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Exercise Pathophysiology in Patients With Primary
Pulmonary Hypertension

Ning-Guo Sun, MD; James E. Hansen, MD; Ronald T. Oudiz, MD: Karlman Wasserman, MD, PhD

Background—~Patients with primary pulmonary hypertension (PPH) have a pulmonary vasculopathy that leads to exercise
intolerance due to dyspnea and fatigue. To better understand the basis of the exercise limitation in patients with PPH,
cardiopulmonary exercise testing (CPET) with gas exchange measurements, New York Heart Association (NYHA)
symptom class. and resting pulmonary hemodynamics were studied.

Methods and Results—We rtetrospectively evaluated 53 PPH patients who had right heart catheterization and cycle
ergometer CPET studies to maximum tolerance as part of their clinical workups. No adverse events occurred dunng
CPET. Reductions in peak O, uptake (Vo,), anaerobic threshold, peak O, pulse, rate of increase in Vo,. and ventilatory
efficiency were consistently found. NYHA class correlated well with the above parameters of aerobic function and
ventilatory efficiency but less well with resting pulmonary hemodynamics.

Conclusions—Patients with PPH can safely undergo noninvasive cycle ergometer CPET to their maximal tolerance. The
CPET abnormalities were consistent and characteristic and correlated well with NYHA class. (Circulation. 2001:104:
420-435.)

Key Words: oxygen m hypertension, pulmonary m ventilation m exercise m hemodynamics

Patients with PAH mainly complain of dyspnea and/or
fatigue during exercise due to:

a. HEART: Impaired right ventricular systolic function,
right ventricle dilatation and IVS systolic movement to
the left lead to decreased cardiac output and oxygen

supply to periphery.
b. LUNGS: Increased PVR and subsequent decreased

pulmonary vasodilator response lead to inefficient
lung gas exchange.
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®1nAu, yevvnbeioa 1o 1969, karviotpia.
Avortvola ripoortaBeiag (2004).

KapbéiloAdoyikn) ektipnon (echo RVSP=55mmHg).
[Iveupiovoloyikr) extipnon (evapdn Ppoyxodliactaltikwy).

Alayvwon IPAH oe nAkia 36 stwv (3/20059).
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H nmpoyvwotikr) onuaoia tng CPET otnv
[Iveupoviky) Yieptaon

100

pg_ah SBPF =120 mmHg Baclkground—Primary pulmonary hypertension (PPH) is a life-threatening disease. Prognostic assessment is an important
factor in determining medical treatment and lung transplantation. Whether cardiopulmoenary exercise testing data predict
survival has not been reported previously.

Methods and Results—We studied 86 patients with PPH (58 female, age 46+2 years. median NYHA class IIT) between 1996
and 2001 who were followed up in a tertiary referal center. Right heart catheterization was performed and serum uric acid
levels were measured in all patients. Seventy patients were able to undergo exercise testing, At the start of the study, the
average pulmonary artery pressure was 60+2 mm Hg, average pulmonary vascular resistance was 1664+81 dyne -s - co ™,
average serum uric acid level was 7.5+035 mp/dl, and average peak oxygen uptake during exercise (peak Vo,) was
112405 mL - kg™" - min~". Dusing follow-up (mean: 567+48 days), 28 patients died and 16 underwent lung transplantation
(1-year cumulative event-free survival: 68%; 95% CI 38 to 78). The strongest predictors of impaired survival were low peak
Vo, (P=0.0001) and low systolic blood pressure at peak exercise (peak SBP; P<<0.0001). In a multivariable analysis, serum
uric acid levels (all P<20.005) and diastolic blood pressure at peak exercise independently predicted survival (P<20.03).
Patients with peak Vo, =104 mL - kg™ - min™" and peak SBP =120 mm Hg (ie, 2 risk factors) had poor survival rates at
12 months (23%). whereas patients with 1 or none of these risk factors had better survival rates (79% and 97%, respectively).

Conclusions—Pesk Vo, and peak SBF are independent and strong predictors of survival in PPH patients. Hemodynamic parameters,
although also accurate predictors, provide no independent prognostic information. (Cirenlation. 2002;106:319-324.)
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Assessment of Survival in Patients With Primary Pulmonary Hypertension: I} 1 2 3 ' ‘
Importance of Cardiopulmonary Exercise Testing
Roland Wensel, Chnstian F. Opitz, Stefan D. Anker, Jérg Winkler, Gert Hoffken, Time {}’Eﬂ"ﬂl
Franz X Kleber, Rakesh Sharma, Manfred Hummel, Roland Hetzer and Ralf Ewert
Cireularion 2002:106:319-324; origmally published online Tun 24, 2002;



Role of exercise testing in PAH management

Oudiz RJ, Semin Respir Crit Care Med 2005; 26(4):379-84.

