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                   Abstract

   INBAR,  O., FACSM,  E., BAR-RATZON,  T., DLIN, R. and  KLAIN-

MAN.E.  Including Cardiopulmonary Measurements lmproves  Di-

agnostic  Accuracy  of  CAD  During Exercise  Testing. Adv.  Exerc.

Sports Physioi., Vol.11, No.1 pp.1-8, 2005. Baciground  and  oh-

jectives/ Exercise etectrocardiography  (ECG strcss  tcst) has rela-

tivcly poor specificity  and  predictive accurac>,･  for identifyin!!

eoronary  artery  disease (CAD). Adding specitic  and  relevant

eardiopulmonary-related  variables  is proposed  t`, aecurutc]>  dig-

tinguish  patients with  CAD  from those without  dihea,e. 1he  amz

of  the present study  was  to objective]y  assess  the diagnostie accu-

raey  of  CAD  using  variables  measured  during cnrdiopulmonary

exercisc  test (CPET), Mbterial  and  Metheds/  

'['hirt},-tive
 appar-

ently  healthy subjects  underwent  exercise  stress  tcst. cardioput-

tnonary  exercisc  test. and  cineangiography.  for suspected  CAD.

Results/ Analysis of  the cineangiography  showed  that 1O subiects

{out of  the  35 sub.iects}  had significant  CAD.  Standard cxerc]se

electrecardiographic  criteria  identificd significant  CAD  with  sen-

sjtivity  of  90tYa, but with  specificity  and  predictive accuracy  of

onty  48%  and  60[}6. rcspeetively.  Adding specific  cardiopulmon-

ary  variables  Cventilatory anaerobic  threshold. O;pulse at peak ex-

ercise.  and  O:pulse trending phenomenon)  identified CAD  with  a

scnsitivity  of' 80%, and  spccificity  of  92%. The ovcratt  predictive
accuracy  ofthe  exercise  test, whcn  adding  those  cardiopulmonary

variab]cs  to the  standard  stress  ECG,  was  88.6%, compared  with

60g6 for the standard  ST-depression combincd  with  clinicat

(symptom) criteria.  Adding new  sample  of  subjects  (N=7) who

wcrc  tcsted and  evaluated  under  similar  testinu and  eva[uati"n

conditions  but ditl'erent senings,  location, and  experts,  support

our  original  findings concerning  the CPE'F's predictive uccuracy

of  thc proposed diagnostic equation.  Conclusions: Albeit the

small  samp[e,  it seems  that using  cardioputmonary  exercise  test-

ing can  significantly  improve the diagnostic accuracy  of  the com-

monly  used  excrcjse  stress  test.

Keyword$:  exercise  stress  testing, speeificit.v. setisitivity, cardio-

pulmonary exercise  testing
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                 lntroduction
   Exercise testing  has been established  as  a  diagnostic
and  managcment  tool in cardiac disorders. especially  in

coronary  artery  disease (7, 9). The major  emphasis  placed
on  interpretation of  the exercise  electrocardiogram  (ECG)
has, however, tended  to de-emphasize the valuc  and  signifi-

cancc  ofother  obtainable  cxercise  variablcs  such  as cardio-

vascular.  metabolic,  ventilatory,  and  gas-exchange indiccs

(2/J. 2X. 33).

    The  clinical  exercise  test, also  called  an  cxcrcise

stress  test, helps physicians to evaluate  how  well  an  indi-
vidualis  hcart behaves during physjcal exertion. During the

test, heart rate, blood pressure, electrocardiogram  (ECG)
and  patient's symptoms  arc  recorded  while  the patient exer-

cises  (usualiy on  a treadmill or cycle  ergometer).

    Excrcise stressing  of  coronary  perfusion. Icft and

right ventricular  perfbrmance, systemic  and  pulmonary  ar-

tcrial pressures, electrica}  abnormal{ties  of  the hcart, and
metabolic  or gas exchange  deficiencics, provide inforrna-
tion  critical  for making  diagnostic andror  therapeutic deci-
sions.  Exercise stress  tcst results  can  recognize  if there  is

inadequate brood supply  through  thc coronary  arteries. A
diagnosis of  coronary  heart disease is made  by  using  re-

sults  ofthe  exercise  test, along  with  other  clinical  infomna-
tion. such  as  familial and  personal history of  ischcmic

heart disease (IHD). symptoms,  and  risk factors. With  the

clinical  application  of  the conventional  exercise  stress

tests, the dcgrccs of  sensitivity  and  specificity,  bascd upon
eiectrocardiographic  analysis, have been shown  to be less
than  optimal,  with  a  relatively  high percent of  false posi-
tive and  falsc ncgative  test results  with  coronary  angiogra-

phy serving  as  the criterion  method  (8, 13, ]8, 22).

