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Agenda

- Physiology of the pulmonary circulation and of the right ventricle (RV) - understanding RV failure
- Measures and estimates of pulmonary hemodynamics in clinical practice

- Pulmonary Hypertension (PH): hemodynamic and clinical definition

- Importance of clinical history (risk factors), signs and symptoms

- Overview of instrumental findings in PH

- Diagnostic algorithms

- Frequent forms of PH, associated to cardiac and respiratory diseases:
- PH associated with lung diseases and/or hypoxia
- PH associated with left heart diseases

- «True» Pulmonary Vascular Diseases (PVDs):
- Pulmonary Arterial Hypertension (PAH)
- Chronic Thromboembolic Pulmonary Disease (CTED and CTEPH) vs acute Pulmonary Embolism (PE)
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Agenda

- Physiology of the pulmonary circulation and of the right ventricle (RV) = understanding RV failure
- Measures and estimates of pulmonary hemodynamics in clinical practice

- Pulmonary Hypertension (PH): hemodynamic and clinical definition

- Importance of clinical history (risk factors), signs and symptoms

- Overview of instrumental findings in PH

- Diagnostic algorithms

- Frequent forms of PH, associated to cardiac and respiratory diseases:
- PH associated with lung diseases and/or hypoxia
- PH associated with left heart diseases

- «True» Pulmonary Vascular Diseases (PVDs):
- Pulmonary Arterial Hypertension (PAH)
- Chronic Thromboembolic Pulmonary Disease (CTED and CTEPH) vs acute Pulmonary Embolism (PE)
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Physiology of the pulmonary circulation and of the right
ventricle (RV)

The pulmonary circulation is a low-pressure, high flow system

The right ventricle is a low-pressure flow generator
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The pulmonary circulation: a hydraulic perspective

Blood flow (Q)

Pulm artery Pulm vein
Inflow Outflow
Pressure Pressure
(PAP) (LAP)
Pulmonary
capillaries
PVR = (mPAP — LAP) / Q
MPAP = Q*PVR + LAP
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Evolution of the pulmonary circulation
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Physiology of the pulmonary circulation

Hemodynamic variables

Normal values

Q, L/min

HR, bpm

Systolic PAP, mmHg
Diastolic PAP, mmHg
Mean PAP, mmHg
PAWP or LAP, mmHg
Pcap, MmHg

RAP, mmHg

PVR, dyne*s*cm™
PVR, WU

4.5 - 8.5
40 - 100
13- 26
6-16
8 - 20
5-12
8-12
1-8
12 - 100
<1.25

reric OV culatio”
% 5-6 Hm
Systolic SAP, mmHg 90 - 140
Diastolic SAP, mmHg 50 - 90
Mean SAP, mmHg 60 - 105
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Q=cardiac output; HR=heart rate; PAP=pulmonary
artery pressure; PAWP=pulmonary artery wedge
pressure; LAP=left atrial pressure; Pcap=pulmonary
capillary  pressure; RAP=right atrial pressure;
PVR=pulmonary vascular resistance; SAP=systemic
arterial pressure

Naeije R et al. Eur Respir J 2013;41:217-23




Alveolo-capillary membrane
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Fick’s law of diffusion state that the extent of gas moving through a tissue membrane is proportional to the surface of the
membrane and inversely proportional to its thickness.
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Recrutability of the pulmonary circulation

mPAP does not increase
[ linearly with CO increase
: thanks to distensibility and
oy recrutability of the
L,m > Z/; pulmonary circulation
/
Recruitment ;]HH/H Distension T mMPAP =11 Q* PVR + LAP

/ 7 459 Ppew=10 mmHg o
/e ;
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Evolution of the pulmonary circulation (and of the right
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Physiology of the pulmonary circulation and of the right
ventricle (RV)

The pulmonary circulation is a low-pressure, high flow system...

... and the right ventricle follows !! (unloaded & reshaped)
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Anatomy of the right ventricle

Anterior position, behind the sternum

Three components
* Inlet (tricuspid valve, chordae tendinae and papillary muscles)
» Trabeculated apical myocardium
* OQutlet (infundibolum)

* Anterior

» Lateral

* Inferior

» (interventricular septum)

Complex shape
« Triangular from a lateral perspective
» Crescent from a transversal section
» Influenced by the interventricular septum

UNIVERSITA | Dipartimento
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Haddad F et al. Circulation 2008;117:1436-1448



Ventricular interdependence

Continuity between the muscle fibers of the RV and LV:
« functionally binds the ventricles together
» represents the anatomic basis of free ventricular wall traction caused by LV contraction
» contributes, along with the interventricular septum and pericardium, to ventricular interdependence

Thle RV is connected in series with the LV and is, therefore, obligated to pump on average the same effective stroke
volume
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Haddad F et al. Circulation 2008;117:1436-1448



Right ventricular physiology

RV contraction is sequential, starting with the contraction of the inlet and trabeculated
myocardium and ending with the contraction of the infundibulum (approximately 25 to 50 ms
apart)

« The RV contracts by 3 separate mechanisms:

1. inward movement of the free wall (bellows
effect)

2. contraction of the longitudinal fibers,
(shortens the long axis, draws the tricuspid
annulus toward the apex)

3. LV contraction acting with a traction on RV

free wall at the points of attachment
(contribution for 20-40% at RV ejection - in the
presence of RV scarring, the septum is able to
maintain circulatory stability as long as the RV is
not dilated)

« Shortening of the RV is greater longitudinally than
radially

uuuuuuuuu
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Pathophysiology of RV failure

Acute 111 in RV afterload (Pulmonary embolism, PE)
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Pathophysiology of RV failure

Chronically elevated RV afterload (PAH)

Homeometric (Anrep’s)
adaptation

Heterometric adaptation

} intrinsic (Starling’s law of the heart)

contractility to ‘
maintain SV 1 dimension and 1 filling P
to maintain SV

Normal heart Right ventricular volume overload

Flattened septum
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Pathophysiology of RV failure

RV remodeling in chronic pressure overload
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RV failure evolves as a systemic syndrome due to low output and venous

congestion

PULMONARY HYPERTENSION

cular remodoling

Pulmonary low output

RIGHT-SIDED HEART

* Increased wall stress
* RV hypertrophy
. W cortractlo resenve
* RARP/CVP ¢
Systemic congestion

ﬂi’

Activation of Sinuscidal congestion “Leaky bowel syndrome” Cerebral tissue oxygenation § Hwopedusaonypom
venous endothelum Endothelal activation bacterial translocation/ Neurohormonal
endoxmon ¢ activation
Soluble / circulating pro-inflammatory mediators (chemokines/cytokines)
(0.9. TIMP-2, IGFBP-Z NGAL, L-FABP, KIM-1, -GST, x-GST, TNFq, IL-15, L6, IL-10,TLR,....)
GiTract Brain Skoletal muscle

LEFT-SIDED HEART
« Mechanical compression by
enlarged right heart (O-shape)
* Chronic underfiling
* Cardiomyocyte atroply
* Impaired coronary perfusion (LMCS)
Systemic low output

Systemic inflammation

* Jauncdice/ascies
damago * Hepalic fibcosis

o Sclerosia/fibeosis » Cardiac cirhosis

* Tubulas reabsonplion 4 * Hypalurnura

* Proteinuria * Drug metaboksm ¢

* Saltwater retontion
UNIVERSITA | Dipartiment
DEGLI STUDI di Ingegneria Gestionale, s s
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Chronic elevation in RV afterload and mortality

Hemodynamic Normal
variables values
Q, L/min 4.5-8.5
HR, bpm 40 - 100
Systolic PAP, mmHg 13- 26
Diastolic PAP, mmHg 6-16
Mean PAP, mmHg 8-20
PAWP or LAP, mmHg 5-12
Pcap, MmHg 8-12
RAP, mmHg 1-8
PVR, dyne*s*cm™ 12 - 100
PVR, WU <1.25
UNIVERSITA | Dipartimento
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Agenda

- Physiology of the pulmonary circulation and of the right ventricle (RV) - understanding RV failure
- Measures and estimates of pulmonary hemodynamics in clinical practice

- Pulmonary Hypertension (PH): hemodynamic and clinical definition

- Importance of clinical history (risk factors), signs and symptoms

- Overview of instrumental findings in PH

- Diagnostic algorithms

- Frequent forms of PH, associated to cardiac and respiratory diseases:
- PH associated with lung diseases and/or hypoxia
- PH associated with left heart diseases

- «True» Pulmonary Vascular Diseases (PVDs):
- Pulmonary Arterial Hypertension (PAH)
- Chronic Thromboembolic Pulmonary Disease (CTED and CTEPH) vs acute Pulmonary Embolism (PE)
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Swan-Ganz catheter

Thermistor

Tip (with
i the balloon
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Measuring pulmonary hemodynamics

“In the fall of 1969, | was on the beach in Santa Monica, California,
with my young children and noted a sailboat with a large spinnaker
making good progress in a calm sea.

| wondered whether a sail or parachute at the tip of a flexible catheter
would solve the problem”

SPINNAKER ¢

GENNAKER @
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Vessel
dilator

=

—
o

Guidewire

FIGURE 5-21 A percutaneous
introducer consisting of a vessel
dilator and sheath is passed over

the guidewire.

