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Cardiopulmonary Exercise Testing in Congenital Heart Disease

Ryo Inuzuka
Department of Pediatrics, The University of Tokyo, Tokyo, Japan

Exercise intolerance is one of the major symptoms of chronic heart failure. Cardiopulmonary exercise testing
(CPX) allows for the simultaneous study of responses to cardiovascular and ventilator systems to a known
exercise stress through the measurement of gas exchange at the airway. During exercise, oxygen consumption
and carbon dioxide production at the contracting muscle are coupled with the external respiration at the lung
through the cardiovascular system. Therefore, by studying external respiration in response to exercise, it is possi-
ble to address the functional competence of the cardiovascular system to meet the increased cellular respiratory
demands during exercise. Objective assessment of exercise intolerance by means of CPX is especially important
in patients with congenital heart disease (CHD), as they have made lifelong adaptations to their cardiovascular
disease and its slow progression. Thus, they are not aware of the true extent of their exercise intolerance. More-
over, recent studies have demonstrated the ability of several CPX parameters to predict the long-term survival
of patients with CHD. Because CHD patients often require high-risk surgical or catheter interventions and risk
stratification based on individual risks is essential in this population, CPX plays a major role in the management
of CHD. On the other hand, there are several pitfalls in interpreting the results of CPX in CHD. This review
provides an overview of the interpretation and application of CPX in CHD.
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B ARE N OARERO EEEIRO—DTH 5. DAEE AR T A N (CPX) T, HEEho
SFUBICBT 2 A3zl % C & T, DIEBXTHBRKAY X7 LOHEEZ N L AT 3 KInx
FRFCHRNZ T &M TE 5. EHBIPIE, BHATHELE - EEINZ5B2 - _BlbrEzEl, k34
ML OMERZECTHY TV T LTW5. FDR, BT BN ZHRNS C LT, M)
HR DI PR, O T IS 09 2 DRI S RO N FE I ZA S INC T 5 T E M TE S, e R LRER
(CHD) ##HiE, 9P EEE L EICEDL, BOOEGAZA N2 MERICHEIGEETES LT
W30, EINHAEDE FRH > TELRINEWNT ENZW. ZDid, CHD EHETIE, WHh3d
TEREIR AT, CPXIC X D REMN AN ZT TV, IBENESNAEDIE Nz R icit§ %
TENBEETHD. T, EHAREEK FOREE XU CPXICX > TH LN ZOMOERE, CHD
DEFICBOTHRWVEMTFETHIRTTH S T EHARENTWVS. CHD OEHEIE, WETRhT7—
TIVEWER ED AT OBEWIEEDREICIRS T EHH Y, Risk-stratification D—DDFEEE LT, K
FEDEWTHRTHZTS T D TES CPX ORIZITHRENIAKEZ V. TORFTIE CHD ICHIF % CPX
DFER DR E L OTEHOEITIC OV TR 5.
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AR OO EEEIRO—DTH S /-
b, TNZIEREICETEL, 2R - BRI TsT L
W, TERIBREDEEDOBBICBE VW (EETHS. &
ik, BN TIHE - RSN AR - —bkE L
fC 30 2R A MNE RZ2E Ty SV 7 LT
WA, DifEEE AT A R (CPX) T, #EHHo
SGEIC BT 2 H AL ZGHId 2 2 & T, ARIFHHHRKIC
BB T3 F— R OIEREE D4y TV VT %
FND. FHCRAKHZENGE (Peak VO,) 13D -
NS AR IC R 2 (A9 2 RE I 2 I L, #arRY
I DT REOHEENN AREDIRIE & 72 %, HigHT)L T
A—=RITBWTEHIIE NS % (Work rate) &,
HBIOMMEZ L TN, HATHEINS T IVF—%
BRI LR W28, BRI EB)IN A RE DR
ELTEATITHS.

