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Pathophysiological Considerations
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Pathophysiological Considerations

VO, = Cardiac Output x (CaO,-CvO,)



Pathophysiological Considerations




Oxygen uptake and hemodynamics

Peak oxygen uptake:

9 Class A: > 20 ml/min/kg

Class B: 16- 20 ml/min/kg

)]
|

Class C: 10- 16 ml/min/kg

Class D: <10 ml/min/kg

Cardiac index (L min™' m™%)
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Weber KT et al; Am J Cardiol 1985



Fick Equation for Cardiac Output Determination:
VO,

CO (HR X SV) =



Oxygen uptake and influencing factors




Oxygen uptake and influencing factors

Ventricular filling
Systolic Funktion
Diastolic Function

Chronotropic competence

Autonomic nervous system

4 3

I1

O, transport capacity:
Hemoglobin content

Sceletal muscle:
Oxygen extraction

Hemodynamics
Mitochondrial function




Oxygen pulse concept

Oxygen pulse = oxygen uptake + heart rate
(Henderson and Prince 1914)

Oxygen pulse describes
oxygen uptake per heartbeat.

Fick equation:

VO,
CO =
VO, VO,




Gas exchange and hemodynamics

Relation Between Central and Peripheral
Hemodynamics During Exercise in Patients
With Chronic Heart Failure

Muscle Blood Flow Is Reduced With Maintenance of
Arterial Perfusion Pressure

Martin J. Sullivan, MD, J. David Knight, PhD,
Michael B. Higginbotham, MB, and Frederick R. Cobb, MD



Central and peripheral hemodynamics in heart failure
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Central and peripheral hemodynamics in heart failure
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Peripheral distribution of Blood Flow

o
o
v

w
o
T

(mmMg/Vmin)
g 8

g

'S
T
i |
l
|
|
|
e

o
I
|
|
|
I
|
L

Leg Blood Flow (Vmin) >
~ - o
 © o

Leg Vascular Reelstance

Resis- Peak
TN+ B » 1 B

After initiation of therapy:

Resis- Peak
1~ B B » B

Aus: Sullivan MJ et al. Circulation 1989; 80: 769-781, Duscha BD et al. Heart Fail Rev 2008; 13: 21-37




Ventilatory equivalents in the diagnosis
of pulmonary vascular disease (PVD)

o VEVO2 e VEWVCO2 o PETO2 e PETCOZ

Mismatch between
perfusion and ventilation:
bad perfusion, good ventilation
PaCO,> PETCO,

kein CO,

5 10
Tirnalmin}

PaCO2 = arterial PCo2 (normal: slightly below 40 mmHg)

PETCO2 = End-tidal PCO2 (normal: about 40 mmHg)

o VEVOz e VEVCO2

Pulmonary Ventilation-/Perfusion
mismatch,
reflected by ventilatory
efficiency:
VE/VCO2(left)
and PETCO2 (right)

10 15 20

Time(min} Tirme{min)

From: Kroidl et al. Kursbuch Spiroergometrie. 2006



Ventilatory equivalents in the diagnosis
of pulmonary vascular disease (PVD)

o VEVO2 e VEWVCOZ2
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Ventilatory equivalents in the diagnosis
of pulmonary vascular disease (PVD)
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What does CPET show
INn Heart Failure?




Altered CPET parameters in Heart Failure

- Peak VO, {

- Anaerobic Threshold (VT,) {

- Peak Oxygen Pulse (VO,/HR)

- Ventilatory Inefficiency (VE/VCO,)¢

- End-tidal CO, partial pressure (P¢,CO,) ¢




Altered CPET parameters in Heart Failure

-Peak VO,

- Anaerobic Threshold (VT,) {

- Peak Oxygen Pulse (VO,/HR) .

- Ventilatory Inefficiency (VE/VCO,) 4

- End-tidal CO, partial pressure (Pg,CO,)

- Oscillatory Breathing




Clinical Case: Oscillatory Breathing

=02 =00 +—WR

GV, 71J, male
168 cm, 78 kg
Ex-smoker

(30 Pack Years)

Ischemic
Cardiomyopathy

VC max 106,2% d.N.
FEV1: 113% d. N.
DLCO: 49 % d. N.