SAX - compressed

SAX - un-compressed

Troianos CA et al. J Am Soc Echocardiogr 2011
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Pulmonary Artery
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30k Right Atrium w
20

10}

0k

Pulmonary

¥ arterial branch Pubwonary

venousbranch

30| Right Ventricle

20}
1ol Pulmonary - Left
ol Artery Atrinm

uuuuuuuuu

& p/m \% | UNIVERSITA | Dipartimento
H ﬁﬂ ° ﬂﬂ : | DEGLI STUDI | dilngegneria Gestionale,
A 'n'fm DI BERGAMO | dell'lnformazione e della Produzione

Metabolic cart

Cardiac output (direct Fick)

p Mass flowmeter

Pulmonary,
Right heart,
Left heart
Hemodynamic
S

Cardiac output (thermodilution)

/N

Temperature
change >

=
3
®
v




CO measurement
thermodilution

Triplicate TD measurement
with < 10% changes

Temperature
change 2>

Swan-Ganz
catnether

Stenie injeclate
soluticn

/
Caraiac OUIDUAI/ /
computer

Proximal injectale

Balloon 2
Distal lumen 7 / spike

/—\ Snap ciamp
e e Catheter

connecting
cabie

port
/" } OO g %
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Nonvented IV
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nousing

Check valve
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CO measurement
DlreCt FICk methOd -. Qk Massflowmeter

\ -lVL
VO, = CO x d(a-v)O, v

CO = VO, / d(a-v)O,

CO = VO, / [Hb*1.37%(Sa0,-Sv0,)] / 10 * 1000

VO,= oxygen consumption
CO=cardiac output
d(a-v)O,=arteriovenous oxygen difference
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The pulmonary circulation: a hydraulic perspective

Blood flow (Q)

Pulm artery Pulm vein
Inflow Outflow
Pressure Pressure
(PAP) (PAWP)
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Pulmonary
capillaries

PVR = (MPAP — LAP) / Q
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Estimating pulmonary artery and filling pressures
Echocardiography

Non - invasive

Low cost

Dedicated personnel

Pulmonary artery pressure estimation

Indirect signs of pulmonary pressure increase: right heart dimensions and function

Morphology and function of left heart chamber and valves
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Estimating pulmonary artery and filling pressures
Systolic PAP

PEG CR 19: : = ITmN 7 INAN 4
ITmO0.5 “im u.» PHI > ®crad. max IT - 64,6 mnHg

Umax IT = 401,8 cm/s

X5-1/ETT Erasme Cardio X5-1/ETT

c3c4 Cl 8Hz
24cm

2D / \ ‘3 "‘

77% \ / S FP 350Hz
C 50 g 3

P Bas

HPén

Coul

63%

2.5MHz

FP Haut

Moy

--300

=--400

150mm/s

89bpm

RV-RA systolic pressure gradient = 4 x TRV?

Systolic PAP = RV-RA systolic pressure gradient + RAP PAP=pulmonary artery pressure
RA=right atrium
RAP=right atrial pressuer
, RV=right ventricle
% | UNIVERSITA | Dipartimento TRV=tricuspid regurgitant jet velocity measured
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Estimating pulmonary artery and filling pressures
Right atrial pressure (RAP)

PHILIPS - Inferior vena cava (IVC) diameter and collapsibility:

Cl 16Hz

o Y — . - Normal diameter and collapsibility > RAP 0-5 mmHg

20/ TM

83% 79%

P s =t o~ - Dilated IVC or reduced collapsibility > RAP 5-10 mmHg
i - Dilated IVC and reduced collapsibility > RAP 10-15 mmHg
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Estimating pulmonary artery and filling pressures
Additional signs of PH —right heart dimensions

PHILIPS . PHILIPS 1TMO0.4 'im v.o
Erasme Cardio " X5-1/ETT
Cl 16Hz : - Cl 43Hz ca
30cm o Tenps TH) = 8,88 5 24cm )

Cl 50Hz

15em

2D
70%
C 50
P Bas
HGén

Dilated IVC and/or |collapsibility Dilated RV, RV > LV, septal shift Dilated PA
Dilated RA
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Estimating pulmonary artery and filling pressures
Additional signs of PH — Doppler study of the RV outflow tract

u’ w | v , %r,

Normal profile

PW Doppler on RVOT .
1
d
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Estimating pulmonary artery and filling pressures
Left heart filling pressures

In patients with normal LV EF

1-Average Ele’ > 14

2-Septal e’ velocity <7 cm/s or

Lateral &' velocity <10 em/s
3-TR velocity > 2.8 m/s
4.-LA volume index >34mlim?

A
<50%
positive
Normal Diastolic
function
B

positive

Indeterminate

S

>50%
positive

l

Diastolic
Dysfunction

| \
E/AQ8+E>50cmis

E/As08 +Es50cm/s

or
E/A>=08-<2

EiAz2

20f30r30f3

1-Average Ele’ > 14
N i 2-TR velocity > 2.8 m/s
egative 3-LA VoL, index>34mi/m?

2of3or3of3
Positive

When

only 2 criteria are available

1 positive and

|2negativel 1 negative Zpositwel

Normal LAP
Grade | Diastolic
Dysfunction

I

If Symptomatic

Consider CAD, or
proceed to diastalic
stress test

patients with depressed LV EF)

["Cannot determine | | 1 LAP ] 1LAP
LAP and Diastolic Grade |l Diastolic

Dysfunction Dysfunction Dysfunction

Grade®

Grade lil Diastolic

(* : LAP indeterminate if only 1 of 3 parameters available. Pulmonary vein S/D ratio <1 applicable to conclude elevated LAP in
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Normal diastolic function - normal left heart filling pressures

Grade | diastolic dysfunction = normal left heart filling
pressures

Grade Il diastolic dysfunction - 1 LAP
Grade Il diastolic dysfunction = 11 LAP



Echocardiographic probability of PH

TABLE 1 Echocardiographic probability of pulmonary hypertension [PH] in symptomatic patients
with a suspicion of PH

Peak tricuspid regurgitation velocity m-s-1 Presence of other Echocardiographic
echocardiographic "PH signs"# probability of PH

£2.8 or not measurable Yes ;
2.9-3.4 No Intermediate
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: | DEGLI STUDI
DI BERGAMO

Dipartimento
di Ingegneria Gestionale,
dell'lnformazione e della Produzione




1

Orvenr ) (e

H F@ Yes/No
e | ® | T

Alternative diagnosis Echo follow-up
(Class lla) (Class lla)

@

: @ESC@® ERS—

Figure 5 Echocardiographic probability of pulmonary hypertension and recommendations for further assessment. CPET, cardiopulmonary exerdse
testing CTEPH, chronic thrombo-embolic pulmonary hypertension; echo, echocardiography; LHD, left heart disease; N, no; PAH, pulmonary arterial
hypertension; PH, pulmonary hypertension; RHC, right heart catheterization; TRV, tricuspid regurgitation velocity; Y, yes. *Or unmeasurable. The
TRV threshold of 2.8 m/s was not changed according to the updated haemodynamic definition of PH. "Signs from at least two categories in Table 10
(A/B/C) must be present to alter the level of echocardiographic probability of PH. “Further testing may be necessary (e.g. imaging, CPET). “RHC should
univers D€ performed if useful information/a therapeutic consequence isanticipated (e.g. suspected PAH or CTEPH), and may not be indicated in patients without

g:sglE.L gﬂ risk factors or associated conditions for PAH or CTEPH (e.g. when mild PH and predominant LHD or lung disease are present).




Agenda

- Physiology of the pulmonary circulation and of the right ventricle (RV) - understanding RV failure
- Measures and estimates of pulmonary hemodynamics in clinical practice

- Pulmonary Hypertension (PH): hemodynamic and clinical definition

- Importance of clinical history (risk factors), signs and symptoms

- Overview of instrumental findings in PH

- Diagnostic algorithms

- Frequent forms of PH, associated to cardiac and respiratory diseases:
- PH associated with lung diseases and/or hypoxia
- PH associated with left heart diseases

- «True» Pulmonary Vascular Diseases (PVDs):
- Pulmonary Arterial Hypertension (PAH)
- Chronic Thromboembolic Pulmonary Disease (CTED and CTEPH) vs acute Pulmonary Embolism (PE)
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Chronic elevation in RV afterload and mortality

Hemodynamic Normal
variables values
Q, L/min 4.5-8.5
HR, bpm 40 - 100
Systolic PAP, mmHg 13- 26
Diastolic PAP, mmHg 6-16
Mean PAP, mmHg 8-20
PAWP or LAP, mmHg 5-12
Pcap, MmHg 8-12
RAP, mmHg 1-8
PVR, dyne*s*cm™ 12 - 100
PVR, WU <1.25
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PH: hemodynamic definition(s)

Definition

i

Pre-capillary PH

IpcPH

Isolated post-capillary
PH

CpcPH
Combined post- and
pre- capillary PH

Post-capillary PH

Haemodynamic characteristics

mPAP =20 mmHg
mPAP =20 mmHg

PAWP <15 mmHg
PVR >2 WU

mPAP =20 mmHg
PAWP =15 mmHg
PVR <2 WU
mPAP =20 mmHg
PAWP =15 mmHg
PVR >2 WU

mPAP/CO slope between rest and exercise
>3 mmHg/L/min

© ESC/ERS 2022

CO, cardiac output; CpcPH, combined post- and pre-capillary pulmonary hypertension;

IpcPH, isolated post-capillary pulmonary hypertension; mPAP, mean pulmonary arterial

pressure; PAWP, pulmonary arterial wedge pressure; PH, pulmonary hypertension;
PVR, pulmonary vascular resistance; WU, Wood units.