= Exercise testing can aid the clinician in:
a. outlining the nature of a patient’s exercise limitation,

b. noninvasively assessing disease severity,
c. establishing prognosis and

d. evaluating the response to therapy.

= The change in exercise capacity parallels other clinical indicators
of disease severity, such as: a. survival, b. hemodynamic
parameters and c. time to clinical worsening.

= The clinician uses various exercise modalities in evaluating and
managing patients with PAH: a. 6MWT, b. CPET, c. Exercise
Echocardiography.



EACPR/AHA Scientific Statement

Clinical Recommendations for Cardiopulmonary Exercise
Testing Data Assessment in Specific Patient Populations

Circulation. 20012:126:2261-2274.)

Condition-Related Cardiopulmonary Exercise

Testing Indication

» Selection for Heart transplantation

» Systolic Heart Failure

» Heart Failure With Preserved Ejection Fraction
» Hypertrophic Cardiomyopathy

» Unexplained Exertional Dyspnea

[ » Suspected or Confirmed PAH or Secondary PH }

» Confirmed COPD or Interstitial Lung Disease
» Suspected Myocardial Ischemia
» Suspected Mitochondrial Myopathy



2015 ESC/ERS Guidelines for the
diagnosis and treatment of pulmonary
hyperten5|on Eur Respir J 2015; 46: 903-975

TABLE 13 Risk assessment in pulmonary arterial hypertension

Determinants of prognosis?

(estimated 1-year mortality) Low risk <5% Intermediate risk 5-10% High risk >10%

Clinical signs of right heart failure Absent Absent Present

Progression of symptoms Mo Slow Rapid

Syncope MNo Occasional syncopel Repeated syncopet

WHO functional class I 1 \'}

&MWD =440 m 165-440 m <165 m

_ _ _ Peak VO3 > 15ml/min/kg Peak V0; 11-15 mU/min/kg Peak VO3 <11 ml/min/kg
Cardiopulmonary exercise testing (>65% pred.] (35-65% pred.] (<35% pred.]
VE/NCO; slope <36 VE/NCO; slope 36-44.9 VE/VCO; slope 245

BNP <50 ng/I BNP 50-300 ng/l BNP >300 ng/l
NT-proBNP <300 ng/l NT-proBNP 300-1400 ng/l NT-proBNP = 1400 ng/l

RA area 18-26 cm?2
Mo or minirmal,
pericardial effusion

NT-proBMP plasma levels

RA area »26 cm?
pericardial effusion

RA area <18 cm?2

Imaging [echocardiography, CMR imaging) No pericardial effusion

RAP <8 mmHg RAP 8-14 mmHg RAP >14 mmHg
Haemodynamics Cl22.5 I/min/m2 Cl 2.0-2.4 l/min/m? Cl <2.0 l/min/mZ
Sv0; >65% Sv0; 60-65% Sv0y <60%










Six minute
walking test
(6MWT)

BP, HR, Saturation
Borg Scale

Total walking meters
(600 m)
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Figure 1 Cardiopulmonary exercise testing machine using the cycle
ergometry. A non-rebreathing valve is connected to a mouthpiece with

continuous ECG and blood pressure menitering. Resuscitation
on hand. Informed consent was obtained for publication of thi
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Baoikeg petprioeig

VO, peak >84% mpoPAenopevng TIUNg
Avagpoiog oudog (ay 40%-80% mpoPAertopevng VO,
AvATIVEUOTIKO TUATKO (ycoo/voz) 1.05-1.30

Kapbdiakn ouxvotnta g >90% mnpoPAernopevng TIUNGg
Egedpeia kapdlaxr)g ouxvotntag g <15 bpm

O, MAAPOU (yoy2 peak/HR) >80%

APTNP1aKT) IHEOT] (gp) <220/90 mm Hg
AVATTIVEUOTIKT] OUXVOTNTA (g <60 avartvoeg/min

Kata Aemto agplopog vy 1t/min

AVATIVEUOTIKY| £QEDPEIA R MVV-VE /MVV >20-40%
Kopeopog O, (g rmtwon <4%

KAion VE/VCO, < 34

KMOI] 02 anVr]WﬂS (O2 recovery) > 650



ATS/ACCP Statement on Cardiopulmonary

Exercise Testing Am ] Respir Crit Care Med Vol 167. pp 211-277, 2003 ;



Prognostic characteristics of cardiopulmonary exercise
testing in heart failure: comparing American and
European models

Ross Arena®, Marco Guazzi®, Jonathan Myers® and Mary Ann Peberdy?

