Right Heart Dysfunction in Patent with Acute
Hypoxemic Respiratory Failure
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Hemodynamic Profile in Severe ARDS

~ European Collaboratlve ARDS Stud

Initial Measurement After 48 h
Number of patients 586 526
HR (beats - min') 115+£23 107 £22
Pra (mmHg) 10.0+ 4.8 104 +£5.0
PAOP (mmHg) 11.7+ 4.5 123+4.4
Mean PAP (mmHg) 26.1 £ 8.5 26.7 £8.1
Mean SAP (mmHg) 80.9 + 18.2 84.7 £18.0
CI(1-mn ' -m>) 418+ 1.46 4.17 £1.39
PVR (dyne-s-cm™-m™2) 257+ 140 265 + 140
SVR (dyne -s-em™ -m™) 1404 + 663 1450 £+ 660
RVSWI (g - m-m™) 85+5.1 92+5.2
LVSWI (g - m-m™) 36.8+16.8 41.1 £20.1
RVSW/LVSW (%) 2515 24 +13

Intensive Care Med 1998; 24: 1018
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Acutely Decompensated Right Ventricle

Categorized by Initial Pathophysiolog
| 1
| RV Contractility

. RV infarction

s’ * Right-sided “
/ cardiomyopathy \
" *  Perioperative RV injury k
el / “‘\ = Severe sepsis N
y / . Post-cardiac )
F4 - transplantation N,
,,-"; s  Adult congenital heart \ .
/ disease \
f.-‘
i & - ..
;' « Tricuspid e I /c Pulmonary embolism
i regurgitation P L~ |* Left-sided |
*  Pulmonic i ] cardiomyopathy
regurgitation i TR ¢ Pulmonic stenosis |
f *  Pericardial diseas¢
_ ;"' *  Positive prl:!iamre,-’r
Ay I di h ventilation
A ’ RITAGATGING SRUAL ; * Left-sided valyular
X N d disease #
N - . / * Pulmonary
. e . hypertemsion
RV ——— ‘-ﬁ,ﬁ‘_h__ N— | RV
Volume Pressure
Overload Overload | Chest 2005; 128:1836




PULMONARY EMBOLISM
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RYV Characteristics

* Two chambers wrapping the left ventricle
— The filling chamber is in a posterior-anterior axis and has a triangular shape
— The outflow chamber looks like a crescent in an inferior-superior axis

» Low-resistance and high-compliance system: very sensitive to any slight
increase in pulmonary vascular resistance

Minerva Anestesiol 2012;78:941




Various Definitions of RV Dystunction/Fai f_ *

* There are various definitions for RV dysfunction/failure in the literature,
with the terms being used interchangeably at times.

— RV dysfunction: the parameters to quantify RV function are less than the
lower value of the normal range

* Tricuspid annular plane systolic excursion (TAPSE) <17 mm
» Pulsed Doppler S wave < 9.5 cm/s
* RV fractional area change (RVFAC) <35%

* RV gjection fraction <45%
American Society of Echocardiography and the European Association of Cardiovascular Imaging
J Am Soc Echocardiogr 2015;28:1

— RV failure: the inability of the RV to provide adequate blood flow through the
pulmonary circulation at a normal CVP

Crit Care Med 2008;36:S57




Acute Cor Pulmonale

« Acute cor pulmonale (ACP): acute dilatation or dysfunction (or both) of the
RV in the context of acute lung disease (eg, ARDS) and associated
pulmonary vascular dysfunction

— Form of RV dysfunction that is due to an acute increase in RV afterload that
may lead to RVF

— Defined echocardiographically as septal dyskinesia with a ratio of RV end-
diastolic area (RVEDA) to LV end-diastolic area (LVEDA) > 0.6
Chest 1997;111:209
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Acute Cor Pulmonale in ARDS

In the Past

Study Year | No. [ Diagnosis | ACP prevalence Outcome

Jardin et al 1985 (23 | TTE 22% NA

Vieillard-Baron et | 2001 | 75 | TEE 25% RVF reversible in

al Survivors

Cepkova et al 2007 |42 | TTE 7% Not predictive of
increased mortality

Jardin et al 2007 | 196 | TTE 13% Not contribute to
increased mortality

Osman et al 2009 | 145 | PAC 9.6% Not predictive of
mortality

Mekontso et al 2011 {203 | TEE 22% NA

Boissier et al 2013 | 226 | TTE 22% Not predictive of
increased mortality

Lhéritier et al 2013 | 201 | TTE/TEE | 22.5% Not contribute to

increased mortality




Ischemic Vicious Circles of Acute Cor Pu_lmﬁ_f‘ le

I¢

L

Increase RV
wall shear stress

Acute
cor pulmonale

1) Decrease in pulmonary venous return
2) Left ventricle compression

Decrease in left
ventricular ejection

Curr Opin Crit Care 2016, 22:38




Study Year | No. Diagnosis | ACP prevalence | Outcome

Bull et al 2010 | 501 PAC 12% Increase mortality
Guervilly et al 2012 | 16 TEE 56% Increase mortality
Lazzeri et al 2016 | 21 TTE/TEE | 47.6% Increase mortality
Mekontso Dessap et al | 2016 | 752 TEE 22% Increase mortality
Shah et al 2016 | 38 TTE 55% Increase mortality
Wadia et al 2016 | 14 TTE 42.9% Increase mortality
See et al 2017 | 234 TTE 28.2% Increase mortality
Bonizzoli et al 2018 | 28 TTE 89% Increase mortality
Zelton et al 2018 | 45 TTE 22.2% Increase mortality