    Although coronary  angiography  is still considered  the

criterion method  (`'gold standard")  of  diagnosing CAD  (5,
31), the procedure is invasive and  involves retated  risks.

The  above  thcrefbre, highlighted the need  for accurate  non-

invasivc diagnostic method  of  significant CAD.

    Thc  assessment  of  eardiopulmonary  function during
exercise  has become  an  increasingly accepted  concept  in
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cardiopulmonary  evaluation  in the past 1O years (3, 11, 17,
24, 25, 27, 29). The recent  clinical  availability  of  the
brcath-by-breath systems  to study  metabolie,  cardiovascu-

lar, respiratory,  and  gas-exehange responses  during exer-

eise,  now  enables  the cardiologist  to evaluate  the

functional status  ofboth  pulmonary  and  cardiovascular  sys-

tems  and  te assess  various  additional  aspects  of  cardiac

function during exercise  (19, 25, 27, 30, 31).

    The  cardiopulmonary  exereise  test (CPET) may  there-

fore provide a  more  sensitive  diagnostic tool in detecting
cardiovascular  as  well  as  pulmonary disorders, than  the tra-

ditional stress test that provides inforrnation only  on  the

blood pressure, symptoms  and  ECG  changes,

    The  aim  of  the present study  was  to investigate the

contribution  ofcardiopulmonary  responses  obtained  during

incremental exercise  challenge  to the identification of  sig-

nificant  coronary  artery  disease (CAD). This was  at-

tempted by comparing  the diagnostic accuracy  of  selected

cardiopulmonary-related  responses  with  those of  standard

ECG  stress  test criteria,  in identifying significant  CAD

among  apparcntly  healthy and  coronary  risk  carrier  sub-

jects.

INBAR  et  al.

                   Methods
Subjects

    The original  sample  consisted  of  130 seemingly

healthy subjects  betw ¢ en  the age  of  35 to 70 years, some
with  several cardiac  risk factors (hypercholestrolemia,
overweight,  smoking,  family history) andror  complaints  of

chcst  pain, that were  referred  by their physician to perforrn
an  exercise  stress  test. Of  this sample,  and  based on  their

symptoms,  clinical signs, and  exercise  ECG  findings, ap-

proximately sixty  subjects  wcrc  referred  for further cardiae

evaluation,  including coronary  angiography,  by the attend-

ing cardiologist.

    Only subjects  who  completed  the coronary  angiogra-

phy without  intervening treatment (percutaneous translumi-

nal  coronary  angioplasty  - PTCA)  were  referred  by their

attending  cardiologist  to perforrn a  cardiopulmonary  exer-

cise test (CPET). At  the end  of  the subjects' selection  proc-
ess thirty-five subjects  completed  all three tests [stress
ECG  (scrcening), coronary  angiography,  and  the  CPET],

and  forrned the final study  sample.

    Subjects were  fully inforrned ofthe  procedures, risks,

and  discomforts involved in perfbrrning thc  CPET  and

gave their signed  informed consent  fbr participation. The

investigation conformed  to the  principles outlined  in the

Declaration of  Helsinki (Cardiovascular Research 1997;
35:2-3), and  the institution's Helsinki committee  fbr hu-
man  experimentation  approved  the study.

Exereise stress test

    A  12-lead ECG  and  heart rate  (HR) were  monitored

on  a  thrce-channel  recorder  (Cardiofax, Japan) prior to and

throughout  the test with  recordings  at the end  of  each  min-

ute  of  exercise  and  during a  five-minute recovery  period.
All exercise  strcss  tests were  perfbrmed on  a  treadmill

(Quinton, 65, WA,  USA)  using  modified  Balke protocol

(4). Blood pressure was  measured  by means  of  ausculta-

tion, using  mercury  sphygmomanometer,  at  rest  and  every

2-min  during exercise  and  during the recovery  period. A
test was  terminated upon  relevant  clinical syrnptoms  or

signs  (outlined by  the AHA),  or  when  reaching  at  least

95%  of  the individually assigned  age-related  maximal  HR

(220-age). Exercise tests were  evaluated  using  standard

clectrocardiographic  criteria  (see bellow).