OFESN & FRrELER DER R A AT

DT EB BT DR TIX, 6 mEX D Ef A AT AE
Thd. HEHI)VIA—2EZAVDIHEEIX, Ak
EOYAZXADENSFGEN 125cm L ETHB T W
PELWLY, ERMNREZR AT 5 BEICHT S
LEE, FiC, EBNAREDR BRI, EBIMNARE
K FOERER, PHTHEECHONS. £,
BN AR O RO EIEEORBINEE L 20,
AEFHI 2175 T & TEYnAE - Fifi - OlkY e
T—a ViR EDON ADMFHEEITS T LHATRET
H5. FeRMELER (CHD) BETIE, Sk
DEBEEEICED, BOOEHFAZA )2 EEIC
BIGEETEDL LTV Y, EHAGEDEK R
HoTEKIDDENT EBZWV. ZFDizé, CHD H#
HTIE, WHhwd ER RHEETEH, CPXIZXD
BBl Z T, IEE A ER I ARED K R R
WS T 2HEEETHS. Fiz, ZLOEHER
#Fi5 5% CHD OEFHICENT, HEEAREOL R

Mg LELMERDOREICKEKNT 2 L ER5T,
CPX (L IFHN M AREML FOJRKMN E 2T B D EH
ICEI D8, FHENSEBINARDOETIAD % &
HICBWTEHHATHS. DIMEREZFZNDSNOEH
12 K % BB AR FOBRNCEHR/STA—2—7%
Table 1ICHERT % Y. ST4E, HEBIMAREE KO
BIU CPXIC L > TR BN S ZDMMDOIEIEE, CHD
DERFICBOTHONTHR TR FTHZ T EARE
NTW3 *7. %7, Fontan 7% E DV DM DIEET
&, HEIOFHIZT Tk < RIEFHGICE D  IRRYI1Z
Lt PHTICER L DREND S 2. CHD Dt
FHX, NBTHRH T —T IV 8V X7 OFEWiE
WAL EICR DT EHH Y, Risk-stratification 0D —
DOFERELT, BEOEHWTEHTNEITS DT
&% CPX DR THRENIKEZ .

DIEB B FIREDFIR

—RIEBANBRE T, ARZETZEHIED
0.05%LLF, JETA0.005% TR B2 XN, h
5DV AT ONWTTRICEHA Lz L THREZIMGY
5. Fiz, REREREEOGHED CPX OFEROMRIC
T 5, REEEERE (iSRS 1 BFR) 2
FLTHBLTENET LW, HEHBAEMIE LY R
WV Gk BRIV I A =22 VW5 ik e
TIC2FHD BN, FNFNENEININS O FEikDUr
X DBEIINTVS T EHZ. EHEFREOIRET
& % Work rate L EBIE (VO,) OZ{LDOHLIET
BTYANCEREEINSD, HEHEI)LIA—2TDR
faf Tl& Work rate Z [FHEICERIL T S T &N TE 5.
—75C, BTV I A —Z O R Tl RMEPYEEG O
JEFH OIS Ly R IJUTEANT, Peak VO, 23 10%
PR EHE N3 21V, 5@H, CPX TIHIEMEIER
FCOMWEER) 2 B9 5, EIFIED 5 8~12
NTERRAMET B LIS, THlENS.O0EEREIC
JSUT, AfEOEGEIET S 0. frihid,
DER, O, M, PR, BREEREREDE

Table 1 Causes of exercise intolerance other than heart disease and markers of those abnormalities

Causes Markers of abnormality

Obesity Upward displacement of VO,-WR relationship

Lung diseases

Peripheral arterial diseases
Psychological problems
Poor effort

Abnormal lung function test, low BR

Low AVO,/ AWR, Low AVCO,/AWR, leg pain, exercise-induced hypertension
Unique breathing pattern

Increased HRR, increased BR, peak RER<1.0, normal VT

VO,; oxygen consumption, WR; work rate, BR; breathing reserve, HRR; heart rate reserve, RER; respiratory exchange ratio,

VT, ventilatory threshold
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Fig. 1
forest analysis

Heart rate reserve, beats/min

VE/NVCO2 slope

Univariate estimation of b-year survival rate using exercise parameters based on a random survival

(Upper panels) The dots illustrate estimated 5-year survival as a function of (left panel) peak oxygen uptake
(VO,), (middle panel) heart rate reserve and (right panel) VE/VCO, slope for the whole population. The verti-
cal dotted line shows cut-off values obtained by time-dependent ROC analysis. (Lower panels) Survival func-
tions for non-cyanotic patients (red solid lines), cyanotic patients (red dotted lines), patients off negative chrono-
tropic agents (NCA) (green solid lines) and patients on NCA (green dotted lines). The vertical dotted line for VE/
VCO2 slope reflects the cut-off value for non-cyanotic patients as obtained by time-dependent ROC analysis.