Impact of RV Injury on Outcome

Systematic Review in ARDS

The pooled analysis for the mortality

Odds Ratio Odds Ratio
Study or Subgroup log[Odds Ratio] SE Weight IV, Random, 95% CI IV, Random, 95% CI
1.1.1 ICU-mortality
Bonizzoli et al 0.118 1.294 1.0% 1.13 [0.09, 14.21]
Fichet et al 1.417 0.973 1.7% 4.12 [0.61, 27.77]
Lazzeri et al 1.221 0.578 4.8% 3.39[1.09, 10.53] - -
Subtotal (95% CI) 7.4% 3.08 [1.24, 7.64] -
Heterogeneity: Tau? = 0.00; Chi*=0.72,df =2 (P = 0.70); 7= 0%
Test for overall effect: Z=2.42 (P = 0.02)
1.1.2 28-day mortality
Legras et al 0.149 0.439 8.3% 1.16 [0.49, 2.74] B A
Osman et al 0.358 0.585 4.7% 1.43 [0.45, 4.50] - -
Subtotal (95% Cl) 12.9% 1.25 [0.63, 2.49] /P
Heterogeneity: Tau? = 0.00; Chi*=0.08,df =1 (P =0.78); 7= 0%
Test for overall effect: Z = 0.64 (P = 0.52)
1.1.3 In-hospital mortality
Mekontso Dessap et al 0.246 0.177 50.9% 1.28 [0.90, 1.81] -
See et al 0.64 0.303 17.4% 1.90 [1.05, 3.43] —
Subtotal (95% CI) 68.3% 1.44 [1.01, 2.06] D
Heterogeneity: Tau? = 0.02; Chiz=1.26,df=1 (P =0.26); 2 =21%
Test for overall effect: Z = 2.02 (P = 0.04)
1.1.4 60-day mortality
Bull et al 0.223 0.374 11.4% 1.25 [0.60, 2.60] I
Subtotal (95% CI) 11.4% 1.25 [0.60, 2.60] -
Heterogeneity: Not applicable
Test for overall effect: Z = 0.60 (P = 0.55)
Total (95% CI) 100.0% 1.45 [1.13, 1.86] <&
Heterogeneity: Tau? = 0.00; Chi? = 5.06, df = 7 (P = 0.65); 12 = 0% *0_01 0f1 ; 1%0 100%

Test for overall effect: Z =2.96 (P = 0.003)
Test for subaroup differences: Chiz = 2.94, df = 3 (P = 0.40), 12 = 0%

Lower mortality Higher mortality

Crit Care 2021;25:172



Impact of RV Injury on Outcome

Systematic Review in COVID-19 = :
o S e

RVD No RVD Odds Ratio Odds Ratio
Study Events Total Events Total Weight MH, Random, 95% CI  MH, Random, 85’ Cl
Pagnesi 2020 4 29 15 1711 131% 166[051; 542 —H——
Calderon-Esquivel 2020 1 4 4 26 41% 1.83[0.1522.37] &
Moody 2020 30 58 36 106 23.1% 2.08[1.08; 4.00] -
Chotalia 2021 46 87 24 85 236% 2.85[1.51; 5.37] -.-
Rath 2020 4 17 7 81 108% 3.25[0.83;12.71] I
Li'Y 2021 12 27 8 62 148% 540[1.87;15.62 +
D'alto 2020 12 15 13 79 104% 20.31[5.02;82.1] —
Total (95% Cl) 237 610 100.0% 3.32 [1.94; 5.70] >
Heterogeneity: Tau’ = 0.2162; Chi’ = 10.70, df = 6 (P = 0.10); I? = 44% RN

01 0512 10

Sci Rep. 2021; 11: 17774




2- mostly normal LV/RV function

(‘ | ass 2 _-Anostly dilated RV with preserved systolic function

4 .._.mostly dilated RV with impaired systolic function

C |a 55 4 -’-mostly high CO, with hyperdynamic LV

Standardised values

-2 | ] I 1 I 1 ] 1
RV:LVEDA IvC CVvP HR LVEDA. Cl TAPSE RVFAC

Continuous class defining variables

» The four subphenotypes differed in their characteristics and outcomes, with 90-day mortality rates of 19%,
40%, 78%, and 59% 1n classes 1-4.

Crit Care Med. 2023 Jan 6. doi: 10.1097/CCM.0000000000005751.




Major Phenotypes

Clinically shocked

)
(B: RV does not meetj

_ flow demand
YES
4- RV dilatation ( RV dilatation

2- RV dilatation

1- Isolated I
RV dilatation RV-PA uncoupled

RV adaptation to
elevated afterload

3- RV dilatation

+
iy RV function impaired
RV-PA uncoupled

+
RV function impaired

N

Ees/Ea normal

PV Loops

RV pressure
mmHg
w
s

RV volume mL

Echocardiography RVEDA/LVEDA RVEDA/LVEDA
ratio > 0.6 ratio > 0.6
TAPSE > 17m TAPSE > 17mm
TAPSE/PASP
ratio > 0.63
mm/mmHg

+
RV-PA uncoupled
I

Ees/Ea reduced

Ea

) ;
RV-PA uncoupled

," Ees/Ea reduced
;