    Two  cardiorogists, experts  in exercise  stress  testing,

made  independent eleetrocardiographic,  and  symptomatic

interpretations of  the stress test and  referred  the subjects

fbr further evaluation  when  indicated.

    An  ischemic ST deviation was  defined as ST depres-
sion,  measured  O.08 seconds  from the J point, ofO.5  mV  or

more  ofa  horizontal or down-sloping shape  or  at least 1.0
mv  of  an  upsioping  shape,  fbllowed by horizontal andfor

down  sloping  pattern during recovery  (25).

CaFdiopulmonaty exercise  test (CPE7)
    The  CPET  was  also  canied  out  on  a treadmill (Quin-
ton 65, USA),  using  the same  exercise  protocol (modified
Balke protocol), in which  the  speed  (4-6 km!h) remains

constant  while  the slope  is elevated  by 2%  each  minute  un-

til volitional  exhaustion  or until the appearance  of  effbrt

limiting clinical signs  (see below). A  12-lead ECG  was

monitored  on  a  three-channel  recordcr  prior to and  through-

out  the test with  recordings  at  the end  of  each  minute  of  ex-

ercise  and  during the  recovery  period (identical equipment

and  procedures as  during the  screening  stress ECG  test).

Blood  pressure was  also  measured  as  above.

    Expired 02  and  C02 gases and  the  rate  of  airflow

were  measured  breath-by-breath at  rest  and  throughout the

exercise  period using  the SensorMedics  (VMAx 29, Ana-
heim, CA)  automated  metabolic  and  respiratory  diagnostic
system.  Thc  system  was  calibrated  befbre each  test using

standard  reference  gases with  known concentrations.  The
rneasured  or  calculated  cardiopulmonary  variables  in-
cluded:  Oxygen uptake  (V02), carbon  dioxide output

(VC02), heart-rate (HR), blood pressure (BP), peak  and

the trending  phenomenon  of  oxygen  pulse (02pulse), venti-

latory anaerobic  thrcshold (VdLT), minute  ventilation  (VE),
tidal volume  (Vt), breathing frequency (BD, ventilatory
                       .

equivalent  for oxygen  (VEfV02), and  carbon  dioxide

(VEfVC02), physiological dead space  (VdfVt), end-tidal

P02  (PETo2), and  end-tidal  PC02  (PETco2),
    Each  of  the  CPETs  was  continued  to rnaximal  voli-

tional effbrt  [verified by age-predicted  maximal  HR, RQ  )

1.l5, andfor  fa11ing PETce2 (by 3-4 mmHg)],  unless  there

were  overt  limiting symptoms,  such  as  abnormalities  of

rhythm,  blood pressure abnorrnalities,  or marked  ST dis-
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Cardiopulmonar)' Exercise Tcsting and  CAD

placement (>3mm).
    The  XipLT was  determined visually  by  two  experienced                       - -
reviewers  and  expressed  as  V02  (ml/min) or as V02fkg  us-

ing previously established  criteria  (6). 1) The onset  of  a

non-linear  rise in VC02  when  plotted against  V02 on  equal

axes;  2) The  onset  of  a  systematic  increase in the vcntila-

tory equivalent  for 02 (VEIVOi) without  a  systematic  in-
erease  in the  ventilatory  equivalent  for C02  (VE/VCO!).
    O!pulse trending phcnomena  (response dynamics)
were  classificd  (visually) into thrce  types: up  sloping  (nor-
mal  response),  flat, or  down  sloping  (15, 27), Each re-

sponse  pattern was  assigned  eategorical  value  of  1, 2, or  3,

respectively.