UNIVERSITA

DI BERGAMO |

Some patients present with elevated mPAP (=20 mmHg) but low PVR (<2 WU) and
oeeu stunl | low PAWP (<15 mmHg); this haemodynamic condition may be described by the term
‘unclassified PH’ (see text for further details).
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Pulmonary circulation

Blood flow (Q)

Pulmonary artery Pulmonary vein
Outflow
Inflow Pressure
Pressure (LAP
(PAP) or PAWP)

Pulmonary capillaries

* PVR = (mean PAP - LAP) / Q PAP=pulmonary artery pressure

PAWP=pulmonary artery wedge pressure
PVR=pulmonary vascular resistance

°* mean PAP — PVR X Q + LAP Q=cardiac output
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Pulmonary circulation

Blood flow (Q)

1

Left heart
dysfunction

Outflow
ressure
(LAP or
PAWP)

Inflow
Pressure
(PAP)

11 MPAP = PVR x Q + 11 LAP
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Pulmonary circulation

i s | UNIVERSITA
e i | DEGLI STUDI
n'IM'" | DI BERGAMO

ISTITUTO
ofHanagerment nformatin AUXOLOGICO
R 'ITALIANO

DEGLI SI'LI'DI

£
Bicocca Casme

Blood flow (Q)
SMALL ARTERIES

Pulmonary artery remodeling
Pulmonary artery obstruction

Pulmonary artery vasoconstriction
Loss of pulmonary vascular tree
Inflow Outflow
Pressure Pressure
(PAP) (LAP)
Loss of pulmonary capillaries
TT mPAP =11 PVR x Q + LAP
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PH: hemodynamic definition(s)

Post-capillary PH

UNIVERSITA
DEGLI STUDI
DI BERGAMO |

Definition
PH
Pre-capillary PH

IpcPH

Isolated post-capillary
PH

CpcPH
Combined post- and
pre- capillary PH

Exercise PH

Haemodynamic characteristics

mPAP =20 mmHg
mPAP =20 mmHg
PAWP <15 mmHg
PVR >2 WU
mPAP =20 mmHg
PAWP =15 mmHg
PVR <2 WU
mPAP =20 mmHg
PAWP =15 mmHg
PVR >2 WU
mPAP/CO slope between rest and exercise
>3 mmHg/L/min

© ESC/ERS 2022

CO, cardiac output; CpcPH, combined post- and pre-capillary pulmonary hypertension;
IpcPH, isolated post-capillary pulmonary hypertension; mPAP, mean pulmonary arterial
pressure; PAWP, pulmonary arterial wedge pressure; PH, pulmonary hypertension;
PVR, pulmonary vascular resistance; WU, Wood units.

Some patients present with elevated mPAP (=20 mmHg) but low PVR (<2 WU) and
low PAWP (<15 mmHg); this haemodynamic condition may be described by the term
‘unclassified PH’ (see text for further details).



PH: clinical classification

N
PULMONARY HYPERTENSION
Prevalence ..‘7' A
® |, Goba ¥ . o
& ° population ¥ ¥ &
Pulmonary Congestion in Mortalsity Hazard Ratio Mortal;ty Hazard Ratio
ost-capillary PH 5
E il . 4 : . Right heart
. : 5 failure
Pulmonary vascular disease / 2 I
obstruction in pre-capillary PH '
— T T T ] o+
10 20 30 40 50 60 0 I 2 3 4 5 6
mPAP (mmHg) PVR (Wood units)
CLINICAL CLASSIFICATION
i i PH with uncl
Pulmonary arterial PH associated with PH associated with i sonated wio, otk
hvpertenst PAH lafc heart dl I di pulmonary and/or multifactorial
FREFCEnSIani( ) o e e Hig Gieease artery obstructions mechanisms
e |diopathic/heritable * Non-severe PH e CTEPH * Haematological
e Associated e Severe PH e Other pulmonary disorders
conditions obstructions  Systemic disorders
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Table & Clinical classification of pulmonary
hypertension

GROUP 1 Pulmanary arterial hypertension (PAH)
1.1 diopathic
1.1.1 Mon-responders at vasoreactivity testing
1.1.2 Arute responders at vasoreactivity testing
1.2 Heritable®
1.3 Associated with drugs and tosdns®
14 Associated with:
14.1 Connective tissue disease
1.4.2 HIV infection
1.4.3 Portal hypertension
144 Congenital heart disease
145 Schistosomiasis
1.5 PAH withfeatures of venous/capillary (PYODV/PCH) invabement
1.6 Persistent PH of the newborn
GROUP 2 PH associated with left heart disease
2.1 Heart failure:
2.1.1 with preserved ejection fraction
2.1.2 with reduced or mildly reduced ejection fraction®
2.2 Valwlar heart disease
2.3 Congenitalacquired cardiovascular conditions leading to
post-capillary PH
GROUP 3 PH associated with lung diseases andfor hypoxda
3.1 Obstructive lung disease or emphysema
3.2 Restrictive lung disease
3.3 Lung disease with mixed restrictive/obstructive pattern
34 Hypoventilation syndromes
1.5 Hypoxia without lung disease (eg. high altitude)
3.6 Developmental lung disorders
GROUP 4 PH associated with pulmonary artery obstructions
4.1 Chronic thrombo-embalic PH
4.2 Other pulmonary artery ohstructions®
GROUP 5 PH with unclear and/or multifactorial mechanisms
5.1 Haematological disorders®
5.2 Systemic disorders®
5.3 Metabolic disorders'
5.4 Chronic renal failure with or without haemodialysis
5.5 Pulmomary tumour thrombotic microangiopathy
5.6 Fibrosing mediastinitis



PH: clinical classification
[ CLINICAL CLASSIFICATION )

Pulmonary arterial PH associated with PH associated with
hypertension (PAH) left heart disease lung disease

PH associated with PH with unclear
pulmonary and/or multifactorial
artery obstructions mechanisms

¢ |diopathic/heritable ¢ Non-severe PH e CTEPH ¢ Haematological

* Associated e Severe PH e Other pulmonary disorders
conditions obstructions e Systemic disorders
PREVALENCE
Rare Very common Common Rare Rare

b ad aad a aad 2 2
adad a a

THERAPEUTIC STRATEGIES )

Medical therapy IpcPH: PH-lung disease: Surgical therapy: Optimized
o PAH drugs o Treatment of LHD* e Optimized care of =~ « PEA treatment of
«CCBin underlying lung Interventional: underlying disease
respioniders CpcPH: disease * BPA « Potentially: PAH
Lung e Treatment of LHD*  Severe PH: Medical therapy: drugs (trials)
transplantation * Potentially: PAH « Potentially: PAH e PH drugs
drugs (trials) drugs (trials)
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Agenda

- Physiology of the pulmonary circulation and of the right ventricle (RV) - understanding RV failure
- Measures and estimates of pulmonary hemodynamics in clinical practice

- Pulmonary Hypertension (PH): hemodynamic and clinical definition

- Clinical manifestations and findings

- Diagnostic algorithms

- Frequent forms of PH, associated to cardiac and respiratory diseases:
- PH associated with lung diseases and/or hypoxia
- PH associated with left heart diseases

- «True» Pulmonary Vascular Diseases (PVDs):
- Pulmonary Arterial Hypertension (PAH)
- Chronic Thromboembolic Pulmonary Disease (CTED and CTEPH) vs acute Pulmonary Embolism (PE)
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Clinical manifestations and findings

Clinical manifestations and findings depend upon:
- the degree of RV dysfunction

- the presence of conditions associated with PH development
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PH: symptoms

Dyspnoea on exertion (WHO-FC)

Fatigue and rapid exhaustion

Dyspnoea when bending forward (bendopnoea)
Palpitations

Haemoptysis

Exercise-induced abdominal distension and nausea
Weight gain due to fluid retention

Additional symptoms may be linked to an underlying Syncope (during or shortly after physical exertion)
disease associated with PH

Symptoms of PH are mainly linked to right ventricle
(RV) dysfunction, and typically associated with
exercise in the earlier course of the disease

Rare symptoms due to pulmonary artery dilation®

Exertional chest pain:

dynamic compression of the left main coronary artery
Hoarseness (dysphonia):

compression of the left laryngeal recurrent nerve

(cardiovocal or Ortner’s syndrome)

