Right ventricular failure

Sotiris Papaspyros
Feb 10/ ‘21



Rationale

* RV failure is a complex clinical syndrome. Research
has disproportionately focused on the failing LV.

* The RV is anatomically and functionally different
from the LV and therefore our knowledge of LV
pathophysiology cannot be extrapolated to the Right
heart.
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| RE1 Window Dissection of a Heart

* RV stroke work =25% LV
* RV thickness =1/3 LV
* RVvolume=115% LV

* RV contraction : longitudinal
shortening (mostly)
— LV contraction: circumferential

* But both share the septum:

—— — 40% of RV contraction
S o ) depends on septal contraction

papillary musde; WC = inferior vena cava LAD = left anterior
descending artery; MB = moderator band; PA = pulmonary
artery; PV = pulmonary valwve; RCA = right coronary artery;
RV = right ventride; RVOT = right ventricular outflow tract;
5B = septomarginal or septal band; 5C = supraventricular
arest; SPM = septal papillary muscle; SWC = superior vena
cava; TV = tricuspid vabee.




FIGURE 2 RV Myoarchitecture

(A) Normal heart viewed from the front shows the circumferential arrangement of superficial RY and middle LY layers of aggregated car-
diomyocytes. (B) Opened normal RY showing longitudinally arranged subendocardial myooyte aggregates (black dashed lines).
(S0 = coronary sinus ostium: LV = left ventricle: PT = pulmonary trunk: other abbreviations as in Figure 1.




RV perfusion

* RCA perfuses RV free wall and 1/3 of posterior
septum (in RCA dominant, 70-85% population)

* RV perfusion occurs in systole and diastole (LV
only diastole) therefore is more vulnerable to

— RV size increase (high intramural pressure in
volume overload) and

— Hypotension (depends on systole and diastole)



RV relation to afterload

Figure 1: Effect of Increasing Afterload on Stroke Volume
of the Right and Left Ventricles

FIGURE 8 Probability of RVRR as a Function of Treatment-Related Decrease in PVR in
Pulmonary Arterial Hypertension
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Because of the sigmoid shape of the curve, small additional decreases in PVR from —40%
o —50% may result in considerable RV improvement. Data from Badagliacca et al. (89)

ventricular reverse remaodeling.

and van de Veerdonk et al. (S0). PVR = pulmonary vascular resistance; RVRR = right




The unconditioned (not used to PA HTN) RV can
overcome up to mean PA<40mmHg

FIGURE 6 RV Function Response to a Progressive Increase in PVR in Pulmonary Hypertension

Progression of Right Ventricular Function from Adaption to Failure
in Pulmonary Hypertension
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During the adapted "homeometric” phase, contractility increases to maintain the Ees to Earatio (Ees/Ea) but does so insufficiently, so that the
Ees/Ea progressively declines along with an almost parallel decrease in ejection fraction (EF). Ees/Ea and EF have to decrease, respectively,
by =50% and 40% (corresponding to Ees/Ea <0.7 to 0.8 and EF <35%) before heterometric adaptation (Starling's law) is turned on, with
rapid progressive inoease in EDV and poor prognosis. PR = pulmonary vasailar resistance; other abbreviations as in Figures 1 and 4.




RV dependence on AV synchrony

IGURE 7 Ventricular Volumes at Decreasing RV Ejection Fraction or SV to ESV Ratio
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The vertical lines show cut-off values of 0.35 and 0.54, respectively, below which EDV
and ESV must increase for SV preservation. Reproduced with permission from Naeije
et al. (41). SV = stroke volume; other abbreviations as in Figures 1 and 4.

1. The failing RV (PA HTN)
has very limited
contractile reserve

— Cannot increase its SV by
increasing contractility in
the face of high afterload

2. ltis therefore very
dependent on regular

HR.

— Diastolic filling depends
on atrial contraction +
AV synchrony



Ventricular interdependence

Mormal heart Right ventricular volume overload

Flattened septum

Increased

pericardial constraint

Figure 1 Ventricular interdependence in right ventricular failure. Dilatation of the right ventricle shifts the interventricular septum toward the
left, changing left ventricular geometry. Acute right ventricular distension may also lead to an increase in pericardial constraint (arrows). These
changes may contribute to low cardiac output state by decreasing left ventricular distensibility, preload, and ventricular elastance. Reprinted
with permission from Haddad F, Doyle R, Murphy D], Hunt SA. Right ventricular function in cardiovascular disease, part |l: pathophysiclogy,
clinical importance, and management of right ventricular failure. Circulation 2008;117:1717-1731.