LEa
200
RV volume mL

\

mmHg
e
H

RV pressure

RVEDA/LVEDA RVEDA/LVEDA RVEDA/LVEDA
ratio > 0.6 ratio > 0.6 ratio > 1
TAPSE > 17mm TAPSE/PASP TAPSE/PASP
TAPSE/PASP ratio < 0.63 ratio < 0.63
ratio < 0.63 mm/mmHg mm/mmHg
mm/mmHg TAPSE <17mm TAPSE < 17mm

Echocardiography-
Pulmonary artery
doppler waveform

* Pulmonary artery acceleration time < 100 ms
* Pulmonary acceleration time/RVET ratio < 0.29
+ Mid-systolic notching of pulmonary artery doppler waveform

* CVP > 8mmHg

+ CVP > 15mmHg

« Dilated IVC with loss of respiratory variability
(in spontaneously breathing patients)

+ Biphasic renal vein waveform

- Pulsatile portal vein waveform

« Hepatic vein S wave < D wave

Signs of systemic
congestion

« Markedly dilated IVC

« Monophasic renal vein waveform

+ Dilated hepatic veins and reversal
of S wave

» To- and fro- portal vein waveform

Intensive Care Med 2023;49:99
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Fibroproliferative phase of ARDS are often accompanied by persistent hypoxemia, low lung compliance,

high dead space, and sometimes by progressive pulmonary hypertension.

N Engl J Med 2017;377:562




Pathophysiology of ACP in ARDS

1. Increased Pulmonary Vascular Resistance (PVR)-

PULMONARY ARTERY ARTERIOLE

CAPILLARY

PULMONARY VEIN

Pulmonary vascular
remodeling (LATE)

Extrinsic
compression of

pulmonary
Muscular capillaries, veins, Pulmonary vein
vessels close lymphatics: constriction
at low lung i plat
volumes

Raised LAP

-

L o

Do

e

Intravascular
occlusion

Pulmonary arterial

vasoconstriction S
Mediator Micro-
imbalance thrombosis

Hypoxic Pulmonary Vasoconstriction

Co-existing
LV dysfunction

» Pathophysiological changes occurring within the pulmonary vasculature in ARDS
Am J Physiol Lung Cell Mol Physiol 2012;302: L.803




Consequence of Raised PVR in ARDS

RYV Failure

| Raised PVR I

T RV wall tension 4—' T PAP and RV afterload

! !

TRV 0O, demand, RV RV dilatation and TRV volume
M~ > . —
4 RV 02 supply ischemia dysfu nction —
Displaced LV septum YRV output (RV failure) Tricuspid regurgitation
J«Coronar\r perfusion I—b Y, preload
Systemic hypotension d—l YLV output (+€O)

Critical Care 2009;13:212




Effect of MV on RV Outflow

Increase in RV Outflow Impedance

Pulmonary artery flow

» Lung inflation during the inspiratory phase of MV produces a drop in pulmonary artery
flow at end inspiration. This drop occurs without reduction in right atrial diameter or in RV
diastolic dimensions.

J Appl Physiol 1999;87:1644
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Intensive Care Med 2007;33:444




WV RV

_preload ¥ RV
afterload S Y WLV

preload output

A Pleural LV
pressure preload ALV

N
Vv / output

afterload I

Inspiration Expiration

A TP
pressure

P Positive-pressure MV causes an increase in driving or transpulmonary pressure, which
acts as a back pressure for pulmonary venous return and may increase RV afterload.

Crit Care 2000;4:282




Driving Pressure on Mortality in ARDS..;—#;:-:‘; |
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body weight 605575

P Decreases in AP owing to changes in ventilator settings were strongly associated with
increased survival.

N Engl J Med 2015;372:747




» Limitation of tidal volumes and airway pressure is now used as a lung
protective strategy during MV in patients with ARDS.

— This strategy can sometimes result in high PaCO,.

Low mortality associated with low volume pressure limited ventilation
with |permissive hypercapnialin severe adult respiratory distress syndrome

K.G. Hickling, S.J. Henderson and R. Jackson

Departments of Intensive Care and Radiology, Christchurch Hospital, Christchurch, New Zealand
Intensive Care Med 1990;16:372

— In the early 1990s, the concept of permissive hypercapnia was proposed for
patients with ARDS, to facilitate low-tidal volume ventilation.

— It was even suggested that “therapeutic hypercapnia’ might be beneficial.
» However, more recent studies have reported that hypercapnia has harmful

effects.
Intensive Care Med 2017;43:200
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Association of Hypercapnia with ACP =

- E

4

Study

Design

Results

Vieillard-Baron

Prospective single

Multivariate regression analysis:

et al, 2001 center PaCO2 independently associated with
ACP; OR, 1.15 (95% CI, 1.05-1.25)
Lheritier et al, 2013 | Prospective Multivariate regression analysis:
multicenter PaCO2 > 60 mmHg strongly associated
with ACP; OR, 3.70 (95% CI, 1.32-10.38)
Mekontso Dessap Prospective PaCO2 > 48 mm Hg associated with ACP;
et al, 2016 multicenter OR, 2.39 (95% CI, 1.62-3.52);

Crit Care Med 2001;29:1551
Intensive Care Med 2013;39:1734
Intensive Care Med 2016;42:862




Severe Hypercapnia and Outcome

1,899 Patients with ARDS, VENTILA Stud i
S T

4

25 3 35

Adjusted risk for ICU mortality
15 2

v,

<30

31-39 40 - 49 50-59 60 -69 =70

PaCO, (mm Hg)

