1,2 Alternatively
proposed is the second-hit theory whereby an interval injury such as
myocardial infarction accelerates this transition to HFrEF.3 However,
the underlying problem may not always be a primary cardiac path-
ology but a mechanical inefficiency of an otherwise viable ventricle to
effectively contract against an excessive afterload.4 This inverse rela-
tionship between afterload and myocardial performance has been a
century-old concept but it remains unclear whether this phenom-
enon relates to the cardiomyocytes’ load-dependent shortening or
intrinsic contractile properties.5 Not least, it is clinically difficult to dis-
tinguish. Consequently, when severe LVSD occurs, clinicians often
treat the conspicuous problem e.g. implement guideline-directed
medical therapies (GDMTs) for HFrEF or refer for aortic valve re-
placement (AVR) but may overlook the less conspicuous arterial
afterload as a potential cause.

Based on the interdependent circuit connecting left ventricle (LV)
with aortic valve, root and arterial tree, several indices of this rela-
tionship have been established. In AS with systemic hypertension, LV
faces a double afterload at the valve level from stenosis and arterial
level from reduced compliance.6 This may explain why some patients
with moderate AS are significantly symptomatic while some have
low-flow severe AS despite preserved ejection fraction (EF).2

Valvular-arterial impedance (Zva) represents this global haemo-
dynamic load with >3.5 mmHg/mL/m2 suggesting a significantly
increased total afterload.6 In terms of systemic arterial stiffness, this is
characterized by arterial elastance (Ea), which is a ratio of end-
systolic pressure (ESP) to stroke volume (SV). A high elastance indi-
cates a high ESP per SV change.7 Left ventricular elastance (Ees) is a
reasonably load-independent index of contractility, which can be
derived invasively from a family of pressure–volume loops at end-
systole across different loads or from echocardiography using a
single-beat technique.8,9 To achieve maximum cardiac efficiency, LV
and systemic vasculature must work in unison, characterized by a
ratio termed ventricular–arterial coupling (VAC). An Ea/Ees ratio of
0.7–1.0 indicates maximum stroke work while >1 indicates ineffective
coupling.9,10 Brachial arterial blood pressure (BP) is a gross represen-
tation of these afterload parameters but is not without its
limitations.9

The current heart failure (HF) classification by LV ejection fraction
(LVEF) does not capture these ventricular–arterial interactions or
other pathophysiological models of HF; hence a novel perspective is
demanded. Heart failure is a continuous spectrum as reflected by the
intermediate phenotypes ‘HF with mid-range EF’ or ‘HF with improv-
ing EF’.10 A scattered plethora of mechanisms have been proposed
including neurohormonal over-activation, inflammation and endothe-
lial dysfunction but so far no unifying model exists.11 We propose a
complementary framework of myocardial fatigue, injury, and damage
discussed in detail elsewhere that reconciles LVEF classification with

the physiological derangements across the HF spectrum (Figure 1).12

Just as Frank–Starling’s law emerged by originally drawing analogies
from skeletal muscle behaviour, a similar analogy can be used to sup-
port the concept of myocardial fatigue in the face of arterial resist-
ance. For example, by pushing against a boulder for a prolonged
duration, muscle fatigue occurs and work diminishes over time; yet
the muscle remains intact and recovers once the pathological load is
removed. If myocardial fatigue persists, injury ensues followed by
damage where the degree of damage predicts the chance of revers-
ibility. The two following cases are cited in support of this hypothesis.

Timeline

.................................................................................................
Time Events

Patient 1

First admission

with decompen-

sated heart failure

(HF) (Impaired LV)

Grade 3 Hypertension.

Cardiac magnetic resonance imaging

showed severe left ventricular systolic

dysfunction (LVSD) [left ventricular ejec-

tion fraction (LVEF) 14%]. On

Spironolactone 12.5 mg once daily and

maximal dose of Ramipril and Bisoprolol.

Added furosemide.

Follow-up 3

months after

discharge

Blood pressure (BP) 180/110. Severe LVSD

on echocardiogram. Added hydralazine

25 mg thrice daily to control BP.

One month later

in cardiac trans-

plant clinic

(improved LV)

BP 126/76. Repeat echocardiogram: nor-

malization of LVEF with good radial con-

tractility seen.

Discharged from cardiac transplant clinic.