Aetiology pathophysiology 1/5

Tricuspid regurgitation
Pulmonary regurgitation

RV volume overdoad

'T Right atnal pressure

*Dantral Vanous prassura

RV pressura

overload

RY dilatation

¥ Contractiity [rr—
BV dysfunction RV ischaamia,
injury, inflammation

Altered systolic or
diastolic ventricular
interdependence

Organ dysfunction

or failure

Figure 1 Pathophysiclogy of acute right ventricular failure. LV, left ventricular; RY, right ventricular.



Pathophysiologic classification

Figure 2: Mechanisms of Right Ventricular Dysfunction

[ Altered rhythm J

( Increased afterload

[Abno rmal preload

Altered interdependence ]

LY
[_ Reduced contractility

LA = left atrium; LV = left ventricle; RA = right atrium; RV = right ventrice.

Table 1: Mechanisms and Causes of Right Ventricular

Failure

Increased afterload

LV backward failure (pulmonary hypertension
associated with left-sided heart disease)
Pulmonary embolism, chronic thromboembalic
pulmonary hypertension

Pulmonary artary bypertension

(Exacerbated) chronic pulmeonary dissase
Acute lung injury/acute respiratory distress
syndrome

Sleep-related breathing disorders, obesity-
hypoventilation syndrome

Mechanical ventilation

(Repaired) congenital heart disease with systemic
RV or RV outflow obstruction

Reduced contractility

RV ischaemia/RV infarction

RV injury, systemic inflammatory response (SIRS)
Myocarditis

Cardiomyopathies (e.g. dilated cardiomyopathy or
hypertrophic cardiomyopathy)

Arrhiythmogenic RV cardiomyopathy, Uhl's anomaly

Abnormal preload

Hypo- ar hypervalaemia
LV forward failure
Pericardial tamponade
Mechanical wentilation
Chronic left-to-right shunt

Altered interdependence

Pericardial tamponade
Pericardial disease
Septal shift

Altered rhythm

Bradyarrhythmia
Tacharrhythmia

IV = left ventricle; RV = right ventridle.



RV specific pathophysiologic classification

TABLE 1 Etiologies of RV Pressure Overload, Volume Overload, and RV Cardiomyopathy

RV Pressure Overload RV Volume Overload RV Cardiomyopathy
Pulmonary hypertersion® Valvular regurgitation Myocardial infarction
Pulmonary arterial hy pertension Tricuspid ARVC
Due to left heart disease Pulmonary Dilated cardiomyopathy
Due to lung diseasa andjor hypoxia Systemic-to-pulmonary shunt Hypertrophic cardiomyopathy
CTEPH and other pulmonary artery obstructions Atrial saptal defect Amyloidosis
Unclear and/or multifactorial mechanisms Partial anomalous pulmonary wain drainage Myocarditis
Pulmonary valve stencsis High output statest (Le., thyrotoxicosis) Sarcoid
Pulmonary artery stenosis Transplant
Pulmonary embolism Post-surgery
Post-LVAD

Cardiotoxicity (Le., chematherapy)
Sepsis

*Main groups according to the Ewropean Society of Cardiology Classification. tConcomitant Left ventricular volume overload.

ARVE = arrhythmogenic right ventricular cardiomyopathy; CETPH = chronic throm boem bolic pulmaonary hypertension; LWAD = left ventricular assst device; PAPVD = partial
anomalous pulmonary vein drainage.




RV myocardium response to PA HTN

FIGURE 5 Histological Sections With Masson's Trichrome Staining of Normal Pig RV Myocardium and After 4 Months of
Pulmonary Vein Banding

{A) Mormal pig right wentricular (RV) myocanrdium, and (B) after 4 months of pulmonary wein banding. In experimental pulmonary hy per-
tension, there is cardiomyocyte hypertrophy and disarry, arterial medial hy pertrophy (*), and lymphecytic infiltration with collagen
deposition around blood vessels (amows).




CEMTRAL ILLUSTRATIOMN The Right Ventricle: Anatonmy, Function, and Dysfunction
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Diagnosis 1/5

Table 2 Clinical signs and biochemical markers of acute right ventricular (RV) failure

Clinical signs Biochemical markers

Increased lactate levels

Elevated natriuretic peptides (BNP or NT-proBMNP)

Hypoxaemia
Signs of systemic congestion

Jugular venous distension, hepatojugular reflux Elevated cardiac troponin | or T
Peripheral cedema, pericardial effusion, congestive Abnormal liver biochemistry (e.g. elevated transaminases, bilirubin, prolonged
hepato/splenomegaly, ascites, anasarca’ prothrombin time)

Signs of right ventricular dysfunction Abnormal renal function (blood urea nitrogen, creatining)

Third heart sound, systolic murmur of tricuspid regurgitation, D-dimer levels
hepatic pulse, signs of concomitant left ventricular dysfunction
Paradoxical pulse

Signs of low cardiac output state
Hypotension, tachycardia, cool extremities, central nervous system

abnormalities, oliguria

BMP, brain natriuretic peptide; NT-proBME N-terminal pro brain natriuretic peptide.
*Particularty in acute decompensation of chronic RY fallure.
" D-dimer testing Is used In the diagnostic workup of suspacted pulmonary embolism.



