
*Fr��1) the Ptulnionarv and Critical Care Nlediciute l)ivisioui, (T10�

versitv of Nlichigan Nledical Center, Ann Arbor.
NlanuscriI)t received April 19; revision accepted June 13.
Reprint requests: Dr. I.SCIU’flI)(WIU’7 Pul;nonarzj Eu (((‘(tOO i�j1�,
tJniversitt� of ItfiChig(171 P(Ie(li(’al Ceoter, Ann ArI)or 48109-()026

CHEST I 97 I 2 I FEBRUARY, 1990 263

L‘= - � clinical investigations
- -� An Algorithm for the Interpretation of

Cardiopulmonary Exercise Tests*
%Villianz L. Eselienbaclier, ?tI.D. , FC.C.P; and Anthony �4I(1flflifla, ?t1.D,

We have developed and are using an algorithm for the
interpretation of cardiopulmonary exercise tests that are
performed in our Pulmonary Diagnostic Service Depart-

ment. As its decision points, this algorithm uses routinely

obtained measurements from the results of these exercise
tests, such as Vo2, Vco2, Vt�, Sa02, HR, and AT. Using the

algorithm results in an objective determination of limitation

to exercise and allows for the differentiation between

pulmonary and cardiac or circulatory limitation. This

straightforward technique for arriving at an interpretation

of these tests has resulted in a more consistent approach to

interpretation and an excellent teaching guide for physicians

and technicians. (Chest 1990; 97:263-67�)

MV\’ = maximal voluntary ventilation; AT anaerobic thresh-

old; VR = ventilatory reserve; HRR heart rate response;

E xercise testing has been used by cardiologists and
�xilrnonologists for the evaluation of the heart

and lungs under the physiologic stress of increasing

external workloads. Cardiac stress tests were devel-

oped to evaluate possil)le ischemic changes that niay

occur as the pressure-pulse 1)roduct or the modified

tension tin�e index is increased. I During a cardiac’

stress test, changes in the EGG and blood Iressure

are monitored during increasing workloads. Cardio-

pulmonary exercise tests in addition can hel1) deter-

mine other potential limiting factot’s to exercise: the

lungs; or the heart; or both. Thus, in addition to

nu)nitoring the ECG and blood pressure , cardioptil-

monary exercise tests nionitor exhaled oxygen, carl)on

For editorial comment see page 257

dioxide, VE, and arterial blood gas tensions or oxygen

saturation (or 1)0th).

Although much has been written regarding the

basic physiologic responses to exercise, little infor-

rnation has been provided f�r a routine and consistent

approach to the inteq)retation of a cardiopuli�onary

exercise test. One example of an interpretative tech-

nique is siio�vii in a recent 1)00k by \Vasserman and
others.2 \Ve have developed and are currently using a

siflTII)le algorithni for the interpretation of’ cardioptil-

monary exercise tests. This algorithm is based upon

the routinely obtained parameters of ‘�i�:, �o,, �

HR. and SaO�. \Vith this algorithm, we can evaluate

a I)atients response to exercise and determine whether

there was limitation to exercise l)ecatlse of’ the lungs,

the heart, or both.

MA’l’EHIALS ANI) NII’rlIoDs

(ardiopulinonarv t’xerc’ist- t(’sts \v(’r(’ or(lt’r(�(l liv piiiii��iiar�

ph�siciatis iii OU� division ,itd J)(’rf()rtn(’(l on Ixttirnts �vitl, �)riiii,r�

l)11l11�)1�ttY (liseast’s: chronic obstrnctive t)I1lf1�)IIarY list��tsr; (lifihist’
interstitial fibrosis: i�ti1ii��iiar� vascular disease; (x.(’npatioLlal pu1-

nuonarv (liS(’aSe: prinuarv PuLIuu�)uuarY hv1)ertensu)n: etc. 1�tt’h 1)a-

tli’Ist l��d a Fu�l1 set of standard IMLlnunuarv ftunctiou tests l)t’fore the

exercise test (flosv/vohnne loop; hung �OluIfltes; 1)eo: 15-st’eouid NI\�w’

using �t puueu)n�)tacluograph-l)as(’d puulruu)nary .LuialyZet ( Niedical

(;rtphics svsteui� 1070) and a body plethvsnuograph (Medical Graph-

ics system 1085).