Peak VO2: 0,8 L/min ; .
AT: 0,65 L/min ) ) Time(min)
VE/NCO2@AT: 41

PETCO2@AT: 29 mmHg




Oscillatory Breathing: Be careful with averaging

G0-second averaging 10-second averaging 10-second averaging,
connector lines

e VCO2 oVO2 + WR e VCO2 oVWVO2 + WR - VCO2 o V02 — WR

Time (minutes) Time (minutes)

Dumitrescu D et al. Annals of the ATS 2017.



2021 ESC Guidelines for the diagnosis and
treatment of acute and chronic heart failure

Developed by the Task Force for the diagnosis and treatment of acute
and chronic heart failure of the European Society of Cardiology (ESC)

With the special contribution of the Heart Failure Association
(HFA) of the ESC

Authors/Task Force Members: Theresa A. McDonagh* (Chairperson) (United
Kingdom), Marco Metra © * (Chairperson) (Italy), Marianna Adamo (Task Force
Coordinator) (Italy), Roy S. Gardner (Task Force Coordinator) (United Kingdom),
Andreas Baumbach (United Kingdom), Michael Bohm (Germany), Haran Burri
(Switzerland), Javed Butler (United States of America), Jelena Celutkiené
(Lithuania), Ovidiu Chioncel (Romania), John G.F. Cleland (United Kingdom),
Andrew }.S. Coats (United Kingdom), Maria G. Crespo-Leiro (Spain),

Dimitrios Farmakis (Greece), Martine Gilard (France), Stephane Heymans




ESC Guideline Recommendations

Cardiopulmonary exercise testing
Cardiopulmonary exercise testing is recom-
mended as a part of the evaluation for heart
transplantation and/or MCS.7*7¢
Cardiopulmonary exercise testing should be

considered to optimize prescription of exercise

= =
74 —26

training.”?
Cardiopulmonary exercise testing should be

considered to identify the cause of unexplained

o -
94 —965

dyspnoea and/or exercise intolerance.

From: McDonagh TA et al. Eur Heart J 2021.



Who should recelve
heart transplantation or
mechanical cardiac support?




Risikostratifizierung vor Herztransplantation

Erste Daten zur Risikostratifizierung
anhand der peak VO, (1991)

Gruppe | Peak VO, Transplantation
(ml/min/kg)

1 <14 Akzeptiert

2 > 14 Abgelehnt

3 <14 Abgelehnt

Aus: Mancini et al., Circulation 1991



Risikostratifizierung vor Herztransplantation
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Spiroergometrie fir die Evaluation fiir eine Herztransplantation

ISHLT-Leitlinien (2024):

Table 4 | Summary of CPET Parameters Supporting Transplant Listing in Different Populations

Patient population Parameter supporting transplant listing
On beta-blocker™ ¢’ Lower peak VO, cutoff is supportive of transplant listing, generally =12 ml/kg/min

Off beta-blocker®”-%® Higher peak VO, may be considered supportive of transplant listing, generally
<14 ml/kg/min

Patients with obesity (BMI = 30 kg/m?)*” Peak VO, adjusted for lean body mass <19 ml/kg/min
All, especially if submaximal CPET’%"® VE/NCO, slope >35

Women or patients <50 or =70 years’® "® Peak VO, <50% predicted

Abbreviations: BMI, body mass index; CPET, cardiopulmonary exercise test; VE/VCO,, the minute ventilation/carbon dioxide production.
Maximal CPET: respiratory exchange ratio (RER) > 1.05 and reaching anaerobic threshold."”

Peled Y et al., J Heart Lung Transpl 2024



Risk Stratification for heart transplant: Peak VO, too simple?