Shortness of breath, wheezing, cough, lower respiratory
tract infection, atelectasis:

compression of the bronchi

Dipartimento
di Ingegneria Gestionale,

dell'lnformazione e della Produzione N @ ESC % ERS —
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PH: SlgnS Signs of PH

* Central, peripheral, or mixed cyanosis

Signs of RV backward failure

* Distended and pulsating jugular veins
+ Abdominal distension

* Accentuated pulmonary component of the

second heart sound * Hepatomegaly
* RV third heart sound ‘ - Ascites
°Systollcnumu'ofma|sp|dregwgunbon * Peripheral oedema

Signs pointing towards
underlying cause of PH

Signs of RV forward failure

«» Digital clubbing: Cyanotic CHD, fibrotic lung
disease, bronchiectasis, PYOD, or liver disease
« Differential clubbing/cyanosis:
PDA/Eisenmenger’s syndrome
« Auscultatory findings (crackles or wheezing,
murmurs): lung or heart disease
* Sequelae of DVT, venous insufficiency: CTEPH
« Telangiectasia: HHT or SSc

Sderodactyly Rayrmld’sphermml.dlgnl

« Peripheral cyanosis (blue lips and tips)
* Dizziness

« Pallor

* Cool extremities

» Prolonged capillary refill

- @ESC @ ERS—
UNIVERSITA | Dipartimento Figure 3 Clinical signs in patients with pulmonary hypertension. CHD, congenital heart disease; CTEPH, chronic thrombo-embolic pulmonary hyper-
: ‘ DEGLI STUDI | dilngegneria Gestionale, tension; DVT, deep venous thrombosis; GORD, gastro-oesophageal reflux disease; HHT, hereditary haemorrhagic telangiectasia; PDA, patent ductus
DI BERGAMO | dell'Informazione e della Produzione

arteriosus; PH, pulmonary hypertension; PYOD, pulmonary veno-occlusive disease; RV, right ventricle; SSc, systemic sderosis.



Electrocardiogram

Table 8 Electrocardiogram abnormalities in patients
with pulmonary hypertension

Typical ECG abnormalities in PH®®

« P pulmonale (P >0.25 mV in lead Il

» Right or sagittal axis deviation (QRS axis >90° or indeterminable)

« RV hypertrophy (R/S =1, with R >0.5 mV inV1; RinV1+Sinlead V5
=>1mV)

* Right bundle branch block—complete or incomplete (gR or rSR
patterns in V1)

» RV strain pattern® (ST depression/T-wave inversion in the right
pre-cordial V1—4 and inferior II, lll, aVF leads)

« Prolonged QTc interval (unspecific)®

ECG, electrocardiogram; PH, pulmonary hypertension; QTc, corrected QT interval;
RV, right ventricular.

*Present in advanced PH.

PPatients with pulmonary arterial hypertension can present with a prolonged QTc
interval (although non-specific), which may reflect RV dysfunction and delayed
myocardial repolarization, and is an independent predictor of mortality.®”

UNIVERSITA Dipartimento
DEGLI STUDI | dilngegneria Gestionale,
ﬂ ﬂ/\l DI BERGAMO dell'Informazione e della Produzione
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Chest X-ray

Coardo,

5,

Nive,,

Table 9 Radiographic signs of pulmonary hyperten- ! - g o
sion and concomitant abnormalities B s
. el
Signs of PH and Signs of left heart Signs of lung
concomitant disease/ disease
abnormalities pulmonary
congestion
Right heart Central air space Flattening of
enlargement opacification diaphragm (COPD/
emphysema)
PA enlargement Interlobular septal Hyperlucency
(including aneurysmal thickening ‘Kerley B’ (COPD/
dilatation) lines emphysema)

Pruning of the

peripheral vessels

‘Water-bottle' shape

of cardiac silhouette®

COPD, chronic obstructive pulmonary disease; PA, pulmonary artery; PH, pulmonary

hypertension.

Pleural effusions

Left atrial
enlargement
(including splayed
carina)

Left ventricular

dilation

Lung volume loss
(fibrotic lung
disease)

Reticular
opacification
(fibrotic lung

disease)

- "“': *May be present in patients with PH with advanced right ventricular failure and
|'-), moderate pericardial effusion.

17
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Agenda

- Physiology of the pulmonary circulation and of the right ventricle (RV) - understanding RV failure
- Measures and estimates of pulmonary hemodynamics in clinical practice

- Pulmonary Hypertension (PH): hemodynamic and clinical definition

- Clinical manifestations and findings

- Diagnostic approach

- Frequent forms of PH, associated to cardiac and respiratory diseases:
- PH associated with lung diseases and/or hypoxia
- PH associated with left heart diseases

- «True» Pulmonary Vascular Diseases (PVDs):
- Pulmonary Arterial Hypertension (PAH)
- Chronic Thromboembolic Pulmonary Disease (CTED and CTEPH) vs acute Pulmonary Embolism (PE)
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PH: diaghostic approach

The diagnostic approach to PH is mainly focused on two tasks.

The primary goal is to raise early suspicion of PH and ensure fast-track referral to PH centres in patients with
a high likelihood of PAH, CTEPH, or other forms of severe PH.

The second objective is to identify underlying diseases, especially LHD (group 2 PH) and lung disease
(group 3 PH), as well as comorbidities, to ensure proper classification, risk assessment, and treatment.
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Agenda

- Physiology of the pulmonary circulation and of the right ventricle (RV) - understanding RV failure
- Measures and estimates of pulmonary hemodynamics in clinical practice

- Pulmonary Hypertension (PH): hemodynamic and clinical definition

- Importance of clinical history (risk factors), signs and symptoms

- Overview of instrumental findings in PH

- Diagnostic algorithms

- Frequent forms of PH, associated to cardiac and respiratory diseases:
- PH associated with lung diseases and/or hypoxia
- PH associated with left heart diseases

- «True» Pulmonary Vascular Diseases (PVDs):
- Pulmonary Arterial Hypertension (PAH)
- Chronic Thromboembolic Pulmonary Disease (CTED and CTEPH) vs acute Pulmonary Embolism (PE)
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Pulmonary vascular diseases: PAH and CTEPH

/ " ' N

Pulmonary vasculopathy Right heart failure A B C D E
Wil prolifersiion; iirosis Pulmonary Vascular Proximal PA fibrotic . Distal PA fibrotic Microvasculopathy

obstructions obstructions |

artery obstruction

Vascular remodelling
Medial hypertrophy

/
) e

remodelling /
dysfunction

Plexiform lesion

Vasoconstriction

Ly
Plexiform
lesions

Medial m
rplasia proliferation

Current therapeutic targets
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Pulmonary Arterial Hypertension (PAH)

A B

Pulmonary vasculopathy Right heart failure

Pulmonary Vascular

Intimal proliferation, fibrosis i
artery obstruction

Vascular remodelling
».— Medial hypertrophy

““ & Right ventricular

remodelling /
dysfunction

o
4 -

el Pleodiorh

Medial
hyperplasia proliferation lesions
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Pulmonary arterial hypertension (PAH)
Epidemiology

In Europe, PAH prevalence and incidence are in the range of 15-60 subjects per million population and 5-10
cases per million per year, respectively

Mean age at diagnosis between 50 and 65 years in current registries.

Female predominance is quite variable among registries and may not be present in elderly patients
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Pulmonary Arterial Hypertension (PAH)
Clinical classification

GROUP 1 Pumaonary arterial hypertension (PAH)
1.1 Wiopathic IPAH: 50-60% of PAH
1.1.1 Mon-responders at vasoreactivity testing
1.1.2 Acute responders at vasoreactivity testing
1.2 Heritable®
1.3 Associated with drugs and toxins®
1.4 Associated with:
1.4.1 Connective tissue disease
142 HV infection
1.4.3 Portal hypertension
1.4.4 Congenital heart disease
1.4.5 Schistosomiasis
1.5 PAH with features of venous/capillary (PYOD/PCH) involement
1.6 Persistent PH of the newborn
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Table 13 Phenotyplc features assoclated with pulmonary arterial by pertension mutations

Gene Pusl o ary | yp erten sion
phenotypic association

BMmPR? Haritable ard idopathic PAM

ATH 243

AP

ABCA

[y [

SMADY

Sexid Haritable ard idiopathe PAH
Corgenital beart deease

CA¥] Haritabde ard idopathic PAM
Lipadysrapty

ThX4 Haritabde ard idopathic PaH
Small paselh symdrame
Jadriapatelar dysplasia)
Parere biyrmal lung disease
Brordhapumarary degplasia
Persistent pdmarary
Fegperteralon of dw reonate

EiF 2804 Pulran ary vena-ooclusie
dssaseipumarary capllinry
raemargiamatoss

KDR Haritabde ard idopathic PaH

ENG Haritabde ard idopathic PaH
Hareditary haemarrhagic

KOV elargiecimda

G

Putative
meobecular
mechanism

Haploiraufomoy

Haplairesfolmey

[Hiaplaire s foianicp

Galm of fundiorng
daminant regathe

Lo of furection

Lesa of function
ik i
[Hiaplaire s foianicp

Haplairaf ooy

Inheritance
pattern

i el
darmirarnt
Ao mal
domirant
Aol
domirant
Moo mal
domirarnt
Atosomal
darmirarnt
Aol
darnirant
Aol
domirant
Moo mal
domirant
Atosomal
darmirarnt