The (‘ar(liol)ullnunuarv exercise tests svere j)(’rli)rIn(’(l using a

trea(lItuill ( Nlarqtuette Electronics series 1825) (10(1 au exercise

svsteni analyzer for the auualvsis of exhaled gases aU(l exlatleci

ventilation (Niedical (;rtphk’s system 2(X)!). The pr�t�c’�1 uise(l h)r

these stuI(lie-s svas either the l)uu1uut�uIarY puutuucol or the lox�’

l)eI1()ruluauuc(’ pr�t�c�)l dS OuItliUe(1 in tlit- unauiuial for the trea(IululI

(Nlarquiette Electrouics, I oc). I n addition, elect rKar(li )gra�)hic

nuouiitoriuug (Eaton Niedical (roup uuI()(l(’l (-27(X)) and Io)uuinvasive

oxinietrv ( I h’�vlett- Packard uuiodel 472() I A) ��ere I)(�rl�ruuut’(1 Oil each

1)ati(’I)t (hiring the exercise protocol . l)uiring the test ,blood pre’ssurt-

%vas also ula-asulr(’(l using a I)()rtal)Ie Sj)l(\gulO)flIaIR)fl)etvr. llu’ \F:

uespira0)rv rate, ti(1a1 volnln(’. V( )�, ((11(1 V(: ). s�ere uuie�isuired on a

hreath-hv-hreath l)asis.

‘II’stiuug xvas teriniuiated xvheu tite I)dtieflt Siglhtlle(l (-xhaulsto)n,

fatigue, shortness of breath, leg ��ain. or chest j�tin or xvla’ui ST-
segnietut changes or a cardiac arrhvtluuiuia �vas ruote(I on the 12-lead

EC(;.
The h)1b%Viflg l)aranueters xvere (let(-riuiute(l br each test �tu1(l

uIse(l for th(� interpretato)n of (Ia’ results: \02; \� :( �; \‘I:;; ‘I1 (Nil 1

- [\�;ui�txJpredk’ted NI\’V]): ventilator� e(ltuiVaIeuItS (V�:/N’ �2; VF:A’

( ‘( )#{149}�);oxvgeiu saturatH)n; I I HR (discussed sul)sequlentlv); �Ln(l A’!’. The

AT svas ex()resSed as the oxygen couusunuptioiu at SVlliCll (lie \K/�s()

ratio increases �sixl �vas (leternuiule(l graphically br each exercise
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FIGURE 1. Algorithm for interpretation of cardiopul-
monary exercise tests. VE, Ventilatory equivalent for

carbon dioxide; S, change in SaO,; IS, ischemic

symptoms (chest pain, ST-segment changes, etc); and
AT% , ratio of AT to Vo,max, For explanation of

interpretations, A through W, see Table 1.

test.1

The algorithm that we used for the actual interpretation of the

results of cardiopulmonary exercise tests is shown in Figure 1 . In

this approach, there were certain parameters that were used as

decision points for the evaluation of pulmonary and cardiac or

circulatory limitation to exercise. The first parameter that was

examined was the Vo,max. This value for the patient should have

been more than 90 percent of the predicted maximal value for that

patient, The predicted values for Vo2max were determined by

regression equations and used by Medical Graphics Corp in their

equipment.4 When using separate equations for underweight and

normal individuals vs obese individuals, Wasserman et al�� have

shown that subjects without pulmonary or cardiac limitation to

exercise should achieve approximately 100 ± 10 percent of the

predicted Vo2max. Therefore, we have arbitrarily set 90 percent of

predicted Vo,max as the lower limit of normal. We realize that a

more statistically appropriate guide could be used (eg, 95 percent

confidence interval); however, we have found this limit of9O percent

to he simple to use and easy to teach, If an individual is able to

achieve 90 percent or greater of his or her predicted Vo,max, they

may still have some pulmonary or cardiac limitation, but obviously,

it would ht� mild in quality to allow them to achieve close to their

predicted Vo2max. On the other hand, if the patient is not able to

achieve 90 percent of his or her predicted Vo,max, then the

pulmonary or cardiac limitation, if present, would be either
moderate or severe in quality.