Study populaton VEACD, <34
(peak VO,<12 mi/min/kg)

VE/NCD, >34
Heart transplant population

Heart trarsplant papuiation

Suraval

e

Follow up {years)
Follow up [years) llow up {years

NO EOV
s EOV

Heart rangplant population

Survial

av
VEVCO, >34
p<0.001

Heart transplant poputatior

00
am (<

Folflow up {years)

Azar M et al. Heart 2026

Follow up {years)




Risk stratification




Correlation between maximal oxygen uptake and left
ventricular ejection fraction

V-HeFT |11
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1 .5 20 25 30 5 10 15 20 | 25
Peak VO, (ml/kg/min) Peak VO, (ml/kg/min)

Cohn et al., Circ. 87, Suppl. VI, 1993, VI 5 - VI 16



Which patient is of higher risk?

Patient 1 VE/VCO,

o . e VCO2 o VO2 + WR o VEVO2 e VEVCO2
2 . @
63%
S -
e T\, 8.2 ml/min/kg
: : AN 8 % of pred.
- ’ .
?_‘L“ : ——
14 28 ‘\:‘.
£ 2
~ =
;‘ JPEG
93 /min
Patient 2

7.5 ml/min/kg
36 % of pred.

7 eit(min)

7 eit(min)




Guideline Statements

Circulation ﬁt.";iﬁa“

Associations

JOURMAL OF THE AMERICAN HEART ASSOCIATION

Clinical Recommendations for Cardiopulmonary Exercise Testing Data Assessment in
Specific Patient Populations
Marco Guazzi, Volker Adams. Viviane Conraads. Martin Halle, Alessandro Mezzani, Luc
Vanhees, Ross Arena. Gerald F. Fletcher. Daniel E. Forman, Dalane W. Kitzman, Carl J. Lavie
and Jonathan Myers




Risk Stratification in Heart Failure

Primary CPX variables

VE/VCO, slope Peak V()X:l PETCOI

Ventilatory class | Weber class A Resting PerCO,

VEN o, slope <30.0 Peak Vo, >20.0 mL Oy ekg™ ' emin”" >33.0 mmHg
Not present

Ventilatory class I Weber class B
VEVeo. slope 30.0-35.9 Peak V. = 16.0-20.0 mL O, ekg ™ 'emin™"

3-8 mmHg increase during ET

Ventilatory class Ill Weber class C Resting PerCO;
VENVco, slope 36.0-44.9 Peak Vo, = 10.0-15.9 mL Oyekg 'emin " <33.0 mmHg

Ventilatory class IV Weber class D <3 mmHg increase during exercise
VENco, slope >45.0 Peak Voo, <10.0mL Oekg 'emin '

Standard ET variables
Haemodynamics ECG HRR

Rise in systolic BP during ET No sustained arrhythmias, ectopic foci, and/or ST segment changes | > 12 beats at 1 min recove
during ET and/or in recovery

Flat systolic BP response during exercise Altered rhythm, ectopic foci, and or ST segment changes during ET 512 beats at 1 min recovery
and/or in recovery: did not lead to test termination

Drop in systolic BP during ET Altered rhythm, ectopic foci, and or ST segment changes during ET
andfor In recovery: led to test termination

l Patient reason for test termination

Lower extremity muscle fatigue Angina

Aus: Guazzi et al, Circulation 2012.




MECKI| score

Metabolic Exercise test data
combined with Cardiac and Kidney
Indexes \‘\ecKl SCop,

.

Slide Courtesy of PG Agostoni



Contents lists available at ScienceDirect :
CARDIOLOGY

International Journal of Cardiology %

journal homepage: www.elsevier.com/locate/ijcard

Metabolic exercise test data combined with cardiac and kidney indexes, the MECKI
score: A multiparametric approach to heart failure prognosis

Pr > ChiSq Hazard 95% Hazard selection reconfirmation
Ratio Confidence
Parameter

Limits
Peak VO,(% pred) | <.0001 0.614 0.816 93.5%
VE/VCO, Slope <.0001 1.165 1.431 95.3%
Hb (g/dl) 0.0008 0.74 0.924 94.2%
Na™ (mmol/L) <.0001 0.719 0.881 92.7%
LVEF (%) <.0001 0.61 0.802 93.9%
MDRD (mL/min) | <.0001 0.673 0.854 81.1%