Reproduced from Figure 3 of reference 7).
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1. BKXEFENE (PeakVO,)

Peak VO, & 1 77 [ICAE 1kg H7zOIDIAL T &
MTEBMEDE (mL/kg/7) & LTEIN, #H#HF)
M AREDFBINEIEEEE LTHWSENE T AL,
AR ERE TR, BiRknERE R, )
LTV BHRADIMRO 7T, N O FERE D AR
RENGEEICEK > THEE NS, FEHEIC K> T
IEHEN IR D728, Fiin « K& 5 O FHIEDLT %
EWVWSIETHATELEHB. 77/ —BhORE
TI&, HEBHOBIRIMESE S A EME R EDRA
BHERIC X D Peak VO, DK T ZFE®H %. Peak VO,
&, ERMEVEEZEDTZ < DOREBICHEW TR
THTHUEENIND S EDRENTVEN, BTk
171 (effort-dependent) 7%/835 A—X—TdhH 23120
I, THBARDDD > TOIERWEEIEE/NTEL T
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LS5 Y. COBIEICE > TEBIHAREFHY T4 T
WZITHBICE, TEEISS D E NfzDMIT DN
THREEHNCTHINT U7z L CRUEZ RIS % T E WV EHEET
H5. RMANERMEVERBEZCBI %, HARELT
O Peak VO, & 5 FAEFROBFRZ Fig. 11SR9 A,
Peak VO, IZIEHED TR TH % 80%BLL FIcixs &
BT NZENEETFHFARTH S 7. —RINIC peak
VO, <14mL/kg/5r, F2ETHIED 50 % AN T4
AR E ENOEBRHOBE IS LTRIEATY
%.

2. BEMEERME (Ventilatory threshold: VT)
HEFOMI 2L T L E, IR FIVF—H
BICRERHBEAHMBONDON R RS L, TRV
F—EEIC BT B BRI DIKAFEDN S X D,
RERMEDE UTHABN X 02 EEINED
%0 ZOMR, ERMA A VDLBOEED
ICHBEE NS 728, EHHOMNSICE ENS Bk
KONG5, OO ZBIST 5T 2ickD
RE LTeRA 2 b 2SR (VD EIE5.
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Fig. 2 Ventilatory threshold determined by ventilatory equivalent method and V-slope method

(1) Ventilatory equivalent method: In the time trend of the ventilatory equivalent for O, (VE/VO,) and the ventilatory
equivalent for CO, (VE/VCO,), ventilatory threshold (VT, red line) is determined as the point at which VE/VO, (purple
open circles) systematically increases without an increase in VE/VCO, (green triangles). This normally coincides with
systematic increase in respiratory exchange ratio (yellow marks). (2) V-slope method: Plotting VCO, as a function of VO,
for a progressively increasing work rate test (V-slope plot), after the first minute or so of increasing work rate, yields a
progression of points that are linear with a slope of 1.0 (45 degree) or slightly less. The curve then breaks, with VCO,
increasing faster than VO, so that the slope is now clearly above 1.0. The break point (red cross) where the slopes coin-
cide is the ventilatory threshold. Figure was provided by Minato Medical Science
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VT IZiE V-slope &5 &R £ DRRA IR IRETT
WD 5D, BEBICROBEANC L THKENE
Bl GHANKY ICBEhn LR % 50 T O g 28R
CEFEINS. VT IE Fig 21RT K D&Y &k
*° V-slope {52 FHWT, #EMNICHET 5. VT 3@
%, Peak VO, D 45~65% 2 7% 5. VT & @B
REEDIIETH D, & BITHEIEEINARAZ LR WVEE
LI TG A= —TIxH 5D, FeRMEMERICBWT
I Peak VO, IZHARTTFETHIEEN DS 2 T EAHIS
NTHO, BICHEXRZEEULTOFEROFEREE LTl
5T ENZNT,

3. mAMRRMLL (Peak Respiratory exchange
ratio: RER)

i EHUR I 9 % R LR RO L2 se
#ilt (RER) LFESAS, s@VGEDRE T, B
F UMD EDZDICHE S NIFERELT,
HEFH ORI E TN 2 “RLREMDHIL, RER
DINZRD %, H#HB)H D RER Of KA #HE)S% )
DiERWVEIICAZ L EZA5NTVNS Y. —iC
peak RER 1.1~1.15 DL EMWERE NG ER, 7%
HENES TN ENT2 T L2 MY, W peak RER A% 1.0
A D B AT TH > 7zl ReE A .
BN THo T2 EIMTDONT, Flllik
RODHED 85% WK E Neh & 5 4B T S
BaEtHcHM, LAREZFICE WV TIE Chronotropic
incompetence 7 £ O.0AHED E5 U 7ZRWIEREDMFE
RGP LENFEZARL TOBHALENDD,
DD NS DFERIC IR DI < W,