Second decom-

pensated HF 1

year later.

BP 172/120.

On above medications and bumetanide

3 mg twice daily. Increased hydralazine

and spironolactone.

Follow-up in

1 month (Impaired

LV)

Non-compliant with hydralazine TDS.

Blood pressure uncontrolled.

Echocardiogram: Severe LVSD, LVEF

<35%.

Follow-up in

6 months

(Improved LV)

Blood pressure 133/86 after addressing

compliance with hydralazine.

Echocardiogram: Non-dilated LV, mild

LVSD. Left ventricular ejection fraction

47%.

Third decompen-

sated HF one year

later

Blood pressure 180/130. NYHA III

breathlessness.

Echocardiogram- severe LVSD. Already on

6 months of Sacubitril/Valsartan 97/

103 mg twice daily.

Continued

2 P. Tran et al.
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Case presentation

Case 1: Fluctuating left ventricular
systolic dysfunction in response to
arterial blood pressure
A 33-year-old lady with a background of essential hypertension was
admitted with New York Heart Association Class (NYHA) IV breath-
lessness attributed to de novo acute HF and severe LVSD. In the pre-
ceding 5 years, extensive investigations by nephrology and
endocrinology specialists had excluded secondary causes including
phaeochromocytoma, renovascular, and renal parenchymal disease.
Body mass index was 33 kg/m2 but the STOP-Bang screen for ob-
structive sleep apnoea proved negative.

Echocardiogram revealed a mildly dilated LV with mild posterior
LVH (septum 1.1 cm, posterior wall 1.5 cm, indexed LV mass 129 g/
m2), LVEF 18% and indexed SV (SVi) 11mLs/m2 (Video 1A). Using
single-beat analysis for non-invasive estimations of Ea and Ees, net ar-
terial load was found to be significantly raised (Ea 7.0 mmHg/mL; nor-
mal range 2.2± 0.8 mmHg/mL) in excess of a normal index of
contractility (Ees 2.7 mmHg/mL; normal range 2.3 ± 1.0 mmHg/mL)
giving a VAC of 2.6. This indicated considerable inefficiency of the
ventricle working against an opposing afterload. Cardiac MRI

confirmed HHD with LVEF 14% after excluding infarction, infiltration,
myocarditis and coarctation of aorta. Coronary angiography demon-
strated normal coronary arteries.

Before the diagnosis of HFrEF, she was already on spironolactone,
maximum doses of bisoprolol and ramipril for the preceding 2 years.
Despite this, she had grade 3 hypertension, confirmed on 24-h ambu-
latory monitor (Figure 2). With no evidence of interval injury, the HF
team suspected a case of end-stage HHD prompting an urgent refer-
ral for cardiac transplant assessment. Hydralazine was concurrently
added to optimize BP.

At the transplant clinic, BP improved to 126/76 and echocardio-
gram revealed normalization of LV systolic function associated with
better exercise tolerance. She was therefore discharged from the
transplant service. As presented in the timeline, subsequent BP esca-
lations were associated with profound deteriorations in clinical and
LV systolic function. When she became more compliant with the
evening hydralazine doses, a reasonable BP 133/86 was achieved and
echocardiogram showed a mildly impaired LV systolic function, LVEF
48% (Video 1B). Calculated Ea was 2.9 mmHg/mL, Ees 3.0 mmHg/mL
with VAC ratio 0.97 indicating a closely matched elastance for greater
ventricular efficiency.

Unfortunately, on recent follow-ups, she reported NYHA III
breathlessness and was found again to have uncontrolled hyperten-
sion with severe LVSD. Despite 6 months of Sacubitril/Valsartan 97/
103 mg BD, LV remained poor in the face of uncontrolled
hypertension.

Case 2: Resolved left ventricular systolic
dysfunction with blood pressure control
in severe aortic stenosis
An 86-year-old gentleman was referred to the HF clinic with NYHA
III breathlessness. He was known to have AS on a background of
hypertension, diabetes, and coronary artery bypass grafting in 1998.

.................................................................................................

Continued

Time Events

Follow-up in

1 year

Blood pressure 190/110. Still severe LVSD.

Remains on Sacubitril/Valsartan 97/

103 mg twice daily.