P Severe hypercapnia appears to be independently associated with higher ICU mortality
in patients with ARDS

Intensive Care Med 2017;43:200



Role of Hypercapnia in ARDS

Svystematic Review on Pulmonarv Hemodvynamics
S ) I

(B) Pulmonary artery pressure, mean (mmHg)

PAPmM, Hypercapnia Normmocapnia

Study Total Mean SD Total Mean sD Mean Difference MD 95%—CI
Amato 1995 15 320.10 1.3000 13 27.40 22000 —— 270 [1.34;406]
Feihl 2000 8 3200 4 0000 8 28.00 4.0000 400 [0.08; 792]
Pfeiffer 2002 (without shock) 10 21.00 4.0000 10 28.00 6.0000 3.00 [-1.47; 7.47]
Pfeiffer 2002 (with shock) 12 32.00 7.0000 12 28.00 7.0000 4.00 [-1.60; 9.60]
Thorens 1996 11 32.00 6.0000 11 29.00 5.0000 3.00 [-1.62; 762]
. ( 1 i noscl . . | <> 4 £ | ¥,

~ ~tio erve - 5 e

I 1
-5 0 5
Increase with  Increase with
normocapnia hypercapnia
(C) Pulmonary vascular resistance, mean (dynes.s.cm™)
PVR, Hypercapnia Normocapnia
Study Total Mean SO Total Mean SD Mean Difference MD 95%—ClI
Féihl-ZDOD 8 311.00 46.0000 8 344 .00 39.0000 —s— —-33.00 [-7T479; 8.79]
Mclntyre 1994 15 228.00 360000 15 276.00 39.0000 — —48.00 [-74.86; -21.14]
Pfeiffer 2002 (without shock) 10 1771.00 59.0000 10 192.00 58.0000 == -21.00 [-7228; 30.28]
Pfeiffer 2002 (with shock) 12 139.00 48.0000 12 133.00 56.0000 —_—t— 6.00 [-35.73; 47.73]
Thorens 1996 11 209.00 114.0000 11 208.00 115.0000 1.00 [-94.69; 96.69]
: ) ) I I
=50 0 50

Increase with
r'nonmc:amla

Increase with

hypercapnia

Intensive Care Med 2022;48:517
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Role of Hypercapnia in ARDS

Systematic Review on Mortalit
o | 1

Hypercapnia Normocapnia Weight
Study Events Total Events Total Odds Ratio OR 95%-Cl (random)
Kregenow 2006 (PV) 20 53 92 298 —'— 1.36 [0.74; 2.49] 12.3%
Bellani 2016 257 557 695 1820 : 1.39 [1.14; 1.68] 13.7%
COVID-ICU 2021 409 869 663 2319 2.22 [1.89; 2.61] 13.8%
Mekontso Dessap 2016 134 290 186 453 1.23 [0.92; 1.66] 13.5%
Nin 2017 270 432 729 1467 1.69 [1.35; 2.10] 13.7%
Pereira Romano 2020 7 16 8 15 4'—— 0.68 [0.17; 2.80] 8.1%

<

Amato 1998 13 29 17 24 —'— 0.33 [0.11; 1.05] 9.5%
Gentilello 1995 1 11 12 23 0.09 [0.01; 0.84)] 51%
Jardin 1999 12 37 21 33 —'— 0.27 [0.10; 0.74] 10.3%
Random effects model - 0.91 [0.45; 1.83] 100.0%
Prediction interval [0.11; 7.70]
Heterogeneity: 12 = 84%, ©* = 0.7260, p < 0.01 ' ' ' '
Test for subgroup differences (fixed effect): ;tf =2785 di=1(p<0.01 }0-1 051 2 10

favors favors
hypercapnia normocapnia

Intensive Care Med 2022;48:517
RREECERECERERERERERERECECE®E®EBSS



Pathophysiology of ACP in ARDS B

0 " ,_.,....—‘-*,r.t
3. Hypercapnic Increase in PVR 3=

LAY
(IS

™ =

GCAIH-—-
LEHN3S-—-498.
- wLCALC

Nl .-D1 . = 1 . L = I -DOP.-TH RaPPORT
Pplat 22 cmH,O Pplat 23 cmH,O
PaCO, 71 mmHg

PaCO, 52 mmHg
P/F 103 mmHg P/F 88 mmHg

P Effect of a fast change in PaCO, (90 minutes) on the right ventricle in a patient
ventilated for severe ARDS.

J Thorac Dis 2017;9:1420



Development of RV Dysfunction in ARDS ' o

Prospective Observational Study (n = 752)
| N 10

Armand Mekontso Dessap Acute cor pulmonale during protective

Florence Boissier

Cyril Charron ventilation for acute respiratory distress
Emmanuelle Begot

Xavier Repessé syndrome: prevalence, predictors, and clinical
Annick Legras impaCt

Christian Brun-Buisson
Philippe Vignon
Antoine Vieillard-Baron Intensive Care Med (2016) 42:862-870

Table 2 Factors associated with acute cor pulmonale in patients with acute respiratory distress syndrome

Variable Odds ratio (95 % CI) by logistic regression
Univariate Multivariable®
Pneumonia as cause of ARDS 2.54 (1.79-3.62), p < 0.01 2.73 (1.84-4.05), p < 0.01