*Department m‘ Physical Therapy, Virginia Commonwealth University, Health Sciences Campus, Richmond,
Virginia, USA, PCardiopulmonary Laboratory, Cardiology Division, University of Milan, San Paolo Hospital,
Milan, Italy and “VA Palo Alto Health Care System, Cardiology Division, Stanford University, Palo Alto,
California, USA.

Background Cardiopulmonary exercise testing (CPET) inthe heart failure population is a standard of care in both American
and European clinics, although the mode of exercise typically differs. The purpose of the present study was to compare
the prognostic characteristics of peak oxygen consumption (V0O,) and the minute ventilation-carbon dioxide production
(VE/VCO.) slope between two independent heart failure groups.

Design and methods One hundred and two subjects underwent maximal exercise CPET using bicycle ergometry at San
Paoclo Hospital in Milan, ltaly (SPH) and 105 subjects underwent treadmill CPET at Virginia Commonwealth University in
Richmond, Virginia (VCU). Subjects were tracked for cardiac-related mortality for a 1-year period after CPET.

Results There were 13 cardiac-related deaths over the 1-year tracking period in both groups. Optimal prognostic threshold
values for peak VO, were 12.9 ml O,/kg per min (sensitivity 81%:, specificity 69%) in the SPH group and 12.0 ml Q./kg per
min (sensitivity 74%, specificity 69%) in the VCU group. An optimal prognostic threshold value for the VE/VCO, slope was
34.4 in the SPH (sensitivity 61%, specificity 85%) and 34.5 in the VCU (sensitivity 64%, specificity 93%) groups.

Discussion The prognostic characteristics of peak VO, and the VE/VCO, slope were similar between the two centers.
These results suggest that the mode of exercise does not greatly impact the prognostic utility of CPET responses in heart

ailure. They further suggest that prognostic guidelines for the a
irrespective of differences in testing modality. Eur J Cardiovasc Prev Rehabil 12:562-567 © 2005 The European Society of
Cardiology

Eurcpean Journal of Cardiovascular Prevention and Rehabilitation 2005, 12:562-567



Reproducibility of Peak Oxygen Uptake and Other
Cardiopulmonary Exercise Testing Parameters in Patients With
Heart Failure (from the Heart Failure and A Controlled Trial
Investigating Outcomes of exercise traiNing)

Daniel R. Bensimhon, MD?®, Eric S. Leifer, PhD", Stephen I. Ellis, PhD¢, Jerome L. Fleg, MD",
Steven J. Keteyian, PhD?, Tleana L. Pifia, MD®, Dalane W. Kitzman, MD",
Robert S. McKelvie, MD, PhD#, William E. Kraus. MD", Daniel E. Forman, MD',
Andrew J. Kao, MDY, David J. Whellan, MD¥, Christopher M. O’ Connor, MD*, and
Stuart D. Russell. MD"*, for the HF-ACTION Trial Investigators

Peak oxygen uptake (pVo,) is an important parameter in assessing the functional capacity
and prognosis of patients with heart failure. In heart failure trials, change in pVo, was
often used to assess the effectiveness of an intervention. However, the within-subject
variability of pVo, on serial testing may limit its usefulness. This study was designed to
evaluate the within-subject variability of pVo, over 2 baseline cardiopulmonary exercise
tests. As a substudy of the HF-ACTION trial, 398 subjects (73% men, 27% women; mean
age 59 years) with heart failure and left ventricular ejection fraction =35% underwent 2
baseline cardiopulmonary exercise tests within 14 days. Mean pVo, was unchanged from
test 1 to test 2 (15.16 = 4.97 vs 15.18 = 4.97 ml/’kg/min; p = 0.78). However, mean
within-subject absolute change was 1.3 ml/kg/min (10th, 90th percentiles (.1, 3.0), with 46%
of subjects increasing and 48% decreasing on the second test. Other parameters, including
the ventilation-to-carbon-dioxide production slope and Vo, at ventilatory threshold, also
showed significant within-subject variation with minimal mean differences between tests.
In conclusion, pVo, showed substantial within-subject variability in patients with heart
failure and should be taken into account in clinical applications. However, on repeated
baseline cardiopulmonary exercise tests, there appears to be no familiarization effect for
Vo, in patients with HF. Therefore, in multicenter trials, there is no need to perform >1
baseline cardiopulmonary exercise test. © 2008 Elsevier Inc. All rights reserved. (Am J
— Cardiol 2005102 712—717)