The next decision parameter that we used was the VR:

VR=[1 - (�7Emax/pred MVV)] x 100%

where the �‘Emax is the maximal minute ventilation achieved with

exercise, and the predicted MVV is determined by 41 x FEV,,’

When an individual without pulmonary limitation exercises to a

Vo,max; he or she will still exhibit some VR, One report suggests

that without pulmonary limitation, this reserve should he greater

than 30 percent.6 Patients with pulmonary disease may have no

ventilatory reserve left at their Vo,max, Patients with less than 30

percent VR are said to have a ventilatory mechanical limitation.

. The next parameter that we used in our algorithm is the VEmaX/

Vco2. This value is a good overall determinant of the efficiency of

the lung as a gas exchange unit. Normally, at maximal exercise, this

value will be 25 to 35,4 and values above 40 represent an excessive

ventilation that is necessary to overcome the inability of the lung to

excrete carbon dioxide due to gas exchange problems. Patients with

values of VEmaxlVco, of greater than 40 are said to have a gas

exchange abnormality; however, another possibility for an increased

ventilatory equivalent is any abnormal drive to ventilation such as

anxiety. Usually, anxiety at the beginning of an exercise study can

result in a ventilatory equivalent that is greater than 40; however,

as exercise proceeds, this value will decrease as the drive to

ventilation becomes more dependent upon the factors associated

with exercise metabolism, This value will also increase again towards

maximal exercise. The cutoff value that was chosen (40) should take
into account the normal increases in this value with maximal

exercise,4

Finally, for the determination ofpulmonary limitation to exercise,

we examined the change in Sa02 either by arterial blood gas
determinations or by noninvasive oximetry. The acccuracy of

oximeters in measuring a change in oxygen saturation is ± 2.5 to

± 3.5 percent (95 percent confidence Iimits),� Therefore, a decrease

in oxygen saturation of more than 4 percent is considered to be

abnormal. In the c-ontext ofexercise testing, desaturation can occur

most c’ommonly in patients with diffusion limitations,� although

other pulmonary abnormalities, such as shunts or ventilation-

perfusion mismatching, may result in exercise-associated desatura-
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FICUIIE 2. Nornial and al)Ilorn)al r(-spoIIses for increase iui hR

rluring exercise s�hen plotte(l against increasing \()111ax.

tioui. Therehre, patients xvith (lesatuiration with exercise are said to

l�sve a diffusion-type litaitation.

After estal)lishing whether the patient either �1oes or does not

hax’e a I)tuln)�narY lilflitat0)I1 to exercise, xse then deterunined

whether a car(liac or cirdula0)rv lilnitatu)n to exercise may exist.

Our first decision J)aran)eter h)r this deteruninatn)n �vas � IIRR.

Norn�all�� there should l)e a linear relatu)nship l)etueen oxygen

(.‘onsnunptu)n and hR.’ If there are pr�I)leuns with the heart as a

� (eg, a cardiounvopathv), the IIRR at aIi� oxygen consunnption
n�ay l)e inappropriately increased. As shown in Figure 2, tl�- nornial

increases iui hR with exercise are SlU)Wfl in the lower shaded area.