TABLE 2 Summary of Invasive and Noninvasive Modalities for RV Assessment and Their Measured Parameters

nvasive
Right heart catheterzation
Contrast ventriculography End-diastolic volume, end-systolic volume, stroke volume, ejection fraction, regional wall motion
Standard catheterization End-diastolic pressure, peak systolic pressure
Thermodilution Cardiac output, stroke volume
High-fidelity micromanometer dp/dt
Conductance catheter End-systolic dastance, artedal elastance, end-diastolic elastance, stiffness constant fi, stroke work,
prefoad recuitable stroke work, RV power
Intracardiac echocardiography Dimensions and function
Noninvasive
Ultrasound
M-mode TAPSE, diameters, wall thickness, right atrial size
2D Fractional area change, eccentricity index, wall thickness, regional wall motion, right atrial size
Spedile tracking: myocardial strain, strain rate, dyssynchromy
3D End-diastolic volume, end-systolic volume, stroke volume, ejection fraction, wall thickness, regional

wall motion, right atrial size
Speckle tracking: myocardial strain, strain rate, dyssynchromy
Doppler E, A, decderation time, isovolumic relaxation time, myocardial performance index, dp/dt, stroke
volumse
Tissue Doppler: E, &', E/E, &, myocardial perfformance index, peak isovolumic velodty, isovolumic
acceleration, strain, strain rate, dyssynchromy
Contrast Intraventricular flow patterns, vortigty
Magnetic resonance imaging
Cine End-diastolic volume, end-systolic wlume, stroke volume, ejection fraction, mass, regional wall
mation, rght atrial size
Feature tradking: strain, strain rate, dyssynchromy

Tagging Strain
Strain encoded imaging (SENC) Strain
Phase contrast Stroke volume, cardiac output, myocardial velocity
Contrast fist-pass imaging Myocardial perfusion
T2-weighted imaging Myocardial edema
Late gadolinium enhancement Fibrosis/neoosis
T1-mapping Native T, ECV
Computed tomography
Noncontrast Myocardial fatty infiltration
Contrast-enhanced * End-diastolic volume, end-systolic volume, stroke volume, ejection fraction, mass, wall thickness,
regional wall motion, Aght atrial size
Nudear imaging
First-pass radionudide angiography End-diastolic volume, end-systolic volume, stroke volume, ejection fraction
Equilibrium radionuclide angiography End-diastolic volume, end-systolic volume, stroke volume, ejection fraction
SPECT
99TC-tracers End-diastolic volume, end-systolic volume, stroke volume, ejection fraction, perfusion
BMIPF Fatty acid metabolism
PET
'SF.FDG Glucose metabolism
"C.palmitate Fatty acd metabolism
BE.FTHA Fatty acd metabolism
"C-acetate Creygen consumption
B0y-tracers Oxygen consumption
Cardiopulmonary exercise test Peak oxygen consumption, minute ventilation, ventilatory effidency, oxygen pulse

*Retraspective ECG gating.

20 2-dimensonal; 30 3-dimensonal; BMIPP — ™1 beta-methyl-p-iodoghenyl-pentadecansic acd; ECV — extracellulyr volums; FDG ucrodeaxyglumsa;
FTHA = fluena-6-t hioheptadecandic acik PET - pesitron emission tamagraphy, SPECT — single pheton embsion evmputed tomagraghy; TAPSE — tricuspid annular plane
systalic excursion.