KapOloavarmveuotikr] KOIwor] Kat
ao@alAela tou aocBevoug

®avatog oe 2-5 acBeveig : 100.000 efetaoeig



Hansen JE et al. Chest 2004; 126 (3):816-24.

s Using specific guidelines, key CPET measurements can
be safely, reliably and reproducibly assessed even in

PAH patients with severe exercise intolerance.
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®1nAu, yevvnbeioa 1o 1969, karviotpia.
Avortvola ripoortaBeiag (2004).

KapbéiloAdoyikn) ektipnon (echo RVSP=55mmHg).
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Kapdloavarnveuotikn 6oK11aoia KOmwong o€
ao0eveilg Ye TIVEUMOVIKT] APTNP1AKT] UTIEPTAOT)

» Meioon peak VO, (pewwpevn kavotnta tou acbevoug yla
HEY10T] AOKNOoN).

- Meiwonn twu AT (mpowin  epgavion  avagpofiou
petaPoAiopou kat @atvetal va aroteAet €vav avedaptnto
ITPOYV@OTIKO TIapayovia yia TtV &§eA1$n NG ITVEUHOVIKIG
UTEPTAOTG).

> Meiwon tou O, pulse (peiwon tou OyKou MAApoU KAl NG
KapO1aKI)G Iapoxr|§).

» Augnon VE/VCO, >35 (averndapkeia ToU avaItveUOTIKOU
OUOCTI|MATOS MG TIPOG TNV avtadlayr] depiav KATA Tr)
d1apkela NG AoKNong).

> Amoropeonog tng atpoogatpivng (Asat >4-5%).



11 extipnon - 2005
(eva xpovo uro Tracleer 125mg 1x2)

>

6MWT
570 meters

CPET

>

>

>

Time: 9.00 min

Load: 69% predicted

VO,: 17.1 ml/kg/min (74% predicted),
O, pulse: 95% predicted

BR: 28% (sat: 99%-95%)

VE/VCO,: 57

Ait10 81aKO1G: KOMI®WOT| KAT® AKP®V



20 ektipnon-2007
(6Uo xpovia uno Tracleer 125mg 1x2)

6MWT

>

510 meters |

CPET

>

>

>

Time: 7.30 min ¥

Load: 61% predicted

VO,: 15.3 ml/kg/min (63% predicted) \
O, pulse: 82% predicted¢

BR: 26% (sat: 98%-98%)

VE/VCO,: 48

Att10 81aKO1NG: KOMI®WOT| KAT® AKP®V



31 ektipnon-2008

(tpia xpovia uno Tracleer 125mg 1x2)

Triplex xkapdiag

> RVSP: 82mmHg,
RHC

> mPAP 62

CPET

> Time: 7.00 min¢

> Load: 57% predicted

. VO,: 16.2 ml/kg/min (68% predicted)
> O, pulse: 78% predicted

> BR: 22% (sat: 97%-95%)

. VE/VCO,: 66

> Alt10 81aKO0T1G: KOMT®OTN KAT® AKP®V
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> 'Evapln Bosentan (7/20095)

>

> IIpooOnkn Sildenafil (2009)



41 extipnon-2010
(tpia xpovia bosentan-eva Xpovog d1IMA0G ouvouaoiog)

Triplex kapdiag CPET
> RVSP: 66 mmHg, > Time: 9.45 min 1
> Load: 59% predicted
6MWT . VO,: 18 ml/kg/min (75% predicted)’
> 928 meters > O, pulse: 90% predicted )

BR: 9% (sat: 96%-98%)

VE/VCO,: 59 l

Aitio 61aKOIG: KOTIWON KAT® AKPOV



Peak O, consumption (VO,)

22 -

18 -

14 -

10

18
17,5 (TRACL/REV)
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15.6
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o1 ektipnon-2012

pia Xpovia bosentan- tpia xpovia 6UTAOG ouvOUAC1I0G
S

CPET

> Time: 7.25 min

> Load: 67% predicted

> VO,: 11.8 ml/kg/min (Sf‘fo predicted) ll
> O, pulse: 64% predicted

> BR: 21% (sat: 96%-98%)

. VE/VCO,: 58

> Alt10 1aKO0IMNG: KOMMOT| KAT® AKP®V



61 exktipnon-2014

(rpia xpodvia bosentan- 4 Y xpdvia durtdog ocuvduaopdg)