An alnu)rlual increase in I I H with exercise is shown in the sha(led

area above the In)rlnal area. \�)‘ can calculate I IRR In the fclloxving

formula:

1 IRR = (liRmnax - IlRrest)/’\’omnax \()�rest)

where liRnaix is tlu’ heart rate at Ii�Lximnal exercise, HRrest is the
heart rate at rest , V( )n�ax is the maximal oxygen consumption in

liters per minute, and Vo)rest is the oxygen (1)I15%IInptu)n at rest in

liters ler minute. Normall�� this ratio (1 1 RH) will he 25 to 35 hr

trained in(lividuals �LIKl 35 to 45 for sedentary or uIIltraiIle(l subjects.

Patients 55111) a car(lu)nlvol)ath’v or dec�onditioning or other cardiac

IMII))P Pr�l)len) ui�ay lU1VU a IIRR of iflore than 51). This value of 50

as a cutoff I)()int 1)etlVeeII Iu)rn)al individuals an(l individuals svith

heart disease or deconditn)ning was chosen arbitrarily l)ut svas

l)ased tI�OI1 the reported (lata for Iu)rnial individuals. These values

‘�I�I�1Y 01)11 to patients \vh() are not taking a meditation that c()ul(l
block the IIRR to exercise. For exaniple, if a patient is receiving

3-adrenergic l)l(x’kade, his or her HRR to exercise can be de-

creased;’ however, using this parameter, ye can also identify

patients %SlR) did not give a n)axinlal ellort and laid a recluce(I

Voinax. Their IIRR uill still he Iu)rmal. Also, patients who (lid not

achieve t1�’ir Vo�nuax l)ecause of only ventilator� lin)itatu)n should

also have a norn)al HRR; however, those patients with lxth a

ventilator� and cardiac or circulator� linutatu)n can be i(lentified

l)y having ams increased I IRR and a ptt1m1�)m1�mr� limitation to exercise

identified I)� the parameters listed prexi�uisl�:

If the IIRR is normal (<50), we then determine(l if the exercise

test was stOppe(1 l)ecause of electrocardiographic changes (de-

pressed ST segments, arrhvthmias, etc) or Iwcause of chest 1mm or

hypotension. These all can suggest an ischenic cardiac hniitation

to exercise (IS ischemic svmptonis).

Finall�; we examined the AT \�4’ (letermine(l the ratio of the

oxygen consumption at the AT with the actual Vo2mnax achieved or

the pre(licted \‘021))aX. If’ this ratio is less thaui 40 percent, this

stIgj.�ests a (‘irculatorv 01’ I)Llflhl) liniitation to exercise. Normally

this ratio is 55 to 60 percent. � It can be decreased because the

exercising muscles I�ne switched over to anaerobic nietalsolisun at

I . Pulmonary liniitation to exercise

A. No I)u1lmoIhur� lilBitation or decreased efiort or car(liac

limitatu)n

B . NI ild (Iiffu5U)n-t�i)e limnitatu)n

(; . NI iI(l gas exchange abnormality

I). NI ild gas exchange al)norn)alitv �LIKI (lifTusn)n-tvpe linutation

E . NI lid venti1ator� mechanical limnitation

F. Nlild ventilatorv Ineclhinical lin#{252}tation and difhlsion-tv1)e

limitation

(; . Niild ventilator� n)echanical limitation and gas (‘x(’hange

al)Iu)rmnalitv

I I . NI ild ventilator� mnecl�mnical limnitation an(l gas exchange

ahnorn)ality and (hifFusu)n-tyl)e linutatn)n

I . Decreased eflort or car(hiac linuitation

J. Nloderate or severe (liflusion-tvpe limmuitation

K . Nioderate or severe gas exchange alun)rnmahity

L. Nlxlerate uur 5f��(�’(� gas exchange al)mn)rmnahity and (lihliIsH)n-

type linitation

NI . NliKlerate or severe ventilator� Ine’lhmmlical limnitatiomu

N . Nhxlerate or severe ventilator� nuechanical limrmitati )n an(l

(lifFusion-t�pe limnitation

0. NlKlerate or severe ventilatorv mechanical limitation aII(l gas

exchange abmn)rmnahity

p. Nlxierate or severe ventilator� mmlec’hani(al himnitation ((11(1 gas

exchange alnurmnalitv and (liflimsu)n-t\I)e linmitatn)n

I I . Cardiac or (‘irculab)rv hmnitation to exercise

V. Nlxlerate or severe (ar(liac “pumup limnitatu)Im (cardiomn�opa-

th�; (lecon(litiOuing)

a. (ardiac �)�mn��) limnitatu)fl (cardiou�opathv : de(1)n(hitn)ning)