Patient 2

Initial diagnosis of

aortic stenosis

(AS)

2012 echocardiogram showed mild degen-

erative AS and preserved LVEF.

Referral to HF

clinic 6 years later

Outpatient echocardiogram showed severe

LVSD (LVEF 29%) and likely low-flow

low-gradient severe AS.

Already on maximal dose of bisoprolol and

losartan.

Seen by HF specialist who noted BP 156/

111 in clinic.

Started on hydralazine 25 mg twice daily.

Follow-up in

3 months

Blood pressure 106/68. Exercise tolerance

improved.

Echocardiogram showing resolution of LVEF

60% and dobutamine stress echo con-

firmed severe AS.

Follow-up in

6 months

Remained asymptomatic from severe AS.

No changes to medication regimen.

Follow-up in

9 months

(18 months since

dobutamine stress

echocardiography)

Developed exertional breathlessness. Echo

showed LVEF 60%. Blood pressure con-

trolled. Underwent successful transcath-

eter aortic valve implantation.

Video 1 Parasternal (above) and apical four-chamber views
(below) showing severely impaired left ventricular systolic function
during uncontrolled hypertension and resultant inefficient ventricu-
lar–arterial coupling (A) which upon reduction of blood pressure
and normalization of ventricular–arterial coupling showed
improved contractility (B).

Concept of myocardial fatigue 3
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Prior to referral, he was established on maximal doses of bisoprolol
and losartan, and furosemide. N-terminal prohormone of brain natri-
uretic peptide was 1719 pmol/L. Compared with his baseline echo-
cardiogram, repeat scan revealed new severe LVSD, LVEF 29%, SVi
23 mL/m2 (Video 2A) with mild concentric LVH and low-flow low-gra-
dient severe AS (mean gradient 25 mmHg, peak gradient 41 mmHg,
aortic valve area 0.7cm2

; dimensionless valve index 0.2).(Figure 3A).
There was no evidence of aortic coarctation. On review, BP was 156/
111 and heart rate 86 b.p.m. To optimize BP control, hydralazine
25 mg twice daily was initiated.

Coronary angiography showed patent grafts without de novo
lesions and no signs of tachyarrhythmia were found on Holter moni-
toring, excluding a second-hit injury. Dobutamine stress echocardiog-
raphy (DSE) was arranged to assess for contractile reserve before
potential transcatheter aortic valve implantation (TAVI). He returned
a BP diary over 3 months, which showed significantly better control
and reported improved exercise tolerance.

On the day of DSE, BP was 106/68. Resting echocardiogram (be-
fore dobutamine infusion) showed resolution of LVSD with an LVEF
60% and SVi 52.9mLs/m2 (Video 2B). Dobutamine stress echocardiog-
raphy excluded regional wall motion abnormalities on peak stress
and recovery, and reaffirmed severe AS (mean gradient 68 mmHg,

Figure 1 Proposed spectral and descriptive model of myocardial fatigue, injury, and damage which reconciles with the left ventricular ejection frac-
tion classification and pathophysiological and mechanical derangements underlying different aetiologies of heart failure and informs on the degree of
potential myocardial recovery.

Video 2 Parasternal (above) and apical four-chamber views
(below) showing severely impaired left ventricular systolic function
(A) which normalized (B) after controlling for blood pressure and
resultant improved ventricular–arterial coupling and reduction of
global left ventricular load (with no change in severe aortic
stenosis).

4 P. Tran et al.
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peak 104 mmHg, aortic valve area 0.7 cm2) (Figure 3B). Using steady
data from echocardiography, VAC normalized to 0.99 (Ea

1.28 mmHg/mL over Ees 1.29 mmHg/mL) from an initial inefficient
VAC 1.62 (Ea 3.42 mmHg/mL over Ees 2.11 mmHg/mL). Global
haemodynamic load, characterized by ZVa, was calculated by dividing
the estimated LV systolic pressure (systolic arterial pressure þ mean
transvalvular pressure) by SVi. At the time of severe LVSD, ZVa was
significantly raised at 6.18 mmHg/mL/m2 indicating a high global im-
pedance opposing ventricular ejection, absorbing most of the mech-
anical energy developed by the LV.6 On BP control, this improved to
3.3 mmHg/mL/m2. Accordingly, as symptoms and LV function
improved, AVR was not required until 18 months later when he
developed exertional breathlessness. Blood pressure remained well-
controlled and echocardiogram showed LVEF 60%. He finally under-
went a successful TAVI.