4, “EbtREBRKYEAO—T (VE/VCO, slope)
s — IR LR EHRE RBIROMBE E X, VE/VCO,
slope EFHINHSDRNHR 2 K. VE/VCO, slope A
EVEWVS T, Kz HEIC RRLREDHH
MTETVENT DD, W3 “BYINn OfFkEs
5%, DAEEHE, RIS oz fd 2 BE T,
i > 7547 2 ZME RIS fE S FEREH AR D B INIC &
D, HLRGEENIC BN TEHGEIREME T LTV 5.
VE/VCO, slope 3 AF5HEBIRFICHIE TE, HENES)

WMAF L IEWEE LT NG A—R—THBT M50
ARBHEICBV TR TR TR ZE9 % 2 LA
BNTWV5. fel2L, Hiky v ¥ MCHES ik
EEIMFAES 2 F 7/ —BIRORETIE, M5 - A
72 THIEGHRME T LTV 5 728 VE/VCO, slope
PEED, PHRTIICEEATE R, FF7/—
VISR OEEICHE T, VE/VCO, slope 7 38
DLETPHRARICE#ET 2 LREEN TS ©.

5. 1D¥aF(EEE (Heart rate reserve)

BN HLE > 7o O ORETIANEYNC T E RN BR
DE D PRIEKOIED 85% MK T EHWVIKEE
Chronotropic incompetence & P:57%%, Chronotropic
incompetence 3 1BIE LA EDEHICE T 5 THRAR
W& LTHEHIN TV S, EFFICOIARE 8D <
HWVHEINE TSN TESD, DF DR -
RO # % Heart rate reserve & FECF, T i
Chronotropic incompetence DIFFEE 75 %. e KM
PRI I T, Heart rate reserve &7 7/ — X DEH
TERELTEHIT %22 &M TE 2 PR THEED W
fEKITH% ¥, Fig. 11TRT & 5 IC Heart rate reserve
DA FARIEAN— ZERTHE R E OB 22T 27, Pl
Wk ZNIRL T2 EHETENIRL TWRWVEETE
FTHTINCERTH S ENRENTWVS 7. Heart
rate reserve l& Peak VO, & [AERICEWVIZ EFEAR
72hY, 'HFIC Heart rate reserve =51bpm TV R AR E
DRFRENT NS .

6. DIMEEFERFT X b DIEEHEREER

TR U 72 CPX DR % Table 2 ICF & &
%. —fIic CPX TlEtHnafamhhrh>Twna T L
MREFZN, CHD DHEHF T, HEOEH A EIC K
DIHRAOKEITNELCNT L, TRGEBRZMNIZT L
MTEIZNT hd B8, Peak RER A 1.10~1.15
DESHBZNE S BB Il AR ThHoTehES
W HET %, Peak VO, *® Heart rate reserve 75 £ 13
B EE D E W28, Submaximal 75 £ 1 TldadE/
FFfi & 72 %. — /5T, VT VE/VCO, slope 7z & D
fEkE Submaximal ZZEMOE & TITODNIEMAETSE

Table 2 Effect of effort, cyanosis and beta blockers on parameters of cardiopulmonary exercise testing

Effort-dependence

Influence of cyanosis Influence of B blockers

Peak oxygen consumption (VO,) ++
Ventilatory threshold(VT) +
VE/VCO, slope —
Heart rate reserve ++

+ +
i _
++ -
- ++
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Fig. 3 Estimated b-year survival rate for different combinations of peak oxygen consumption and heart
rate reserve. Five-year survival was estimated from the results of the random survival forest model

with the use of peak oxygen consumption (peak VO,), heart rate reserve, use of negative chrono-

tropic agents, age, and oxygen saturation at rest. Estimated 5-year survival is illustrated as contour

plots for different combinations of peak VO, and heart rate reserve. The contour plots are provided

separately, depending on the presence of cyanosis and the use of negative chronotropic agents

Reproduced from Figure 5 of reference 7)
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