Aol

Moo mal
domirarnt
Atosomal
darmirarnt
Aol
darmirarnt
Aol
domirant

Potential distingui shing
dlinical and = amination

featwres

o speaddfic or diagrestic clnial
features describad

Cufidency of wbcusinems
adipose teaue

Fatelar apasia

Sceleml abrarrmalities,
partiodarly pelvs, bnees, ard
fert

Detal phalargeal cubbing

o gpdfic or diagrestic clnial
featiures describad
Tdargesaa

Mbrarrmal biood el
forrnagian

Visceral arEriowenoLE
mafarmaton s

Bewdng dathesis

T, camputad omagraphy; DLOD, Lung dfiaion aipacty for airban manadde; PAM, pumonary arternl Fperieralon

Pelo discrirmiraive: irveestignons desaribed

Fasting trigharide and leptin looek

Soeletal Meorayx pelds, brees, ard feet
CT chest: dfuse paren dyrmal lung disease

Pediced DLED
CT chest: interiobuar sephl thickmring and

misdiastire Iy phadenapaty, ard
centriabunr grourdghss rodular opadles

Possible reduced DLCO

ron-defidency araemia

Preserce on imagng of pulmonary, Fepatic,
cerebral o spiral artariovenous
rradfarrmatons

Iremsivie endosc Opic asses ment of
@wsrainiesting tdargesaia
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Pasdatric ard adult
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At
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A
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Fasdntric ard adut
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carmmaniy] add
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Oider-araet adult
Aot ared pacdiatric
Aduie ard pasdiatric

At ared predatric
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Drugs and toxins associated with PAH

Definite Possible association
association

Aminorex Alkylating agents (cyclophosphamide,
Benfluorex mitomycin C)*

Dasatinib Amphetamines

Dexfenfluramine Bosutinib

Fenfluramine Cocaine

Methamphetamines Diazoxide

Toxic rapeseed oil Direct-acting antiviral agents against hepatitis

C virus (sofosbuvir)

Indirubin (Chinese herb Qing-Dai)
Interferon alpha and beta

Leflunomide

L-tryptophan

Phenylpropanolamine

Ponatinib

Selective proteasome inhibitors (carfilzomib)
Solvents (trichloroethylene)®

St John's Wort

© ESC/ERS 2022
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Medical conditions associated with PAH

GROUP 1 Pumaonary arterial hypertension (PAH)
1.1 Wiopathic
1.1.1 Mon-responders at vasoreactivity testing
1.1.2 Acute responders at vasoreactivity testing
1.2 Heritable®
1.3 Associated with drugs and toxins®
1.4 Associated with:
141 Conmnective tissue disezse  Annual incidence: 0,7-1,5%; prevalence: 5-19% -> SCREENING
142 HIV infection  Prevalence: 0,5%
1.4.3 Portal hypertension Prevalence: 1-2%
1.4.4 Congenital heart disease
1.4.5 Schistosomiasis
1.5 PAH with features of venous/capillary (PYOD/PCH) involement
1.6 Persistent PH of the newborn
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Medical conditions associated with PAH

Table 21 Clinical classification of pulmonary arterial
hypertension associated with congenital heart disease

(1) Eisenmenger syndrome

Includes all large intra- and extracardiac defects that begin as

systemic-to-pulmonary shunts and progress to severely elevated PUImonary arterial hypel’tension aSSOCiatEd Wlth adUIt CHD iS inC|Uded
PR and to reverse (pulmonary-to-systemic) or bidirectional in group 1 of the PH clinical classification and represents a

shunting. Cyanosis, secondary erythrocytosis, and multiple organ heterogeneous patient pOpulation

involvement are usually present. Closing the defects is )

contraindicated. Post-capillary PH in adult CHD should be excluded to determine

(2) PAH associated with prevalent systemic-to-pulmonary shunts
» Correctable®
* Non-correctable

further management.

Include moderate-to-large defects. PVR is mildly to moderately
increased and systemic-to-pulmonary shunting is still prevalent,
whereas cyanosis at rest is not a feature.

(3) PAH with small/coincidental® defects
Markedly elevated PVR in the presence of cardiac defects considered
haemodynamically non-significant (usually ventricular septal defects
<<1 cm and atrial septal defects <2 cm of effective diameter
assessed by echocardiography), which themselves do not account
for the development of elevated PVR. The clinical picture is very
similar to IPAH. Closing the defects is contraindicated.

(4) PAH after defect correction
Congenital heart disease is repaired, but PAH either persists
immediately after correction or recurs/develops months or years

after correction in the absence of significant, post-operative,

© ESC/ERS 2022

haemodynamic lesions.

IPAH, idiopathic pulmonary arterial hypertension; PAH, pulmonary arterial
hypertension; PVR, pulmonary vascular resistance.
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Comprehensive work-up

Clinical history

Oxygen requirement for hypoxemia

Chest radiograph

Pulmonary function test and arterial blood gas analysis
Echocardiography

Lung scintigraphy

Chest CT

Cardiopulmonary exercise testing

Right heart catheterization
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Comprehensive work-up

Clinical history

Oxygen requirement for hypoxemia

Chest radiograph

Pulmonary function test and arterial blood gas analysis
Echocardiography

Lung scintigraphy

Chest CT

Cardiopulmonary exercise testing

Right heart catheterization
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Comprehensive work-up

Clinical history

Oxygen requirement for hypoxemia

Chest radiograph

Pulmonary function test and arterial blood gas analysis
Echocardiography

Lung scintigraphy

Chest CT

Cardiopulmonary exercise testing

Right heart catheterization
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GROUFP 1 Pumaonary arterial hypertension (PAH)

Vasoreactivity testing 1.1 Wiopathic

1.1.1 Mon-responders at vasoreactivity testing
1.1.2 Acute responders at vasoreactivity testing

Candidates:

Pre-capillary PH (suspicion of idiopathic/heritable PAH or PAH associated to drugs or toxins)

11 :—t
i Long-term CCB responders
Which molecule(s): - e
Inhaled nitric oxide 10-20 ppm 3§ 4
) (3 Long-term CCB failure
(IV Epoprostenol 2—-12 ng/kg/min) 2
i
0 2 4 6 8 10 12 14 16 18
(¥oars) Long-term CCB
supjid,":’ 38 33 30 2 13 8 3 3. 2 1 responders
Responder to vasoreactivity testing: oo e

MPAP reduction =2 10 mmHg, with a mPAP <40 mmHg and increased/stable cardiac output
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Comprehensive work-up

Clinical history

Oxygen requirement for hypoxemia

Chest radiograph

Pulmonary function test and arterial blood gas analysis
Echocardiography

Lung scintigraphy

Chest CT

Cardiopulmonary exercise testing

Right heart catheterization
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Multiparametric risk stratification in PAH at diagnosis
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Determinants of prognosis (estimated Low risk

1-year mortality) (<5%)

Clinical observations and modifiable variables

Signs of right HF Absent

Progression of symptoms and clinical No

manifestations

Syncope No

WHO-FC Il

6MWD* >440 m

ERE) Peak VO, >15 mL/min/kg
(>65% pred.)
VE/VCO; slope <36

Biomarkers: BNP or NT-proBNP? BNP <50 ng/L

NT-proBNP <300 ng/L

Echocardiography RA 3ren €18 et
TAPSE/sPAP >0.32 mm/mmHg
No pericardial effusion
MRI®
‘ RVEF >54%
SVI >40 mL/m?

RVESVI <42 mL/m?

Haemodynamics RAP <8 mmHg
Cl >2.5 Umin/m?
SVI >38 mL/m?

SvO, >65%

Intermediate risk
(5-20%)

Absent
Slow

Occasional syncope®

1l

165-440 m

Peak VO, 11-15 mL/min/kg
(35-65% pred.)

VE/VCO,; slope 3644

BNP 50-800 ng/L
NT-proBNP 300-1100 ng/L
RA area 18-26 cm?®
TAPSE/sPAP 0.19-0.32 mm/
mmHg

Minimal pericardial effusion
RVEF 37-54%

SVI 26-40 mU/m*

RVESVI

42-54 mL/m?

RAP 8-14 mmHg

Cl 2.0-2.4 L/min/m?

SVI 31-38 mU/m?