Respiratory settings on TEE day

Tidal volume <7 mL/kg 1.70 (1.17-2.47), p < 0.01 I/NR

Respiratory rate =30 breaths/min 1.70 (1.11-2.60), p = 0.02 I/NR

Plateau pressure =27 cmH,0 1.91 (1.33-2.73), p < 0.01 I/NR

Compliance <30 mli/cmB.0) 1L91 (133273 p <001 L/INR

Driving pressure =18 C]]’ngOh 2.16 (1.51-3.10), p < 0.01 2.28 (1.53-3.38), p < 0.01
Arterial blood gases on TEE day

Pa0,/F10; ratio <150 mmHg 2.41 (1.49-3.92), p < 0.01 2.60 (1.50-4.52), p < 0.01
PaCO, =48 mmHg 2.95 (2.064.21), p < 0.01 2.39 (1.62-3.52), p < 0.01

P Lack of data that illustrate a sequential relationship between any of the four parameters listed and the severity of ACP



ACP Risk Score

Table 3 The acute cor pulmonale risk score

Parameter Score

Pneumonia as cause of ARDS 1
Driving pressure >18 ¢cmH,0" 1
PaO,/F10;ratio <150 mmHg 1
PaCO, =48 mmHg 1
Total score (=1

ARDS Acute respiratory distress syndrome

* Driving pressure is defined as the difference between plateau
pressure and total end-expiratory positive pressure. Because the
relative contribution of all p parameters was close to each other,
equivalent weights were generated for all items of the Score in
keeping with parsimony [21]

Intensive Care Med 2016;42:862
RREECERECERERERERERERECECE®E®EBSS



AE x

Proposal for Echocardiography Momtorlng GEe

co
o

ENTIRE COHORT ROUTINE
I ECHO \
I ECHO ON |
30 DEMAND

\_'_l

0 1 2 3 4
(n=58) (n=202) (n=247) (n=169) (n=39)

ACP risk score

~J
o

A )
o o o

()
o

(Y
o

Proportion of patients with ACP, %
o=

Intensive Care Med 2016;42:862




How to protect the RV?

RYV Protective Strateg
| | 1 s

T Alveolar | Airway (driving,

) I Blood CO,
oxygenation plateau) pressure

| Pulmonary vascular resistance ™ |RV after load

| Ischemic vicious circles of acute cor pulmonale

1 RV contractility with
vasoactive support

CHEST 2015 ;147:265
Curr Opin Crit Care 2016;22:38
Respir Care 2016;61:1391



A Oxygenation

PaOQ'JFIOQ > 150 mm Hg7
|
|
|

Y

Monitor RV function
4} PEEP if noldysfunction

No

¥ Lung stress ¥ Hypercapnia

Plateau pressure < 27 cm H,0?
Driving pressure < 18 cm H,07?

: Failure Paco, < 48 mm Hg?

: Prone position* I'No
No A I
|
v | ¥
. | Indication? } Frequency if no intrinsic PEEP
{ Tidal volume I HH instead of HME
Acute cor pulmonale |
: Failure
A
ECCO5R?

Respir Care 2016;61:1391
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Hemodynamic Etffects of Prone Posmonmg‘

Pulmonary vascular resistance (dynes-s/cm?/m?)
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Prone Positioning for RV Protection

Rationale from PROSEVA Stud

Day 3 Day 5 Day 7
SG PG SG PG SG PG
Tidal volume (m) 4154117 411495 425+115 440+124 440+117 | 431+102
‘ (n=201) (n=218) (n=188) (n=197) (n=156) (n=155)
L B 6.6+1.6 6.5+1.4 6.9+1.8 6.9+1.8 7.0+1.9 6.8+1.4
Tidal volume (ml.kg” PBW) (n=201) (n=218) (n=188) (n=197) m=156) | (m=155)
I o - 2846 2746 2746 2747 2747 27+7
Respiratory frequency (breaths.min™) (n=202) (n=218) (n=190) (n=201) (@=157) (n=160)
9.3+3.3 8.64+2.6% 8.943.5 8.1+3.0% 8.543.5 8.143.9
PEEP (cm H0) (n=205) (n=222) (n=191) (n=205) m=159) | (n=165)
FO 0.58+0.18 | 0.53+0.14%* | 0.58+0.19 | 0.51+0.14%* | 0.56+0.19 | 0.51+0.13
e (n=203) (n=223) (n=192) (n=206) (n=160) (n=168)
Pa0, (1 He) 83425 86+26 82421 84424 85+27 84425
: = (n=204) (n=219) (n=190) (n=206) (n=160) (n=173)
157464 172464 157168 | 179+£100%% 170480 173162
Pa0, / F{0, (mm He) (n=200) (1=219) (n=189) (n=203) m=158) | (=167
47+14 459 47+13 45410 47+13 4410
PaCO, (mm Hg) (n=204) (01=219) (n=190) (n=206) 0=160) | (@=173)
Asterial BH 7.3940.08 | 7.40£0.18 | 7.40£0.09 | 7.42+0.07 | 7.41%0.08 | 7.43+0.07
P (n=204) (n=219) (n=190) (n=206) (n=160) (n=173)
24+5 22+4% 2445 20+5% 2445 224k
Pplat. gs (cm H,0) (n=133) (n=135) (n=105) (n=91) (n=73) (n=71)
_ B 36+18 38+17 35+16 36+18 35+16 3117
Cstrs (ml.emF,0™) (n=133) (1=132) (1=103) (n=89) (1=73) (1=71)

P Improving oxygenation without increasing PEEP; decreasing PaCO, by rendering lung ventilation
more homogenous; and decreasing driving pressure due to the recruitment of the dependent dorsal
regions

N Engl J Med 2013;368:2159
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P Initiation of VV ECMO in respiratory failure is associated with immediate RV unloading
associated with an increase in SvO, and a decrease in PaCO,

Am J Respir Crit Care Med 2015;191:346
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FAC/sPAP, fractional area change of right ventricle/systolic pulmonary artery pressure
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Eligible for VV ECMO in Severe ARDS %E%

- ——
.