S. (�u’diac pumnp limuitation and circulatory hinuitatn)mI (pulmno-

nary vascular or 1)eripheral vascular (hisease, or “pinup” himnitation)

T. NhKlerate or severe pulnu)mlarv limnitatu)n (see J through P) or

�()0� eflort

1! . No 0I)VR)t15 (‘aI’(hia(.’ or (ircullab)ry limuitatu�n

\): (�irculatorv himnitation (pulnunarv �‘ascuilar or j)eriphe’ral

tumlar (lisease, or 1)111111) limnitation)

\v lschemnic heart (his(’ase

Table 2-Use ofAlgorithmfor 52-Year-Old Woman u’ith
Suspected Pulnwnary Vascular Disease*

Niaxinmal

I)ata Rest Exercise

“#{176}2, nmllmnimu 280 1,081

\‘(:o1, mi/mm 240 1,259

�E. 11mi�iii 9.6 62.9

\‘m:/Vco. 40:3 5().2

Sa02 % 95 89

hR. hpmn 93 153

AT, mI/mum . . . 428

*B.tselimme pulna)narv function tests: FE\’,, 2.68 us (102 1)(’rc(’Imt of

predicted); FVC, 3.86 L (1 1 1 percent ofpredicted); and Dco, 12.24

mnllmnimL/mnmn I Ig (46 percent of I)re(licte(l). (alculations: Vo2mnax/

V0ml)ax predicted = 1 .081/1 457 74 percent; VR 1 - (VF:nmaxlpre-

(Iicted NIV\’)={1-[62.9/(2.68x41)1}x 1(X)=41.3 Iwrcent; IlRR

(liRmax -. I1Rest)/Vo�max - Vorest) = (153 - 93)1(1 .081 - .280) -

74.9; AT9’c = (V�ATA’o�max) or (\‘o�ATAoanax 1)redicte(l) x 1(X)

iwrcemmt=(428/1,181)X 1(X) or (428/1,457)x 1(X)39.6 or 29.4 I)er-

cent. t.Tsiiig algorithmn: L �u1(1 S: mmuxierate or severe gas exchange

�Lmm(l(liffusion-tvpe 1)u11mm)�IIarY linutatu)n �ul(1 car(hia(.’ “pumnp an(l

circulator� linutatn)n (econpatible xvith pumlna �miamv Vas(’Lllar (hisease).
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Case

2

Normal or decreased effort

Normal or decreased effort

3 Decreased effort

Normal
Obesity usually with low

breathing reserve

Obesity usually with low
breathing reserve

Obesity usually with low

breathing reserve

Obstructive pulmonary

disease

Obstructive pulmonary

disease

Early cardiovascular

disease

Obesity usually with low

breathing reserve

Poor effirt or musculo-

skeletal disorder

Pulmonary vascular

disease without right-

to-left shunt

Early pulmonary

disease; pulmonary

vascular disease
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an earlier workload because of the inability of the heart or the

circulation to provide the necessary oxygen for aerobic metabolism.

If the AT is not reached at all, this suggests that there is either a

pure moderate to severe pulmonary limitation to exercise, a mixed

pulmonary and cardiac limitation, or poor effort by the patient.

Using the algorithm shown in Figure 1 , we were able to arrive at

the different interpretative diagnoses that are listed in Table 1 ,Each

letter, A through W, represents the end of a pathway in the

algorithm.