Cineangiograplu,

    Left ventricellography  and  selective coronary  artenog-

raphy  were  pcrformed. Single-plane ]eft ventriculography

was  accomplished  in the 300 right anterior  obtique  posi-
tions. All angiographic  images were  recorded  on  35-mm

film at 1O framesfsec and  reviewed  on  a  Tagarno projector.
Tiwo experienced  cardiologists  independcntly assessed

each  angiogram  by coding  the degree and  ]ocation of  coro-

nary  artery  lesions. Ibtal coronary  occlusion  was  defined

(1O), as  thc absence  of  fbrward flow ofcontrast  material  in
the involved artery.  Lesions of  less than 70%  were  consid-

ered  non  significant. Each subject was  classified  as  having
nonc,  onc,  two, or  three-vessel  coronary  artery disease. Ob-
structions  of  diagonal and  marginal  branches were  consid-

ercd  lcsions of  the left anterior  descending and  circumflex

coronary  arteries,  respcctively.  Collateral circulation  was

judged as  well  developed when  the diameter of  the retro-

grade receiving  vessel measured  morc  than 1 mm  and  the

vcsscl  of  origin  showing  nonobstructivc  lesions. All angio-

graphic studies  were  carried out  at the Sheba Medical Cen-
ter in Tel-HashoTner, or  at the  Heart Inst{tute of  the Ramat

Marpc  Hospital in Rarnat-Gan.

    All subjects  were  free of  medications  other  than  anti-

platelet aggregates  (Aspirin) and  were  instructed to refrain

from mcdications  prior (24 hours) to the perforrnance of

each  of  thc exercise  studies.  The  period elapsed  between
the performancc of  the first (stress ECG)  and  the last test

(CPET), was  typically 5-6 wceks.

CAD;  this was  the proportion of  combined  true-positive

and  tnie-negative  test results  based on  each  tegt's criteria.

Data analysis

    Electrocardiographic and  CPET  variables  were  corn-

pared in terms  of  test scnsitivity,  specificity, and  overall

test accuracy.  To  test the hypothesis that electrocardio-

graphic or  CPET  critcria  and  those  of  the cincangiography,

arc independent, Chi-Square analysis  was  carried out,

    Multivariate  linear discriminant function analysis  was

used  to identify those  variables  that could  best identify
CAD.  In our  study,  groups were  forrncd by the classifica-

tion of  having (or not)  coronary  artery  disease (dependent
variable). The discriminating (independent) variables  con-

sisted  of  ECG  (ischcmic or  none-ischemic)  and  CPET  scor-

ing (O] pulsc slope) (transferred to dummy variables)

andror  actual  (numerical) values  at  sub-maximal  and  maxi-

mal  exercise. The independent variables  were  selected  in a
stepwise  manner  for entry  into the analysis  on  the basis of

their discriminating power, and  the weighted  eoeencients

wcre  caiculated  with  cstablished  statistical  mcthods.  To
compare  group mean  values  (normal vs.  CAD)  the Student

t test fbr unpaired  samples  was  used.  The  SPSS  11,O statis-

tical packagc was  used  for all statistical  proccdures.

Results

Distribution of'digease andsubgrot{p  characteristics

    The  group comprised  of33  men  and  2 women  whosc

mean  agc  was  53.5 years (rangc 35 to 70). The outcome  of

the cardiac  angiography  establishcd  that nine  patients

(26%) had a  narrowing  of  50 to 70 percent in a singlc  ves-

scl,  five subjects  (20%) had a  narrowing  greater than  70

percent in a  single  vessel,  and  five (20%) subjects  showed

signjficant  narrowing  in two  vessels,  other  than  proximal
left artcrial  descending (LAD) (Table 1), In our  sample.

none  showed  three vessels disease or significant narrowing

ofthe  Left Main  artery.  Based  on  this study's  angiographic

criteria  (lesion>70(>6 in at lcast one  vessel), 10 subjects

proved having significant CAD  whilc  25 showed  no  signifi-

cant  narrowing  in their coronary  arteries.

    Based on  thc angiographic  results  the sample  was  di-

Dofnitions qf'testpeiJtl)rmance

    The  sensitivity  ofa  criterion for recognition  of  signifi-

cant  CAD  was  defined as  the percentage of  patients with

significant  CAD,  as  demonstrated by cineangiography,

who  had a positive test result  (during the exercise  stress

tcst or  CPET). The specificity  ofa  criterion  was  defined as

the percentage of  patients without  significant  CAD,  as

demonstrated by cineangiography,  who  had a negative  test

result  during thc exercise  stress test oT CPET. Overall test
accuracy  was  defined as  the percentage of  patients cor-

rectly  diagnoscd cither  having or  not  having significant

Table 1 Sub}ect's distribution by  $everity and  Iocation  ofcoronary  ar-

      tery lesions (cineangiograpgy)'