FIGURE 9 Magnetic Resonance Images of Different Cardiomyopathies

(A} Infericr myocandial infarction (arrowhead) with involvement of the right ventricular (RV) infericr wall as demonstrated by late gadolinium
enhancement (armows). (B) RV free wall fibrosis (armows) in a patient with arrhythmogenic cardiomyopathy. (C) RV enhancement (white
arrows) semndary to amyloid infiltration. (D) Cardiac sarcoidosis with extensive late gadolinium enhancement in the septum (arrowhead) and
RV free wall (arrows).
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Table 3 Echocardiegraphic findings in specific clinical settings

Aone pulmonary embolsm (Supplementry Ircreazed VLY end-dizstolic dameter ratio
matertl online, Cases 54, 55) Regional hypolanesia [MoConnells sgn’)
Systole-distolic septal shift (D-shaped left ventride), paradosical septal motion
Peak systodic velodey of TR jet 2B-35mis
Thrombd in prosdmal pulmonary arveries
decompenstion) Ry dilation, spherical shape present in advanced stages
Syseolic’diastolic septal shife, paradowical septal moton
Peak systodic velodty of TR jet often >3.5mis
R enbrgement (Supplementary material online, Casex 51, 52
Cardiac mmponade (Supplemenary material Moderate to severs diffuse pericardial effusion (@n be compartmentalized after surgery)
anline, Cass 55) R systolic and BY dizstolic collapss
LA and LY collapse in case of loclized post-surgical mmponade

Recprocal respiratory chanpes (> 25%) in BY and ¥ fillng regictered by pulssd Doppler
method at tricuspid and mital valves

Mormal or slightly sleated PA presoure

By myocardial infarction [Supplementary Ry dillatiom
matertal onliee, Cases 56, 57) Global and regicral hypokiresia
Abnormal septal motion
Reduced TAFSE
Reduced 5 welooty

Congested [C despite normal or low spstolic BY pressure
Signs of elevated RA and dizstolic BY pressure
Cardicmyopachies COMP: symmesric pattern of LY and BY dilation and reduced systolic function: pumonary
artery pressures are elevated In variable degrees
ARYC: BY dilation and systolic dysfunction, small free wall anewrysms, prominent
trabeculation of the right ventride
Chagas disease: biventricular apical ansurysms
Amyloidosis, restrictive Infitrathee cardiomyopachy: increased BY wall thidnesz, biatril
dilztion
Takotzuba: global or focl BY apicad msobvement in 50% of patients
BY fashure after LVAD implantation Visually defined significant systolic BY dyshanction
B dilation
Pronounced sepl shift with collapss of LA and LY
Mederate to severe TR

ARNC_ arrhythmopenic right lar mediomyopachy; TP, dibted mrdiomyopachy: IWC, inforicr wena cava; LA, left atrium; LV, loft wontricle; P, pulmomary artary: RA,
*Akinatic mid BY froa wall segmant with spared apicall consractilicy.
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Figure 3: Algorithm for the Treatment of Acute Right
Ventricular Failure

Clinical parameters
Lab values (BMP, troponin, lactate)
Imaging (TTE)

Confirm diagnosis
Assess severity

ECG, imaging (TTE, CT scan)

R e e PCI for AMI, reparfision for PE

Violume bolus if preload-dependent
Diuretics in case of congestion

Restore perfusion pressure el sl
MAP =55 mmHg, personalise target

Add positive inotropic drug
(levosimendan, dobutamine, PDE3i)

Considar advancad options Inhaled N.D' |n_haled prostacyclins
Mechanical circulatory support

AMI = acute Mi; ENP = B-fype natriuretic pepiide; MAP mean arferial pressure; NO = nitric
axide; PCI = percutaneous coronary intenvention; PDE3N = phasphodiesterase-2 inhibitor;
PE = puimonary embalism; TTE = fransthoracic echocardiography. Adapted fram Harjola
et al. 20167

Optimise volume status

Improve myoccardial contractility



Step 1

Step 2

Stap 3

Stepd

Stap 5

Step @

ABBEES BEVEITY:
= Cinical evaluation (artenal prassure, mentsl stabus, diuresls)
= Binchemical avaluation {lacate, [ver markars, renal function, BNP, troponins)
= Imaging (achocardography, CT scan)
= INVEs!ve evaluaton (Central vandus of pulmonary erery cathetar)

b

ideniity and treat mgganng tactor(s):

nagement:
= PC1 for AV Infarction, reperfusion for acute high-risk PE
Optimize fuld status:

= W dluretics i volume overtoad
= ART If shuation Insuiclently managed with durstics
= CaUtious Nuld Tiing I low CVP; Bvold overliing

Haemadynamie manltorng
and
{ICU or Intarmedate Cars Unit)

v

Maintaln arterial pressure:
» Norepineghing

b

Consider Inciropes reducing cardiac fllling pressures:
= Layceimendan
= Dobutamine
= Phcephodlesierass I Inhisiome

¥

Further measures for afterioad reduction:
= [nhaled NO

» INhalad prostacycing

Consider transter to Nospital with
possibility for ECMO/mechanical
circulatory support

Figure 4 Comprehensive care of patients affected by right ventricular Gilure. Modified from Szerymf B =t al Acuee rght heart fadure in
pulmonary hypertension patients. In Gaine 5, Maeije R, Peacodk A eds. The Right Heart. Springer Werkg, London, 3013, pages 261-275.
BMP B-type natriuretic peptide; CT, computed tomography; OV central venows pressure; ECMO, estracorporeal membrane axygenation;
ICL, intensive care wnit; IV, intravenows; MO, mnnd:l‘ﬂ.pemummrr imtervention: PE, pdrlwrﬂnbnlmm renal
replacement therapy; RV, right ventricular.