RESULTS

Using this algorithm, we have interpreted more

than 20 cardiopulmonary exercise tests that were

performed in our laboratory. We have found that the

interpretation of the tests when using this algorithm

not only gave a more consistent result but also was an

improvement upon the interpretation by our pulmo-

Table 3-Comparison ofUse ofOur Algorithm with
Algorithm ofWauerman et al�

Interpretation of

Our Interpretation Wasserman et al2

4 Mild ventilator� mechanical

limitation

5 Moderate or severe

ventilatory mechanical

limitation

6 Moderate or severe

ventilatory mechanical

limitation and gas

exchange abnormality and

diffusion-type limitation

7 Cardiac “pump” limitation

(cardiomyopathy;

decxnditioning)
8 Cardiac �‘pump” limitation

(cardiomyopathy;

deconditioning)

9 Cardiac �‘pump” limitation

(cardiomyopathy;

decsnditioning)

10 Moderate or severe gas

exchange abnormality

with cardiac “pump”

limitation and circulatory

limitation (pulmonary

vascular or peripheral

vascular disease or

“pump” limitation)

1 1 Moderate or severe gas

exchange abnormality and

diffusion-type limitation
with cardiac “pump”

limitation and circulatory
limitation (pulmonary

vascular or peripheral

vascular disease, or

“pump” limitation)

nary faculty in several instances. An example of the

use of the algorithm is shown by interpreting the

results of an exercise test for a patient with suspected

pulmonary vascular disease (Table 2). In this example,

the woman with possible pulmonary vascular disease

has normal pulmonary mechanics as part of her

baseline pulmonary function tests but a decrease in

her value for Dco. By exercise testing, we determine

that she was not able to achieve her predicted

Vo2max, but she had a normal VR; however, the

patient had an increased VEmax/VCO2, and she had

desaturation with exercise. In addition, she had an

abnormal HRR (74.9), and her AT was less than 40

percent of either her �o2max or her predicted

Vo2max. These factors taken together suggest that she

has both pulmonary and cardiac limitation to exercise.

We have compared our algorithm with the algorithm

provided by Wasserman and others.2 We have taken

11 representative studies from our laboratory and used

our algorithm and the algorithm of Wasserman and

associates2 to obtain interpretations of these tests. The

results of this comparison is shown in Table 3 (the

example shown in Table 2 is patient 1 1). We were

pleased to find that for nine of the 1 1 examples, the

two algorithms gave quite similar interpretations,

especially in suggesting the same organ system that

could be limiting. In the two exceptions (patients 8

and 9), we had suggested that some deconditioning or

cardiac “pump” limitation could have existed, whereas

by the algorithm of Wasserman et al2 the limitation

could have been due to obesity, poor effort, or

musculoskeletal disorder. It is possible that both

algorithms may be right in these two patients, in that

these diagnoses are not mutually exclusive.

DISCUSSION

We have described the use ofan algorithm that will

simplify the interpretation of a cardiopulmonary ex-

ercise test. As its decision points, this algorithm uses

parameters that are routinely obtained during the

performance of an exercise test that includes the

measurement of exhaled gases. This method allows

for the interpretation of a cardiopulmonary exercise

test in a straight-forward manner, so that an objective

assessment of limitation to exercise can he deter-

mined. Using this method, we can also differentiate

between a pulmonary and a cardiac or circulatory

limitation to exercise. Previously, other than the algo-

rithm from Wasserman and colleagues,2 only general

guidelines were available for the interpretation of

these exercise tests.’ “s Use ofthis algorithm can result

in a specific interpretation for the patient based upon

objective test results. We believe that this approach

will be quite useful for the evaluation of patients with

known pulmonary or cardiac disease (or both) or for

the patient with unexplained dyspnea, especially when
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the results are combined with routinely obtained

pulmonary function studies. From a teaching perspec-

live, this algorithm has resulted in a greater under-

standing and more consistent interpretations of car-

diopulmonary exercise tests by our medical residents,

pulmonary fellows, and pulmonary faculty.
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