LVEF Peak VO, Na® Hb MDRD VE/VCO,slope
(%) (%) (mmol/L) (g/dL) (mL/min)
36.74 + 7.35 61.92 + 14.16 1404+31 139+15 77.09+2091 286746
20.28+7 51.55 + 11.29 139.7+32 134:16 68.89+2026  32.62+5.13
26.88 + 7.08 45.6 + 10.25 138.8+3.2 133+15 62.94+20.77  34.86+5.45
23.75 £ 6.77 38.2 +9.94 137.7+37 13.0:164 56.43+2021  41.98+7.96

Slide Courtesy of PG Agostoni




Contents lists available at ScienceDirect e
CARDIOLOGY

International Journal of Cardiology m

journal homepage: www.elsevier.com/locate/ijcard

Metabolic exercise test data combined with cardiac and kidney indexes, the MECKI
score: A multiparametric approach to heart failure prognosis

Mortality + Heart Transplant

sensitivity
1.0

0.9
0.8

0.7

1! year AUC= 0.804
2"%year AUC= 0.789
3" year AUC= 0.762

4" year AUC= 0.760

0.5
1-specificity

group Y — 2 Years 3Years — w4 Years

Slide Courtesy of PG Agostoni
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0,50

1- Specificity

MECKI (0.781)
Peak VO, % (0,727)
VE/VCO; slope (0.695)
Hb (0;586)

Na* (0:;577)

LVEF (0:.692)

MDRD (0;633)




@ MECKI Score - Cardiologico Monz X —I—

&~ O Y O https://www.cardiologicomonzino.it/en/mecki-score/

_:50' Centro Cardiologico CONTACT HOW TO REACH US FIND A DOCTOR
Monzino

Research for care INTERNATIONAL OFFICE ABOUT MONZINO CLINICAL ACTIVITIES PATIENT SERVICES RESEARCH

PEAK V0o VE/VCO»

50 45

HEMOGLOBIN

13

CALCULATE

11.44% risk of cardiovascular death or heart transplant within 2 years

@ MECKI SCORE AT PREVIOUS VISIT

Accessed at https://ww.cardiologicomonzino.it/en/mecki-score




LVAD weaning




Left ventricular assist device (LVAD)

From: Goodman D et al. Artificial Organs 2022 / Varshney AS et al. J Am Coll Cardiol 2022.




Ischemia




Clinical Case:

66Y, female
165 cm, 65 kg
hon-smoker

Symptoms:
Progressive dyspnea
on exertion

Peak VO,: 0.9 L/min

VT,: 0.55 L/min (46 % peak VO,)
Nadir VE/VCO,: 39

Peak PETCO,: 32 mmHg
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CPET for detection of myocardial ischemia

. Stress ECG
14 - Sensitivity 0.46
” o ' ’ | ot Specificity 0.66

Positive 0.76
predictive value

Negative 0.35
predictive value

10

0O, pulse, mL/beat

VO,, mL/Kg/min

8 Ban,
6 [
N:
2

0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Work rate (Watts) Work rate (Watts)

[

I

n=202: 173 men, 29 women
Gold standard: SPECT myocardial scintigraphy

ST changes (mm) -----

Exclusion of patients with
heart failure, anemia and respiratory disease

Ventilation (L/min) _._._
Oxygen Uptake (L/min) ——

Time (sec)

From: Bellardinelli R et al. Eur Heart J 2003.



CPET for detection of coronary artery disease in patients with angina

n=144
Gold standard: Coronary angiography
Exclusion of patients with

heart failure, anemia and respiratory
disease

= s Ee |
80 100
Work Rate (Watts)

Stress ECG  Stress ECG  Stress ECG CPET CPET CPET high
low intermediate high low intermediate

Positive 0.20 0.42 0.54 0.35 0.60 0.84
predictive
value

O,Pulse
18.0 miimin/beat

Event-free survival

Logrank 18.2
P<0.0001

20
Time event (months)

From: Bellardinelli R et al. Int J Cardiol 2014.