Based on RV Function in Addition to EOLIA Crlterla
‘ | N

Pis/doiorg/10.1186/513054.021.03646.x Critical Care
. . . : ®
Evaluation of right ventricular function e

and driving pressure with blood gas analysis
could better select patients eligible for VV ECMO
in severe ARDS

Matthieu Petit'?"®, Armand Mekontso-Dessap™**, Paul Masi**, Annick Legras’, Philippe Vignon® and
Antoine Vieillard-Baron'~




RYV Injury and Mortality of ARDS on VV ECMég

Systematic Review

No RVI RVI Qdds ratio Weight

Study Survived Died Survived Died with 95% ClI (%)

Lazzeri 2021 13 7 4 11 i a 511[1.18, 22.16] 11.87
Lazzeri 2020 13 5 19 9 —l—: 1.23[0.34, 452] 14.18
Lazzeri 2018 61 16 16 28 :+ 6.67[2.92, 15.22] 24.82
Ortiz 2020 31 25 4 7 + 217[0.57, 8.26] 13.64
Maharaj 2022 1 0 6 10 : o 485[0.17, 137.68] 2.82
Vogel 2021 50 13 30 14 —.-:— 1.79[0.74, 433] 2320
Pettenuzzo 2020 7 2 37 13 o : 1.23[0.23, 6.69] 947

Heterogeneity: ° = 0.17, I' = 29.83%, H* = 1.43
Testof 8 =0;: Q(6) = 8.55, p=0.20

Overall > 272[1.52, 4.85]
|
|
|
|
|
Testof 8=0:z=3.38, p=0.00 :

OR 1/4 2 16 128

Random-effects DerSimonian— aird model Favours reduced mortality Favours increased mortality

Protecting the Right Ventricle network (PRORVnet), ASAIO J 2023;69:e14



Monitoring of RV Failure

Invasive “Minimally” Non
invasive invasive
EEEEESEEESEEEEE NI EENEENEEEEEEEEEEEEN
b
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-RV size (RV|LV EDA)
- Septal motion
- Acceleration time (RV outflow) :
-RV 5l -
| |
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. =
Fast response Pressures : 5
thermistor s 2
-RAP[PAOP gradient " $
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Radionuclide ventriculography
- RV volumes Esophageal doppler
TPT _RVEF phag [
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Curr Opin Crit Care 2009;15:254




* RV dilatation and hypokinesis

* RV hypertrophy

* Change to a more concentric RV morphology

« Paradoxical septal motion

* Impaired LV diastolic function

* Right atrial enlargement

* Tricuspid regurgitation

* Pulmonary artery hypertension as estimated by the modified Bernoulli
equation

* Pulmonary artery dilatation

« Lack of inspiratory collapse of the inferior vena cava

e Pericardial effusions

Chest 2005; 128:1836




Echocardiographic Indices for RV Functlﬁﬂ

TAPSE

Tei
index®

EDA
ratio

A single dimensional measurement of
the longitudinal motion of the tricuspid
annular plane

Measured at lateral free wall

A single dimensional measurement of the
peak longitudinal systolic welocity of the
tricuspid annulus

Measured at lateral free wall

A single dimensional measurement of
the percentage change in longitudinal
length

Measured at lateral free wall

A two dimensional measurement of the
change in RV area

Usually measured in the longitudinal view
but some use the cross-sectional view

Similar to and correlates with ejecticon
fraction

A Doppler (or tissue Doppler) measurement
of the ratio of sum of isovolumic times to
ejection time

Reflects both systolic and diastolic function
(combined)

A two dimensional measurement of the
ratio of RV end-diastolic to LV end-
diastolic ratio

A measure of how severe the RV is dilated
compared to LV

Sewverely dilated RV usually connotes RW
dysfunction

Usually used in conjunction with paradoxi-
cal septal motion in defining cor pulmo-
nale

Easy to perform

Quick

Minimal training required

Less dependent on image quality

Averaging is easy to perform

Good intra- and interoperator reproduc-
ibility

Easy to perform

Quick

Less subject to 2D image quality

Less dependent on image quality

Averaqging is easy to perform

Good intra- and interoperator reproduc-
ibility

Mot angle-dependent

Yields regional wall motion information

Not subject to translational artefact

Mot angle-dependent

Not subject to regional wall motion infor-
mation

Not subject to translational artefact

Fair interoperator reproducibility

Mot subject to regional wall motion
abnormality

MNot subject to translational artefact

Sensitive to loading conditions

Less subject to image quality

Mot angle-dependent

Not subject to regional vwall motion infor-
mation

Not subject to translational artefact

Sensitive to loading conditions

Good intra- and interoperator variabilities

Angle-dependent

Maybe misleading if regional wall motion
abnormalities are present

Subject to LV motion and translational
artefact

Angle-dependent

Mayvbe misleading if regional wall motion
abnormalities are present

Subject to LV motion and translational
artefact

Requires good image quality
Relatively time-consuming

Requires off-line analysis

Requires extra and expensive software
Special training required

Poor interoperator variabilities

Requires good image quality

Relatively time-consuming

Some training required

RWOT not included in assessment

Does not necessarily correlate with PASP

Angle-dependent

Depends on good Doppler signal

MNot recommended in irregular heart beats
Moderate intra- and interoperator variabilities