Discussion

This case series provides a unique perspective on the mechanisms
behind reversible HFrEF and reminds us that in HF, the mechanical
pump should be examined mutually with the arterial vasculature ra-
ther than in isolation. As demonstrated in both cases, a systolic BP
150 may not appear very high but can be detrimental to the LV.
Consequently, modest BP rises can lead to exaggerated LV ESP which
in turn increases myocardial oxygen consumption and energy costs

that do not translate to adequate mechanical work, which corre-
sponds with the description of muscle fatigue.7

By controlling BP through principles of ZVa, VAC, and excluding
interval myocardial damage, we suggest that LV systolic function can
be restored (independent of neurohormonal therapies) without hav-
ing to resort to potentially harmful and premature valve replacement
or cardiac transplant. Ventricular–arterial coupling is a central deter-
minant of net cardiovascular performance and the European Society
of Cardiology HF Association (HFA) consensus document on VAC
has outlined strategies on restoring this.9 It recommends a common
therapeutic intervention for both AS and hypertension-related
HFrEF in using anti-hypertensive drugs that predominantly reduce ar-
terial wall stiffness and central afterload, namely angiotensin-
converting enzyme inhibitors, angiotensin-receptor blocker, and
nitrates over beta-blockers. Importantly, it points out that VAC can
potentially worsen post-TAVI if co-existing hypertension is not con-
trolled since the acute rise in SV immediately after TAVI can dispro-
portionately increase aortic BP and in turn, impose excessive
afterload on the LV. However, the guidance does not mention hydra-
lazine, which is a potent direct arterial vasodilator that benefitted
both cases, which did not appear to respond to GDMTs including
Sacubitril/Valsartan.

The two cases are on either extreme of age and gender. Such dif-
ferences exhibit both similarities and variances on the LV’s response
to load and likelihood of developing HF, not least we know that old
age and female sex are independent risk factors of HFpEF.13

Figure 2 Twenty-four-hour ambulatory blood pressure monitor showing average blood pressure 180/110.

Concept of myocardial fatigue 5
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Ventricular–arterial coupling is similar based on age or gender at rest
but during exercise, a steeper rise in Ea was observed in hypertensive
women compared with age-matched hypertensive men.4 Another
study found younger HFpEF patients to have similar VAC to stable
hypertensive elderly at rest but with exercise, higher VAC was seen
in the younger group.13 Furthermore, these studies have suggested
that elderly healthy individuals with adequate contractile reserve de-
velop age-related arterial stiffness (i.e. increased Ea) but have pre-
served VAC ratio due to a proportionate Ees rise. Such observations
provide some insight into why the young lady with long-standing
hypertension developed HFrEF earlier than the elderly man with
hypertension who developed HFrEF much later only when additional
load was imposed from progressive AS. Both cases have various rates
of acceleration to myocardial fatigue and the chances of myocardial
recovery thus depend on early recognition.

Still, it remains a challenge to promptly recognize and predict the
possibility of reversibility in individual cases of severe LVSD. A cohort
study of HHD patients with LVSD found that BP control was an inde-
pendent predictor of LVEF normalization over a long median follow-
up of 41 months and found that these patients tended to be younger
with a shorter history of hypertension.14 One case report of HHD
with fully reversible severe LVSD after 2 months of optimizing BP
suggested that this was a global variant of hypertensive-induced
Takotsubo cardiomyopathy—perhaps acute afterload acted as the
stressor. The authors acknowledged that current literature on this is
limited.15 In AS, LV systolic function can begin to deteriorate even
when AS is moderate in the absence of coronary artery disease or a
second-hit injury.2 Clearly, the prevailing concept that severe LVSD
in AS is primarily a consequence of the valve is not entirely true.
Aortic stenosis is not simply a valve but systemic disease with

Figure 3 Transthoracic echocardiogram showing appearances of severe aortic stenosis in parasternal long-axis view and corresponding aortic valve
Doppler’s at time of severe left ventricular systolic dysfunction (A row) and normal left ventricular systolic function during dobutamine stress echocar-
diography (B row).