SvO, 60-65%

High risk
(>20%)
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Clinical

Clinical signs of HF

Progression of symptoms

Syncope

WHO functional class

6MWD

CPET
Peak VO,

Peak VO,

VE/VCO, slope

NT-proBNP
BNP

Imaging

Echo, CMR

RA area

Pericardial effusion

Hemodynamics

RHC

RAP

Cl

Sv02
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PAP

«Failure of the heart to pump blood
commensurate with end-organ needs, or to do
so at the expense of high filling pressure»
(at rest or during exercise)

Complementary
parameters reflecting
right heart failure

RV-PA uncoupling

Galie N et al. Eur Heart J 2015
Braunwald E et al. In: Braunwald E (ed). Heart Disease: A Textbook of Cardiovascular Medicine 1992
Naeije R et al. In: The Right Ventricle in Health and Disease. Springer Science 2015



Current therapeutic targets

Endothelin pathway NO-sGC-cGMP pathwa

4 L4

Prostacyclin pathway

-

Arach acid

Endoelih-l 7 Nitric oxide

V’V_Pros;iac'llin
(Vasoconstriction (Vasodilatation and (Vasodilatation and
and proliferation) antiproliferation) antiproliferation)

e

IP receptor

. T
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Evolving Paradlg B

Sequential combination Upfront combination

\ v

2 or 3 drugs
(especially in patients
who present with high

risk features)

:
;

\‘\

“on% | UNIVERSITA ‘ l—)  f impact on outcomes 4_]

| | 10.1161/CIRCULATIONAHA.114.006974
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Endothelin Nitric Oxide Prostacyclin
Pathway Pathway Pathway

\ Arachidonic _ postaglandin |,

Pre-proendothelin=—» Proendotheliﬁ] L-arginine =% L-citrulline acid

H | 1 | )
' |

v
Endothelin-1 NO Prostacyclin —PGl,
sGC
ERA ERA stimulator fig
\’ \/ \ ¥~ agonist
‘ '\ N sGC '\
. Endotréln  Endothein ] e 1“'! -
@‘) cGMP < Pglg-s cAMP
PDE-5 inhibitor
E 3 ERA PDE-5i sGC stimulator | Prostacyclins [P, agonist
2 2
'g g bosentan sildenafil riociguat epoprostenol (IV)  selexipag
: = ambrisentan tadalafil iloprost (INH)
=l macitentan treprostinil
,,,,,,,,, (IV, SQ, INH, oral)
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PAH: natural history of the disease (1980s)

The estimated median survival of these patients was 2.8 years (95% CI, 1.9 to 3.7 years).

Estimated single-year survival rates were as follows:
at 1 year, 68% (ClI, 61% to 75%);

at 3 years, 48% (Cl, 41% to 55%);

at 5 years, 34% (Cl, 24% to 44%)

uuuuuuuuu
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The role of triple PAH combination therapy

B 1.0
| p<&0(ﬂ
0.8
S
2 p<0.001
£ 06
(/]
= _|
2 04 0
o p=0.85
0.2
p<0.001 (log rank test)
0.0
0 1 2 3 4 5 6 7 8 9 10
Patients, at risk (n) Years
Tripecombo _I] 76 59 52 40 30 26 22 17 10 6 1
Dualcombo _I"] 551 418 299 225 169 115 79 46 24 12 7
Monotherapy _ ] 984 786 630 484 369 284 210 161 123 85 61
Overall survival (95% Cl) 810, S1o 1% -
Triple combo (0.89-1.00) (0.83-098) (0.83-0.98) (0.74 - 0.97)
93% 76% 61% 43%
Dual combo
! (090-0.95) (0.72-0.80) (0.55— 0.66) (0.33 - 0.54)
Monotherapy 92% 76% 61% 43%
(0.91-0.94) (0.73-0.79) (0.57 —0.65) (0.38 — 0.47)

UNIVERSITA | Dipartimento
DEGLI STUDI | dilngegneria Gestionale,

DI BERGAMO dell'Informazione e della Produzione BOUC[yA et al_ Am J Respir Crit Care Med 2021




Multiparametric risk stratification in PAH at follow-up

Points assigned N 2 3 Is
WHO-FC o dorit : I .
6MWD, m o >0 320-440 e [ -
BNP or 50-199 g
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Low risk
1-year mortality < 5%

Clinical

Clinical signs of HF

Absent

Progression of symptoms

Syncope

WHO functional class

6MWD

> 440 m

CPET
Peak VO,
Peak VO,
VE/VCO, slope

> 15 mL/Kg/min
> 65 of predicted
< 36

NT-proBNP
BNP

< 300

Imaging

A
Ul
o

Echo, CMR

RA area

Pericardial effusion

< 18 cm?

Hemodynamics

RAP

< 8 mmHg

Cl

> 2.5 L/min/m2

Sv02

> 65%

. | UNIVERSITA
¢ | DEGLI STUDI
DI BERGAMO
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If we are able to modify risk profile with
PAH-specific treatments, we can modify
prognosis.

These treatment goals are not always

realistic and

- may not be achievable in patients with
advanced disease, patients with severe
co-morbidities, or very old patients

- should take into account expectations of
properly informed patients

Galie N et al. Eur Respir J 2019
Galie N et al. Eur Heart J 2015



High risk patients should be evaluated for lung
transplant

Recipient

Pulmonary

artery
Bronchial attachment
attachment (both sides)

(both sides)

Left atrial

attachment
(both sides)
. | UNIVERSITA | Dipartimento
: | DEGLI STUDI | dilngegneria Gestion
DI BERGAMO dell'lnformazione e di
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PVOD

GROUP 1 Pumaonary arterial hypertension (PAH)
1.1 Wiopathic
1.1.1 Mon-responders at vasoreactivity testing
1.1.2 Acute responders at vasoreactivity testing
1.2 Heritable®
1.3 Associated with drugs and toxins®
1.4 Associated with:
1.4.1 Connective tissue disease
1.4.2 HV infection
1.4.3 Portal hypertension
1.4.4 Congenital heart disease
1.4.5 Schistosomiasis
<15 PAH withfeatures of venous/capillary (FYODYPCH) involvement_>
1.6 Persistent PH of the newborn

M fiNa | UNIVERSITA
Il |2 | DEGLI STUDI
DI BERGAMO
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Lesions of PVOD Pulmonary artery

Pulmongry artery

Bronchus

V7 4

Pulmonary
vein

Pulmonary
capillaries




PVOD

Pulmonary i Pulmonary : Capillary i Pulmonary Pulmonary
artery i arterialbranch : bed i venousbranch : vein

Right
ventricle

UNIVERSITA | Dipartimento
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Comprehensive work-up

Clinical history

Oxygen requirement for hypoxemia

Chest radiograph

Pulmonary function test (with DLCQO) and arterial blood gas analysis
Echocardiography

Lung scintigraphy

Chest CT

Cardiopulmonary exercise testing

Right heart catheterization
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PVOD

Additional clinical features:
Low pO2
Low DLCO

HRCT features of pulmonary veno-occlusive

disease.
a, b) Presence of septal lines and centrilobular

ground-glass opacities.
c, d) latero-aortic and subcarinal lymph node

' enlargement.

uuuuuuuuu
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Agenda

- Physiology of the pulmonary circulation and of the right ventricle (RV) - understanding RV failure
- Measures and estimates of pulmonary hemodynamics in clinical practice

- Pulmonary Hypertension (PH): hemodynamic and clinical definition

- Importance of clinical history (risk factors), signs and symptoms

- Overview of instrumental findings in PH

- Diagnostic algorithms

- Frequent forms of PH, associated to cardiac and respiratory diseases:
- PH associated with lung diseases and/or hypoxia
- PH associated with left heart diseases

- «True» Pulmonary Vascular Diseases (PVDs):
- Pulmonary Arterial Hypertension (PAH)
- Chronic Thromboembolic Pulmonary Disease (CTED and CTEPH) vs acute Pulmonary Embolism (PE)
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Acute PE vs CTEPH
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- Femoral vein ]
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saphenous
/ vein
j Venous valve
Popliteal
= vein

A

Proximal PA fibrotic
obstructions

B C D

Distal PA fibrotic ;
: - Microvasculopathy
obstructions |

|
Multimodal CTEPH treatment
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DIAGNOSIS OF ACUTE PE

[ Anticoagulate ]

( FOLLOW-UP AT 3-6 MONTHS: |

Yes l_( Dyspnoea and/or functional limitationb? J—J. No

A B C D =
Proximal PA fibrotic ~ Distal PA fibrotic
obstructions obstructions

Microvasculopathy

Dipartimento
di Ingegneria Gestionale,
dell'lnformazione e della Produzione
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DIAGNOSIS OF ACUTE PE

[ Anticoagulate j

:

( FOLLOW-UP AT 3-6 MONTHS:

Yes l_[ Dyspnoea and/or functional limitationb? ]— No

>| present: Y
TTE: may consider TTE ASSESS:
Determine probability of PHe |~ T Risk factors for CTEPH¢
v v v
Low Intermediate High
None CONSIDER: zl None
FreeM | 1) Elevated NT-proBNP pngeent present
2) Risk factors for CTEPHY
3) Abnormal CPET results®
Y \/ \/
: No 1 Focus on anticoagulation
catees of dysproes’ < _ VIQSCAN: and secondary prophylaxis
andlor Mismatched perfusion defects? advise to return if
common causes of PH Symptoms zppear

i Yes

Refer to PH/CTEPH expert
UNIVERSITA

DEGLI STUD|
DI BERGAM(

centre for further diagnostic
work-up

SC 2019



Lung scintigraphy

SCINTIGRAFIA POLMONARE
Polmonare 16/10/2015 Polmonare 16/10/2015 Polmonare 16/10/2015 Polmonare 16/10/2015
% % % %
i 100 100 100
0 i O 0
ANT 495K Counts 256x256 LAT DX 287K Counts 256x256 OAD 397K Counts 256x256 OAS 398K Counts 256x256
Polmonare 16/10/2015 Polmonare 16/10/2015 Polmonare 16/10/2015 Polmonare 16/10/2015
% % %
100 100 100