Table 4 Owerview of acute right ventricular (RV) failure treatment

Strategy

¥olume optimization

Wolume loading, salie or
ringer lactate,
200 mLi15— 30 min®

CHuretics

In patients not recelving aral
diredcs the intdal dose
should be 20—£0mg hv: for
those on chronic duredc
therapy, initial doze of
furcsemide should be at
least equivalent to the oral
dose

Vasopressors amd
inotropes

Moradrenaline,
0.2—-1.0 ppikg.man™

Drobeurtzirmines,
120 pzp/kg min®?

Levosimendan,
0.1—0.2 pgileg min
(6—12 pgikg bolus over
10min s optional and not
recommended § SBP
« %) mmHg). Infusion cn
be decreased o
0005 pgkg min or noreased
£ 0.3 ppflegmin}?
Mechanical cirulatory
support
ECHMOVECLE

Percumnecus aitheter
mcunted micro-asdal

pumgs
Paracorporeal BVAD:

Properties and ws=

Consider in patients with decompenzated BY fathore,
normal central venous pressure, kow arterial
pressure

Intravenous loop diuretics are recommended for all

patients admitted with signs’symptoms of fuld
overlazd to Improve symptoms
Can be given either as Intermictent boll or contimuous

infusion

Combination of loop-diuretic with either thiazides-type
diuretic or spironolzctone may be considered in
patients with resisant cedema or insuffickent

symptomatic response

Increazses BY inotropy, systemic blood pressure,
promotes posithe ventricular Interactons, restores
coronary perfusion gradient

Increazes Y Inotropy, lowers filling pressures

Combines R inotropy and pulmonary vasodilation;
favourably affects right ventricular—arteral
uncoupling

Short-term support, rapid; cxppenator can be added

Appropriate for longer term use (=5 weeks or
maonths); can be combined with ouypenators when
pulmomary mupport also needed

Caveats

Volume loading can overdistend the ventrides, worsen
wventrioubr interdependence, and reduce cardiac
=11 -1

May cause worsening renal function and hypolahemi

Expessive vasooonsiriction may worsen dssue perfusion

May aggravate arterial hypotension f used alone,
without a vasopressor, especially if lefe heart failure
present

May erigger or aggravace arrhythmias

May aggrawate arterial hypotension

May erigger or aggravace arrhythmias

Complications with use ower longer periods
[=5—10days)

Limited pumg capacdty; ECLS preferred in severe
cardiogenic shook or where high pump flow required

ECLS, axtraconporal e sepport, ECMOL exeracorporeal membrans: cxypenation; RYALDL right ventricuber amict deviee SBE. syseolic blood pressure.



Summative management algorithm

1. Restore HR.
- Use sequential A-V pacing
— Avoid ventricular pacing,
— Promptly control SVTs (amiodarone, cardioversion etc.)

2. Optimise volume status
— Fluid boluses (if PAWP<15mmHg) until PAWP=20mmHg or CVP=20mmHg
— Diuretics frusemide (loop) iv +/- metolazone (thiazide) +/- RRT

3. Restore systemic BP (coronary perfusion)
- Use Norad and/or vasopressin (no effect on PVR) aiming at MAP >65mmHg or higher if
CVP is high
- Renal: MAP-CVP>65mmHg,
- Brain: MAP-CVP>60-70mmHg,
— Hepato-spachnic: MAP-CVP>50mmHg

4. Contractility

— When CVP>15mmHg or PAWP>15mmHg start inodilators: Levosimendan, milrinone,
dobutamine

— Avoid adrenaline
5. The role of pulmonary vasodilators is highly controversial



RV failure and cardiac surgery

1. ‘Cardiac surgery should be planned anticipating RV
failure and RV function management should focus on
prevention’.

2. High risk patients:
— PAHTN,
— RV dysfunction,
— Severe LV impairment,
— Long CPB time

3. Avoid liberal transfusion strategies
— use caution in coagulopathy and products

4. Maintain AV synchrony
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