A mild increase does not imply RV dysfunc-
tion

Requires good image quality

Relatively time-consuming

Some training required

TAPSE tricuspid annular plane systolic excursion, S, tissue Doppler of the tricuspid annular systolic velocity, RVS right ventricular strain, FAC fractional area change, EDA
ratio RV end-diastolic area to LV end-diastolic area ratio

Intensive Care Med 2018;44:868



LS

AR

TAPSE: Most Popular Index
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Systematic Review with 81 Studies

124

10+

Total number of publications
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Definitions of RV dysfunction

Intensive Care Med 2018;44:868
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Echocardiographic Assessment of RV

Current Chnlcal Practice
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Eyeballing  TAPSE RIMP 3D-EF dp/dt GLS-RV

Int J Cardiovasc Imaging 2019;35:49
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Core Critical Care US Competencies

ESICM Recommendations, 2020
.. 0 [

Agreement No agreement

Indude Mot to include

Echocardiography

Syndromes  Severe hypovolemia Post-cardiac arrest management”
LV failure
RV failure
lamponade
Acute cor pulmonale
Severe valvular abnormalities

Left ventricle Size (qualitative) Systolic function (quantitative: Size (quantitative: diameter and
Systolic function (qualitative) Simpson, Teicholz) wall thickness)
Contraction pattem (qualitative) Diastolic function {guantitative) Systolic function (guantitative:
Valvular disease (qualitative: colour doppler) Contraction pattern (quantitative) MAPSE, aortic VTI)
Valvular disease (quantitative)
Right Size (qualitative) Size (quantitative)
ventricle Systolic function (quantitative: TAPSE, RVW/LV ratio) Valvular disease (quantitative)

Valvular disease (qualitative: colour doppler)

Inferior vena Size (quantitative)
cava Respiratory variation (quantitative)

Procedures Pericardiocentesis

Crit Care 2020;24:393



SICS Study

Normal s’ > 9.5 cm/s

Wl

IVCT  IVCT

Ann Intensive Care 2022;12:92




Suggested Reading

SUMMARY POINTS

VIDEOS IN CLINICAL MEDICINE

Julie R. Ingelfinger, M.D., Editor

Focused Cardiac Ultrasonography for Right
Ventricular Size and Systolic Function

Gabriel Prada, M.D., Aliaksei Pustavoitau, M.D., M.H.S., Seth Koenig, M.D.,
Carol Mitchell, Ph.D., Raymond F. Stainback, M.D.,
and José L. Diaz-Gémez, M.D.

This video presents a practical method for conducting visual, semiquantitative
assessment of right ventricular size and systolic function with focused cardiac
ultrasonography.

N Engl J Med 2022;387:e52



Cardiac Biomarker Elevation in RV qul-m’%

° :

t RV afterload

t RV volume

| RV function

w

t RV pressure

=

\

RV micro-infarction

t RV shear stress

v

v

Myofibril
degradation

t Natriuretic
peptide mRNA

v

v

t Troponins

1t BNP

Circulation 2003;108:2191
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NP Lowerthan Expected Despite HF:
Obesity
Flash pulmonary edema

e @+ + @

Pericardial constriction

Upstream from LV (e.g. mitral stenosis)

NP Higherthan Expectedfor Degree of
HF:
+ Advancedage
+ Renal dysfunction
+ Acute coronary syndrome/ischemia
+ High output states

Atrial fibrillation

Leftventricular dysfunction

Pulmonary disease

+ e.g.ARDS, COVID-19, lung
disease with right heart failure

+ Pulmonary embolism
* Neprilysin inhibitor (BNP only)

T Volume
TPressure

Lv

Pre-Pro-BNP

|

Pro-BNP

A

N-terminal BNP

PrO'BNP t1/2 = "‘20 miﬂ

t1/2 = 60-120 min /

« Natriuresis

« Vasodilatation

* Diuresis

* Myocardial relaxation
« | myocardial fibrosis

Eur Heart J Acute Cardiovasc Care 2022;11:440




Diagnostic Accuracy of BNP

RYV Dysfunction using Echocardiograph L =i
N e

Sensitivity SROC Curve
1 w— R S
Bymmatric SROC
0.9- AUC = 09104
SE(AUC) =0,0487
® ® Q" =0,8426
08- SE(Q") = 0.0539
0.7 *
[
0.6
05
0.4
0.3
0.2
0,14
o A
0 0.2 0.4 0.6 08 1
1-specificity