%
i

POST 481K Counts 256x256 LAT SN 281K Counts 256x256 OPS 343K Counts 256x256 OPD 370K Counts 256x256

PULILLTY
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Lung scintigraphy

A ventilation/perfusion (V/Q) lung scan should be performed in patients with PH to look for CTEPH

The V/Q scan has been the screening method of choice for CTEPH because of its higher sensitivity compared
with CT pulmonary angiogram (CTPA),

A normal- or low-probability V/Q scan effectively excludes CTEPH with a sensitivity of 90-100% and a specificity
of 94-100%;

SN HE NG,
& LA %
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Chest CT
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Comprehensive work-up

Clinical history

Oxygen requirement for hypoxemia

Chest radiograph

Pulmonary function test and arterial blood gas analysis
Echocardiography

Lung scintigraphy

Chest CT

Cardiopulmonary exercise testing

Right heart catheterization
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A B C D E
Proximal PA fibrotic  Distal PA fibrotic :
! Microvasculopathy

obstructions i obstructions i

i ‘ UNIVERS |
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DI BERG/ Multimodal CTEPH treatment
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CTEPH
treatment
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Agenda

- Physiology of the pulmonary circulation and of the right ventricle (RV) - understanding RV failure
- Measures and estimates of pulmonary hemodynamics in clinical practice

- Pulmonary Hypertension (PH): hemodynamic and clinical definition

- Importance of clinical history (risk factors), signs and symptoms

- Overview of instrumental findings in PH

- Diagnostic algorithms

- Frequent forms of PH, associated to cardiac and respiratory diseases:
- PH associated with lung diseases and/or hypoxia
- PH associated with left heart diseases

- «True» Pulmonary Vascular Diseases (PVDs):
- Pulmonary Arterial Hypertension (PAH)
- Chronic Thromboembolic Pulmonary Disease (CTED and CTEPH) vs acute Pulmonary Embolism (PE)
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PH associated with Left Heart Disease (PH-LHD)

2.1 left ventricular systolic dysfunction
2.2 left ventricular diastolic dysfunction
2.3 valvular heart disease

Prevalence of PH increases with worsening of functional class

Up to 60% of patients with LV systolic dysfunction and up to 70% of
patients with LV diastolic dysfunction can present with PH

In the presence of mitral or aortic valve disease (left heart), prevalence of
PH increases in parallel to the severity of the valvular disease and in
association with symptoms

/e | UNIVERSITA | Dipartimento
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PH-LHD: post-capillary PH

ve backw I— H D
transmi

PAP

B Vachiéry JL et al. J Am Coll Cardiol 2013
gﬁlr‘laigpriggigsztéoggl\z'Produzione NaeIJe R et al Clrc Heart Fall 2017
Vachiéry JL et al. Eur Respir J 2019
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Heart failure/cardiomyopathy ) Valvular heart disease J

HFrEF HFmrEF HFpEF Aortic valve Mitral valve
EF <40% EF 41-49% EF >50% Stenosis/Regurgitation

Variable degree of pulmonary congestion, vasoconstriction, vascular remodelling J

LA pressure Congestion Remodelling Right heart strain

LA pressure (mmHg)

20 40 60 80 100 120
LA volume (ml)

LA dysfunction Vasoconstriction Venous  Arteriolar RV dysfunction

Pulmonary congestion

RV-PA
uncoupling

Pulmonary vascular disease

No PH IpcPH CpcPH?
UNIVERSITA | Dipartimento R 3 s
: ‘ DEGLI STUDI | di Ingegneria Gestionale, Left ventricular phenotype ==========p Right ventricular phenotype
DI BERGAMO | dell'Informazione e della Produzione
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Load-dependent RV remodeling

and dysfunction in PH-HF

T Resistive afterload (1 PVR)

LAP, mm Hg

> RV dysfunction = 7 proBNP,
| exercise capacity, | survival

Time

T Pulsatile afterload (| PAC)

Naeije et al CircHF 2018; Vonk-Noordegraaf et al JACC 2017; Guazzi et al JACC CVImaging 2017; Caravita et al PlosOne 2018
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Implications of PH in LHD

HFpEF Left-sided VHD

Almost no  diagnostic RHC may be indicated to Almost no  diagnostic
uncertainties in regards discriminate between PH- uncertainties in regards
of PH etiology (low LVEF) HFpEF and pulmonary of PH etiology (VHD)
vascular disease

RHC indicated in RHC might be indicated in
advanced cases when some cases before
evaluating indication for surgery / transcatheter
heart transplantation intervention

uuuuuuuuu
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LV pressure

HFpEF = 1 LV stiffness

20pm
Extracellular matrix Cardiomyocytes
B « Amount of collagen « Ca®* removal
= Abundance of collagen type 1 » Cross-bridge detachmeant
* Collagen cross-linking * High-anergy phosphates
* Cytoskeletal protein titin
= |soform shifts
o « Phosphorylation
3 * Oxidation
g |
- No HFpEF HFpEF, hypertensive
-~ heart disease
b Matricellular proteins ECVEP4. % ECk=E8. 1%
| 4
5
LV volume Time
Borlaug, Paulus. EHJ 2011
Borlaug, Paulus. EHJ 2011 Quarta et al. EJHF 2020
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What is HFpEF % ISTITUTO g

ITALIANO

a n d W h e re d Oe S i t Sta rts Istituto di ricovero e cura a carattere scientifico B | B B B

Diastolic pressure-volume relatioship Hypertension

A 25, / Aging | CKD
Systemic _
: inflammation  Diabetes

20 4
I Enhanced l OSAS Thoracic
E 15 1 extrinsic restraint ., e radiotherapy .
= | e I .......................................................................................
I ,
] /
m , -
2

HFpEF & — LV diastolic
> _-Z stiffening

Normal subject
u' | |

40 &0 80 100 120 140 160
LV volume (ml)
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Low probability Intermediate probability High probability

of PH-HFpEF of PH-HFpEF of PH-HFpEF
Required features
Age <60 years 60-70 years >70 years
Cardiovascular risk factors (obesity,  None 1-2 factors >2 factors
systemic hypertension, dyslipidemia,
glucose intolerance or diabetes
mellitus)
Previous cardiac intervention No No Yes
Atrial fibrillation No Paroxysmal Persistent or permanent
Structural LHD No No Present
EKG Normal or sign of RV strain Mild LVH LBBB or LVH
Resting echocardiography ° No LVH ° Mild LVH ° LVH
o No mitral or aortic disease ° Mild left mitral or aortic ° Moderate mitral or aortic
o No LA dilation regurgitation regurgitation
o No diastolic dysfunction o No LA dilation o any mitral or aortic stenosis
. LA strain > 40% o Diastolic dysfunction grade | o LA dilation
° LA strain 20-30% ° Diastolic dysfunction grade > 2
° LA strain < 20%
Additional features
Cardiac MRI No left heart abnormalities ° LVH
° LGE +
° ™ LV ECV
° LA dilation
° Perfusion defects
Exercise echocardiography E/e’ < 10 E/e’ 10-14 E/E' > 14
CPET ° Normal or high VE/VCO2 slope Elevated VE/VCO2 slope or EOV ° Mildly elevated VE/VCO2 slope
° No EOV ° EOV

CPET=cardiopulmonary exercise test; EOV=exercise oscillatory ventilation; LA=left atrium; LBBB=left bundle
branch block; LGE=late gadolinium enhancement; LHD=left heart disease; LV=left ventricle; MRI=magnetic
resonance imaging; PH=pulmonary hypertension; VE =minute ventilation; VCO2=carbon dioxide production

UNIVERSITA | Dipartimento
DEGLI STUDI diIn a Gest le, ./ . q q 0.-q q
DI BERGAMO | dellinformazione e dela Produzione Vachiéry JL, Caravita S. Encyclopedia of Respiratory Medicine, in press

Vachiéry JL et al, Eur Respir J 2019




PAH-CTEPH
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PAH-CTEPH
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> 15 mmHg

@ang 13-15

Pre-capillary

Post-capillary

WA

Rare disease

Frequent disease

Improvement with
PAH specific therapy

Potential harm with
PAH specific therapy

HFpEF: the elephant in the cath

4
o r
. V
¥

R *

PARTS OF THE ELEPHANT
IN THE ROOM

Ageing

« Atrial fibrillation
- & CV risk factors
History of LHD
SSc




Provocative tests Iin the cath lab

Fluid load Passive leg raise
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"~/
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{
500 mL or 7 mL/Kg in 5-10’ 1’ passive leg raise
7Rl | UNIVERSITA | Dipartimento
* | DIBERGAMO | delroiormasions & dels Produzione Vachiéry JL et al. Eur Respir J, 2018

Humbert M et al. Eur Heart J 2022



Rest in supine position

Oe= >
|
PAWP < 15 mmHg

;