Triplex rapdiag: CPET
> RVSP: 103mmHg, 1T > Time: 6.30 min
> Load: 60% predicted
6MWT > VO,: 12.7 ml/kg/min ( pred), l
> 528 meters > O, pulse: 74% predlctedf f
> BR: 30% (sat: 94%-93%)

- RER: 1.38
. VE/VCO,: 46

> Alt10 01aKOIG: KOMT®ON KAT® AKPROV



71 extipnon-2015

tpia Xpovia bosentan- 5 % Xpovia d1rmAog ocuvéuacuog)

Triplex xapdiag:

>

RVSP: 95mmHg,
TVR:4,6m/sec, TAPSE: 23

6MWT

>

550 meters

RHC:

>

PA 93/44 /60, PCWP: 10,
PVR: 13, CI: 2.0

CPET

>

>

Time: 7.00 min

Load: 67% predicted

VO,: 13.7 ml/kg/min (61% pred), |
O, pulse: 78% predicted

BR: 5% (sat: 94%-93%)

VE/VCO,: 51

Aitio 61aKOTIG: KOTIWON KAT® AKPROV
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> 'Evapln Bosentan (7/20035)

>
> IlpooBrkn Sildenafil (2009)
> [IpooBnkn Treprostenil (2015)



81 extijanon (12/2016)
pia xpovia bosentan- 5 2 Xpovia d1rTA0G cuvOUACU OG-
1 Y2 XpOvo TPUTAOG cuVOUACUOG

6MWT CPET
> 981 meterST

> Time: 7.00 min

> Load: 73% pred

> VO,: 15.4 ml/kg/min (65% predicted)T
> O, pulse: 78% predicted

> BR: 5% (sat: 97%-93%)

. VE/VCO,: 68

> Alt10 81aKO0MNG: KOM®WOT| KAT® AKP®V



Peak O, consumption (VO,)
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Peak O, consumption (ml/min/kg)
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xuoxetioelg petagu CPET kat 6MWT otnv

[61011a0On IIveupovikn Yieptaon

r=0.70, p < 0.001
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Figure 3. Relations between distance walked during six-minute walk test and exercise capacity determined
by cardiopulmonary exercise testing in patients with PPH. Peak Yo, = peak exercise oxygen consumption;
AT = anaerobic threshold; Ve-Vco,; slope = regression slope relating minute ventilation to carbon dioxide

output.

Miyamoto S, Am J Resp Cr Care Med 2000; 161: 487-92



The role of CPET in the assessment of PAH.

= Regarding follow-up assessments CPET can quantify
cardiopulmonary exercise capacity in a more differentiated way
than global exercise tests like the 6MWT.

= Different pathophysiological mechanisms accounting for PAH can
be separately evaluated by CPET.

Dumitrescu D, Rosenkranz S. Deutsch Med Wochenschr 2008; 133:S176-9.



EACPR/AHA Scientific Statement

Clinical Recommendations for Cardiopulmonary Exercise
Testing Data Assessment in Specific Patient Populations

(Circulafion., 2002:126:2261-2274.)

The combination of

v standard exercise testing (progressive exercise, serial
electrocardiograms, hemodynamics, oxygen saturation, and
subjective symptoms) and measurement of ventilatory gas exchange
amounts to a superior method to

v accurately quantify cardiorespiratory fitness,

v delineate the physiologic system(s) underlying exercise responses,
which can be applied as a means to identify the exercise-limiting
pathophysiologic mechanism(s) and

v formulate function-based prognostic stratification.



®cpata rnpog oudrtnon

H ouvexrig mapapovry TAPSE >20 kat n &viog @UO10AOYIK®V
0plOV OUCTOAIKI] Aettoupyia g 6eSlag koldiag eri pia 10etia
mapa v TPOoodsuTiKn) ermpPdapuvon 1OV IIVEULOVIK®OV
AVTIOTACEDV.

H avaykatiotnta nmpoung €vap{ng ouvouaoTIKIG AYRVYIS.

H oyyn semtuxia tng npoornaBsiag va reloBel 1 aobevrig g
IIPOG TNV AvayKalotnta TPUIANg aymyng (urobdopla, evoo@AePia).

H mapoucia uvyndou VE/VCO2 1 ‘2 €tog peta v evapdn
IPUTATG aywyng Katl Irmapd Tnv KaAr 1mopeia tng aocBevoug Ti
propet va rpodiradler?