CPET for detection of myocardial ischemia

Flow-independent Flow-dependent
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From: Bellardinelli R et al. Eur Heart J 2003.
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Gas exchange abnormalities in dynamic mitral valve insufficiency

Exercise

[ e e o
RO O B0 O
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Mean slope: 6.6 Mean slope: 9.7
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Work (Watt) Work (Watt)
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ERO: 0.10 cm? ERO: 030 cm?
Regurgitant Volume: 20 mL Regurgitant Volume: 53 mL

From: Bandera F al. Eur Heart J 2017.




CPET for detection of coronary artery disease in patients with angina

CPET

Posterior Sensitivity of Methods 3 104 stud|es
:
: n=16.824 patients
il
il
|
e
i
:
! Stress SPECT
_________ . I ‘::I Stress CMR | Posterior Specificity of Methods.

::::::::::

EST

E _ . I _ Stress SPECT
— Wﬂﬂ i ,,,,,,,,,, é el Stress CMR

From: Sonaglioni A et al. J Clin Med 2025. ‘ .



Detection of coronary artery disease: State-of-the-art

Clinical likelihood of
obstructive CAD?

Appropriate first-line test for
suspected CCS

Invasive coronary angiography

Very -
 high \
>85% A\ -

Functional imaging

ofe]
>50-85%

PET/SPECT CMR  Stress ECHO

CCTA Functional imaging

L B OREY

PET/SPECT Stress ECHO

Moderate
>|5-50%

Adjust the clinical likelihood CCTA

Defer further testing

Clinical Use

Recommendations (ESC 2024) [6]

Low pre-test likelihood
(5-15%) of CAD; assessment
of symptoms, arrhythmias,
and BP response.

May be used to reclassify patients
to very low risk (<5%)
when negative.
Recommended for functional
capacity and symptom evaluation
(Class I C).

May be used when imaging is
unavailable (Class IIb B).

Moderate to high pre-test
likelihood (15-85%) of CAD;
evaluation of myocardial
ischemia, arrhythmias, and
microvascular dysfunction.

Recommended to diagnose
ischemia and estimate MACE risk
(Class I B).

Doppler CFR and myocardial
contrast agents may be used to
enhance dldgﬂOHtlt and
prognostic value (Class IIb B and
Class I B).

Moderate to high pre-test
likelihood (15-85%) of CAD;
diagnosis and quantification
of ischemia and /or scarring.

Stress myocardial SPECT

Recommended for diagnosis and
risk assessment in
moderate-to-high risk patients
(Class I B).

CACS should be measured when
SPECT/PET is used (Class I B).
Prefer PET when available

Moderate to high pre-test
likelihood (15-85%) of CAD;
comprehensive assessment of
perfusion, function,
and viability.

Stress CMR

Recommended for diagnosis of
ischemia and scarring, and risk
stratification (Class I B).
Use in cases needing additional
information beyond perfusion.

From: Vrints C et al. Eur Heart J 2024 / Sonaglioni A et al. J Clin Med 2025.




Detection of coronary artery disease: State-of-the-art

Association between cardiopulmonary exercise testing, markers of ischaemia and anginal
symptoms and the placebo-controlled efficacy of percutaneous coronary intervention (PCI)

More impaired peak VO3, VE/VCO:,

slope, O: pulse and OUES Presence of O: pulse plateau

Pre-randomisation SAQ Angma Placebo-controlled impact
Physcal Limitation Score of PO on stress echo score

so0 4 A4
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1
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|

0o 0d

04 - - : Fatea No Plateau Plteau No Matea

| Preserce of O pulse plateau Presence of Os pulse plateau
B
24
44

i Only the presence of an oxygen pulse
\ plateau predicted the placebo-controlied
ST e = O —r——— . improvement in stress echo ischaemia
| Prc-;‘l::ﬂom‘s‘xgon Pelz.ll(’\l!c. (f:l‘:‘v.-'ml s :Gv.;db;nt.'cl o:r,.'gcn p&.lwlpﬁ‘(ul‘ ; (P...¢~.;|.,.:0'026) a.nd ang'na thSicaI
P, e, S0.0001 P , =0.023 limitation (P =0037)

viow Phass Grothon
=0.026
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From: Ganesananthan S et al. Eur Heart J 2022.



e c e e i

T T et PR Ll

Bt T
- o=

Thank you for your attention!