Passive leg raise (PLR)

No HFpEF +~—— PawP <11 mmHg — / PAWP > 19 mmHg HFpEF

o' 1|

PAWP 11-18 mmHg

l
?
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Modified from van de Bovenkamp AA et al. Circ HF 2022



Provocative tests Iin the cath lab

Passive leg raise

0

500 mL or 7 mL/Kg in 5-10’

. | UNIVERSITA
¢ | DEGLI STUDI
DI BERGAMO

1’ passive leg raise

Dipartimento
di Ingegneria Gestionale,
dell'Informazione e della Produzione

Exercise

Step or ramp protocol up to

exhaustion
Vachiéry JL et al. Eur Respir J, 2018

Humbert M et al. Eur Heart J 2022



PAWP after Passive Leg Raise

T

PAWP during exercise (EX)

[JPAWP-EX < 25
(no HFpEF)

m PAWP-EX 2 25

(HFpEF)

No HFpEF

(PLR)
TPAWP-PLR < 11
(no HFpEF) Rest in supine position
m PAWP-PLR 2> 19
(HFPEF) Oe=—=r—
= PAWP-PLR 11- |
18 PAWP < 15 mmHg
.
Passive leg raise (PLR)
«— PAWP < 11 mmHg ——
o= |

PAWP > 19 mmHg HFpEF

PAWP 11-18 mmHg

l

No HFpEF

«—— PAWP < 25 mmHg ——

Exercise

o=

P 7 s B HEDEF
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Modified from van de Bovenkamp AA et al. Circ HF 2022
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Post-capillary PH: implications

Development of PH is frequent in LHD
It generally reflects severity of LHD (but be aware of the potential overlap with PH-LD, PAH and CTEPH!)

It is associated with worse prognosis, in particular when a pre-capillary component develops

There is no specific treatment for PH associated with LHD, except optimizing/intensifying treatment for LHD
itself

uuuuuuuu
|
7

e s,

Fﬁ/@ﬂ % | UNIVERSITA | Dipartimento
H \ﬂo ﬂ\ : | DEGLI STUDI | dilngegneria Gestionale,
A 'n'fm DI BERGAMO | dell'informazione e della Produzione




Agenda

- Physiology of the pulmonary circulation and of the right ventricle (RV) - understanding RV failure
- Measures and estimates of pulmonary hemodynamics in clinical practice

- Pulmonary Hypertension (PH): hemodynamic and clinical definition

- Importance of clinical history (risk factors), signs and symptoms

- Overview of instrumental findings in PH

- Diagnostic algorithms

- Frequent forms of PH, associated to cardiac and respiratory diseases:
- PH associated with lung diseases and/or hypoxia
- PH associated with left heart diseases

- «True» Pulmonary Vascular Diseases (PVDs):
- Pulmonary Arterial Hypertension (PAH)
- Chronic Thromboembolic Pulmonary Disease (CTED and CTEPH) vs acute Pulmonary Embolism (PE)

uuuuuuuuu
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Pulmonary hypertension
Clinical classification
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3. Pulmonary Hypertension due to
Lung Disease and/or hypoxia (PH-LD)

— COPD
— Interstital lung disease

— Mixed obstructive and restrictive
disorders

Pre-capillary
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Clinical classification — group 3

3. Pulmonary Hypertension due to Lung Disease and/or hypoxia
Pre-capillary PH

3.1 Chronic obstructive pulmonary disease (obstructive disorder)

3.2 Interstital lung disease (restrictive disorder)

3.3 Mixed obstructive and restrictive lung diseases

3.4 Sleep disordered breathing

3.5 Alveolar hypoventilation

3.6 Chronic exposure to high altitude

3.7 Pulmonary development disorders

Complication of respiratory disease rather than a disease per se

PH due to lung disease is «severe» if:
MPAP > 35 mmHg
mMPAP > 25 mmHg + Cardiac Index < 2.5 L/min/m?
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Clinical classification — group 3
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e Chronic obstructive pulmonary disease (COPD)
— 90% of advanced COPD (GOLD IV) have mPAP > 20 mmHg (20 - 35 mmHg)
— Only 3-5% of patients has mPAP > 35 mmHg

 Pulmonary fibrosis
— 8-15% of patients have mPAP > 25 mmHg
— Prevalence of PH increases in end-stage patients (30-60%)
— In end-stage patients, less than 10% has a mPAP > 40 mmHg

« Combined fibrosis and emphysema
— Patients with paradoxically normal lung volumes at pulmonary function tests
— 30-50% of patients present with PH
— PH is severe in more than half of cases



Exclusion of lung disease

Pulmonary function test (lung spirometry) + DLCO

Computed tomography of the chest
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Pulmonary function test

Flow Volume Loops

Measure of pulmonary

volumes and lung
S 8- physiology
._g == Normal
a == Obstructive
x == Restrictive
W,
0
2
= Volume (L)
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Computed tomography (CT) of the chest
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PAH vs PH-LD

PH-LD

Pulmonary function tests

FEV1 (% predicted), in obstructive diseases <60

FVC (% predicted), in restrictive diseases <70

HR CT of the chest

Parenchimal and/or airway abnormalities

T~

Hemodynamic / cardiac profile
RV dysfunction (echo, MRI, natriuretic peptide)

Cardiac index
(Invasive) CPET

Respiratory reserve

PaCO,

Oxygen pulse

CO/VO, relationship

SvO,

>«

Seeger W et al, ) Am Coll Cardiol 2013; Galié N et al. Eur Heart J 2015; Nathan SD et al. Eur Respir J 2019
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CO reserve (cardiovascular limitation to exercise)

15 -
CO = 5.9*VO, + 3.7
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Oxygen Consumption (VO,), L/min
VO, = CO * (a-v)O, diff

Sorajja P et al. Catheter Cardiovasc Interv 2017; 89:E223-47
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CPET
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Standard CPET vs invasive CPET
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Gas-exchange parameters

Pathophysiological assessment
Classification of the degree of Help in differential diagnosis
functional limitation =~ |leading etiology of symptoms
~ disease severity = presence and presumptive etiology of PH
= cardiac output reserve = R-L shunt

Y4 ~—

Breathing Oxygen

Peak VO2 VE/NVCO2 slope

Risk stratification
(once diagnosis is made)
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Oxygen uptake (VO,), I.e.:
how much my patient is limited

VO, = CO x O,(A-V)diff

Cardiac
output

/\

RV systolic LV systolic
reserve reserve

VO, is a quite good noninvasive surrogate
of CO response to exercise in HF and PAH.

Potential exceptions:

- Well trained or «hyper O, extractor»
subjects (can compensate cardiac output
deficit with superoptimal peripheral O,
extraction)

- Respiratory diseases (| aO, availability)

uuuuuuuuu
|

B’

/G s | UNIVERSITA | Dipartimento
H ﬁﬂ/o\ﬂﬂ : | DEGLI STUDI | dilngegneria Gestionale,
A ' P! DI BERGAMO dell'Informazione e della Produzione

= .

£ -~

= /’

O /$ .
-

O ,’,/ -

VO, (L/min)

Guyton, Texbook of Medical Physiology

Guazzi M et al. Circulation 2012;126:2261-74

Guazzi M et al. 3 Am Coll Cardiol 2017

Caravita S et al. J Heart Lung Transpl 2017;36:754-62



VE/NCOZ2 slope

Control of ventilation during exercise

Anaerobic threshold Ve 863

| VCO,  PaC0,+ (1 —vp/v,)

Isocapnic lactic
acid buffering,
increasing VCO2
over VO2

exercise time VCO,

0~ | UNIVERSITA | Dipartimento
IBE DEGLI STUDI di Ingegneria Gestionale,
(ﬂ\ﬂﬂﬂ/ﬂ\l DI BERGAMO dell'Informazione e della Produzione Erasm e




Exercise hyperventilation in PH
lpcPH vs CpcPH vs PAH

PAH

Ul
o
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CpcPH

lpcPH
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Healthy subject
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T VE/IVCO2 slope = 1 PVR, 1 DPG

Minute ventilation, VE (L/min)

0 1 1 1 1 1 1 J
0 0,2 0,4 0,6 0,8 1 1,2 1,4

Carbon dioxide production, VCO, (L/min)
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VE/VCO2 slope: mind the comorbidities!

COPD GOLD 1

Expiratory flow limitation
Mechanical constraint

(2]
o
1

COPDGOLD 2 Normal subject

v
Submissive
hypercapnia
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COPD GOLD 3

COPD GOLD 4

VE (L/min)
s 3

Y
o
1

0 1 1 1 1 1 1 J
0 0,2 0,4 0,6 0,8 1 1,2 1,4

VCO, (L/min)
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Exercise oscillatory breathing (EOB)
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Standard CPET in PVD

PH- PH- : I
y HFpEF HFpEF | PAH : PH-LD
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Peak VO, (% of predicted)

PROGNOSIS

VE/VCO, slope
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Low risk

1-year mortality <
5%

Intermediate

risk

1-year mortality 5-

10%

High risk
1-year mortality >
10%

Galie N et al Eur Heart J 2016