Obstruetion

  >70%
#ofcases

  (%)
Location of
obstruction

 (>70%)

# of  cases

  (fra)

1 vessel2

 vessels3

 vessels

5(14.3)5

 (14.3)none

ProximatMedialDistal3(  8.6%)

5 (14,3%)
2(  5･Z)"

k Remaining subjects  (N=2s) showed  obstruction<70%

 in their coronary  arteries,
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vided  into those subjects  with  significant  CAD  and  those

without  such  abnormality.  The  physieal and  some  resting

pulmonary characteristics  of  the 10 subjects  with,  and  the

25 subjects  without  significant  CAD  are  presented in Table

2. Patients with  CAD  were  older, but were  similar  to those

without  any  meaningfu1  coronary  narrowing,  in all other
characteristics.

INBAR  et aL

Stanclant electrocarefiographie  criteria

    Subjeet's distribution by typc, magnitude,  and  dura-
tion of  ST segment  changes  during exercise  and  recovery

is presented in table 3. Fourteen subjects  (40%) showed  no

ECG  changcs  during exercise  andlor  recovery.  Fifteen sub-

jects (43%) demonstrated ST  segment  depression between

1 and  2 mm,  while  3 (9%) displayed ST depression greater
than 2 mm.  Horizontal, upsloping  or  downsloping ST  seg-

ment  changes  were  evident  in eleven  (31%), eight  (23%),
and  two  (6%) subjects.  respectively.  ST segment  changes

during recovery  were  fbund in 15 (43.59iS) of  the subjects'

sample.

    The abi]ity  of  the electrocardiographic  findings to cor-

rectly  distinguish paticnts with  significant CAD  from a
similarly  symptomatic  group with  no  CAD  (using discrimi-
nant  analysis)  is shown  in Table 4. Standard assessment  of

the exercisc  clcctrocardiograms  (type, depth, and  duration

Tlable2 Physical and  pu]monary characteristics  -Comparison be-

      tween the CAD  and  the normal  groups

Nhriable Norrnal CAD p value*

60,4± 11.2

77.7± 105

 168± 5.1

 85± 7.383

± 10.969

± 13.5

of  ST  depression) revealed  that out  of  the 35 subjects, 22
(639r6) showed  positive test, while  13 subjects  (37%) had
negatlve  test.

    Out of  the 22 positive exercise  stress tests (stress
ECG)  enly  nine  subjects  (41%) were  elassified  as  CAD  pa-
tients by the angiogTaphy  (true positive - TP). Thus, 13 of
the 22 subjects  (59%) demonstrated false positive tests

(FP). Out ofthe  13 subjects  with  negative  stress  ergometry,

12 (92%) indeed demonstrated negative  angiography  (true
negative  - TN), whilc  only  onc  (8%) showed  significant

narrowing  on  angiography  (false negative  
-
 FN).

    Based  on  the above  findings it was  implied that stan-
dard electrocardiographic  criteria  of  CAD  has a  sensitivity

[TPf(TP+FN)] of  90%,  specificity  [(TNI(TN+FP)] of

48%,  and  an  overall predictive accuracy  of  60%  (21 cor-

rect  identification out  of  the  35 cascs).

Age (yr)Weight
 (kg)

Height (cm)
FVC  (%pred.)
FEV,(9{]pred.)

PEF2s..･..,.,..k(%pred,)

50.8± 9.5

82.3± 17.9

 l72± 6.3

 91± 8.287

± 10.275

± IL2

O.OlO.46O.07O.08O.09o.le

*
 
-
 Bold  numbers  denote significant  diflbrenee between

 groups(p<O.05)
FVC==Force  vital  capacity;  FEVI=Force  expiratory  vot-

ume  in one  second;  %pred.=Percent of  predicted value

[bascd en  Quarijcr ct al. 1993 (23)].

.4ckiing caniiopulmona";v  variables

    VZilues at  maximal  effbrt  of  the  10 subjeets  with  and

the 25 subjects  without  CAD  are  presented in table 5. Ex-
cluding  MAT  and  02pulse slope  (both notjust  at  maximal

effbrt), it appears  that no  single cardiopulmonary  responsc

at maximal  effbrt  could  successfu11y  divide the subject

sample  into its two  sub  groups.