6 P. Tran et al.
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myocardial and vascular components that exert a global haemo-
dynamic demand on the LV as illustrated in Case 2. Perhaps this dif-
fuse effect on a strained and fatigued ventricle may be seen on
cardiac imaging. Cardiac magnetic resonance T1 mapping quantifies
diffuse myocardial tissue injury and can help to differentiate focal fi-
brosis which corresponds to myocyte loss from diffuse fibrosis which
suggests potential myocardial recovery. This is supported by a study
that found after a year post-AVR, focal fibrosis persisted while diffuse
fibrosis regressed with slight recovery in LV function.16

These observations support the biologically plausible framework
of myocardial fatigue, which arises when the LV struggles to pump
into a high-pressure vascular circuit. It lies at the beginning of a spec-
tral transition to myocardial injury followed by irreversible damage
(Figure 1). The recognition of chronically elevated troponin has led to
a recognition of myocardial injury and reduced contractile reserve in
hypertensive HFpEF patients from a small prospective study,17 which
fits well with our proposed paradigm. In fact, the idea of myocardial
fatigue was first mentioned 50 years ago in an animal experiment that
demonstrated gradual reduction in LV contractions after intermittent
clamping of the ascending aorta over time.18 However, due to
technological limitations, it was unable to establish whether this was
a problem with intrinsic myocardial contractility, load-dependent
myocyte shortening or external influences of the neurohormonal
system.

The limitation of using brachial BP is a crude way to characterize
the complex components of arterial afterload and its responses on
the LV. It would have been ideal to obtain an invasive pressure–vol-
ume analysis before and after intervention to accurately document
the load-dependent effects on cardiac function under physiological
and pathological conditions. This would also elucidate other factors
that influence end-systolic wall stress (ESWS) such as LV geometry
(based on the Law of LaPlace) and systemic vascular resistance

(SVR). Just as VAC and ZVa can be estimated non-invasively, well-vali-
dated methods to non-invasively calculate ESWS19 and SVR,20 which
correlate well with invasive measures, are applied to both cases
(Table 1). Both parameters are seen to reduce significantly after bet-
ter BP control but interesting differences are seen. Case 1 after inter-
vention had normalized VAC ratio but even though SVR had
reduced, it remained high which may partially explain why LV systolic
function did not completely normalize. In contrast, Case 2 had nor-
malized SVR when normotension was achieved but with the persist-
ent severe AS, a high ESWS is still present. It is clear from this case
series that non-invasive measurements, albeit not as accurate as inva-
sive references, can still provide useful clinical haemodynamic data.

Conclusion

This case series reminds us that in HF, the LV should be examined
mutually with the vascular circuit rather than in isolation, applying
well-established notions of VAC, ZVa, and other components of
afterload such as SVR and wall stress. Based on this biomechanical
model, it proposes a novel concept of myocardial fatigue within both
cases. We hope this case series galvanizes the research community
to revisit the hypothesis of myocardial fatigue and attest this with
modern state-of-the-art tools such as force-length work-loop models
on human cardiomyocytes to add another piece to the puzzle of HF
syndrome.
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Table 1 Changes in end-systolic wall stress and sys-
temic vascular resistance in Cases 1 and 2 before and
after blood pressure control

Cases ESWS

(kdynes/cm2)a

SVR

(dynes/sec/cm5)b

Case 1 (severe LVSD þ
HTN)

206 5435

Case 1 (mild LVSD þ
better BP control)

133 2833

Case 2 (severe LVSD þ
HTN þ severe AS)

260 2581

Case 2 (normal LVSF þ
normotensive þ se-

vere AS)

195 1111

AS, aortic stenosis; BP, blood pressure; ESWS, end-systolic wall stress; HTN,
hypertension; LVSD, left ventricular systolic dysfunction; LVSF, left ventricular
systolic function; SVR, systemic vascular resistance.
aEnd-systolic left ventricular wall stress calculated non-invasively as (0.334 �
Systolic BP þ mean pressure gradient) � (LV end-systolic diameter)/posterior
wall thickness [1þ posterior wall thickness/LV end-systolic diameter].
bSystemic vascular resistance calculated non-invasively as mean arterial pres-
sure—RA pressure (based on IVC collapsibility)/cardiac output multiplied by 80
(Porter 2015) with normal ranges between 800 and 1500 dynes/s/cm5.

Concept of myocardial fatigue 7
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