Intensive Care Med 2008;34:2147
RREECERECERERERERERERECECE®E®EBSS



High Biomarker Low Biomarker Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
1.1.1 NT-proBNP
Bajwa 2008 57 109 14 68 11.6% 4.23 [2.10, 8.49]
Ferris 2018 77 253 47 254 12.4% 1.93 [1.27, 2.92] = T
Ji 2016 24 3S 6 45  10.1% 14.18 [4.64, 43.34] —_—
LinQ 2012 17 i8 10 49 10.8% 3.16 [1.23, 8.12) —_—
Nassar 2010 12 12 1 8 3.8% 125.00 [4.49, 3478.94) +
Su 2018 19 26 5 25 9.4% 10.86 [2.93, 40.17] S TES
Xu 2013 8 11 2 39 7.1%  49.33 [7.05, 345.21) v *
Zhou 2015 23 28 5 59 9.3% 49.68[13.11, 188.25] T —
Subtotal (95% CI) 512 547 74.5% 9.68 [3.92, 23.91] s
Total events 237 a0
Heterogeneity: Tau® = 1.24; Chi’ = 43,64, df = 7 (P < 0.00001); I = 84%
Test for overall effect: Z = 4.92 (P < 0.00001)
1,1.2 BNP
LinY 2010 42 43 13 43 6.6% 96.92(12.02, 781.44] ——
Rhee 2007 13 14 17 33 6.5% 12.24 11.43, 104.56]) v
Semler 2016 77 313 59 313 12.5% 1.40 [0.96, 2.06) g
Subtotal (95% CI) 370 389 25.5% 10.41 [0.60, 181.40) R = - == — e
Total events 132 89
Heterogeneity: Tau® = 5.63; Chi' = 20.45, df = 2 (P < 0.0001); I¥ = 90%
Test for overall effect: Z = 1.61 (P = 0.11)
Total (95% CI) 882 936 100.0% 8.98 [4.15, 19.43] -2
Total events 369 179
Heterogeneity: Tau® = 1.21; Chi* = 74,41, df = 10 (P < 0.00001); I¥ = 87% 0_501 ofl 1 1=0 160

Test for overall effect: Z = 5.57 (P < 0.00001)

Test for subgroup differences: Chi® = 0.00, df = 1 (P = 0.96), I¥ = 0%

Favours High Biomarker Favours Low Biomarker

J Intensive Care 2021;9:36



INCREASED
PRODUCTION

v

Cardiovascular: Increased
intravascular volume, fluid
overload, left/right ventricular
dysfunction, shock

Pulmonary: PH, ARDS, acute
PE, COPD, chronic hypoxia

Others: High PEEP.
catecholamine infusions, CNS
disease, acute
infection/inflammation

DECREASED
DEGRADATION

v

Renal failure, decrease
clearance pathways

§d

Cardiac
Anti-mitogenic effect
Ventricular remodeling

Renal
Natriuresis, diuresis
RAAS antagonism

Vascular
Vasodilation, remodeling
endothelial glycocalyx disruption




A4T NN

RY Protective Ventilation

a
Major Phenotypes B: RV does not meetj

flow demand
l YES |

Clinically shocked

AT e 4- RV dilatation RV dilatation
i - i ion - i ion + +
TV a:’adptaf:;lor tc:j R1\.0-’ g??'?t?d [RV i +a : ol d] [ P +a E T 4 ] RV function impaired RV function impaired
elevated afterloa ilatation -PA uncouple -PA uncouple + +
E P RV-PA uncoupled RV-PA uncoupled

H /| %n ‘:: % 2
PV Loops é Ees/Ea normal Eé 40 7 Ees/Ea reduced gE
g lle—. z .} -
100 150
RV volume mL
Echocardiography RVEDA/LVEDA RVEDA/LVEDA RVEDA/LVEDA RVEDA/LVEDA RVEDA/LVEDA
ratio > 0.6 ratio > 0.6 ratio > 0.6 ratio > 0.6 ratio> 1
TAPSE > 17m TAPSE > 17mm TAPSE > 17mm TAPSE/PASP TAPSE/PASP
TAPSE/PASP TAPSE/PASP ratio < 0.63 ratio < 0.63
ratio > 0.63 ratio < 0.63 mm/mmHg mm/mmHg
mm/mmHg mm/mmHg TAPSE < 17mm TAPSE < 17mm
Echocardiography- » Pulmonary artery acceleration time < 100 ms
Pulmonary artery * Pulmonary acceleration time/RVET ratio < 0.29

doppler waveform * Mid-systolic notching of pulmonary artery doppler waveform

- CVP > 8mmHg « CVP > 15mmHg

i ) - Dilated IVC with loss of respiratory variability « Markedly dilated IVC
Signs of systemic (in spontaneously breathing patients) - Monophasic renal vein waveform
congestion - Biphasic renal vein waveform - Dilated hepatic veins and reversal
- Pulsatile portal vein waveform of S wave
- Hepatic vein S wave < D wave - To- and fro- portal vein waveform
= Inhaled or systemic pulmonary vasodilators In addition consider: In addition consider:
Management » Restrictive approach to fluid management * Use of low dose inodilators: dobutamine, enoximone + Inotropes

or milrinone
« Early use of renal replacement therapy for AKI,
manage fluid balance and/or acid-base abnormalities

* Promptly treat vasodilatory states with
vasopressors (e.g. norepinephrine or vasopressin)
» Avoid persistent acidemia

+ VV-ECMO, VAV-ECMO
or VPA-ECMO with
ultra-protective ventilation

considerations

* Driving pressure < 18 cmH,O
» Plateau pressure < 27 cmHO
» Assess recruitability and PEEP optimization

Management-RV

« Consider prone ventilation
protective ventilation

« Avoid hypercapnia

Intensive Care Med 2023;49:99
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Change of Therapeutic Strategies in ARD& %

From LPV to RYV Protective Ventilation

VILI

1990 — 2000
High V;

Normocapnia

2000 - 2020
LPV

Permissive hypercapnia
» High mortality with VILI

» Decreased mortality with
LPV

2020...

| Driving pressure

1 Alveolar oxygenation
| Blood CO,

» More decreased mortality 7

Need for RCTs

_‘.m‘!‘“" '
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