    The numerical  values  of  the various  cardiopulmonary

parameters were  entered  into the  discriminant analysis,  Ad-

ditionally, the 02pulse slope  duTing the exercise  test was

characterized  as  down  sloping,  flat, or  up  sloping  (as a

function of  exercise  intensity) and  was  entered  into the  dis-
criminant  analysis  (as 3, 2 or  1, respectively).

    Thc  fo11owing is the diagnostic equation  modelled  by
the discriminant analysis,  quantifying the relationship  be-
tween  the  angiographic  test results  and  the  varjous  CPET
variables:

CL4P,..d= [-O.540 (only tfST depression2 2mm)]
      

-(1.046"P:dD+(1.i62*Peak02putse)

      
-
 [O, 75 7 (only ij'Oipulse slqpe  is efdown slqping)]

    If the  outcome  of  solving  the equation  is<O, the
chances  are  that the patient has significant  coronary  occlu-

sion, If the outcome  is>O, the chances  are  that there is no

Tablc3Subject's  distribution by type, magnitude,  and  duration of  ST segment  dcprcssion during exer-

cise and  rccovery

fype of  depression

#cases(U,}

Magnitude of  ST

depression (mm)
       ij cases  (%}

Duration  of  ST  depression
 during recovery  (min)
            # cases  C%)

NoneUpsloping

Horizontal

Downsleping

14 (40%)
 8(23%)

11 (31%)2(
 6%)

O-11-2>2 3 (8,5%)
15 (43%)3

 (8.S%)

O-1l-5>s 6(17%)

10 (29%)5(14%)
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Table4  Cross-classificatien of  CAD  diagnosed

      clctrocardiography

 Cardiopulmonary Exercise  Testing  and  CAD

by angiography  or  1lable 6 Cross-classifieation of

                         CPET

CAD  diagnosed by angiography  or

ECG CPET

NormalCAD NormalCAD

An

 12  1352%

 990%

TableS Valucs at peak exercise\-  companson  between normal  and

      CAD  patients

Variable
Normal

V02  (m],'kg/min)
HR  (beat/min)
02pulse,(mVkg,'min*leO)

SBP  {mmHg)
DBP  (mmHg)
RERVi,{literi'min)

Vt (liter)Bf(breaths!min)

PEToi (mmHg)
PL,iu.m (mmHg)
'V-LT

 (ml/kgi'min)
\02pulse,L.p,{category)

CADp  value*

22,7± 6.2

 149± 19

 15,5± 3.4

 183± 25

 90± 101.15

±O,OS

62.9± 16.8

l.94± O.16

  32 ± 6115.2

± 4.9

37.6± 3.6

 15.6t,4.0

 2.7± O,5

22.6 ± 5,2

 141± 2516.3

± 4.2

 183± 13

 88± lt1,17

± O.09

6Ll ± 16,2

1,89± O.18

  31 ±7116.4

± 7.1

34.5 ± 4.9

12.5± 3.2

 2,O±, O.4

O,70O.20O.60O.90O.45028O.61O.38O.80O.]3O.30O.03O.04

'-
 Bold  numbers  dcnote significant  diflt]rence b¢ twecn  groups

 (p<o.es).
a. VO:.=Oxygen  uptake;  HR=Hcart  rate;  O]p.i,,=Oxygen

pulse; SBP=asuSystolic  blood pressure: DBP=Diastolic blood

pressure; RER=Respiratory exchange  ratjo; VE=Minute  venti-

]ation; Vt=Tidal volume:  Bf=  Breathing frequency; PETo2=End

tida] Oi; PF.T(･oi=End tidal C02; VAT=Ventilatory anaerobic

threshold: Oipulse,i.p.==Slope of  oxygen  pulse as  a  function of

exercjse  intensity (in categories  1, 2, 3) (sce description in

methods).i  - Variables dctcrmined at sub-maximal  exercise.

coronary  occlusion  [VVi'lkk Lambdo=O,442; F,4. 3o)=9.45,

p<o.oo17.
    The ability  of  the CPET  variables  to identify signifi-

cant  CAD,  using  the abovc  diagnostic equation,  is shown
in Table 6. It was  revealed  that out  of  the  25 subjects  with

negative  angiographic  findings, 23 (92%) also  showed

negative  CPET  (true negativc-TN),  while  out  of  the 1O sub-

jects c]assified  as  having CAD  by the angiography,  eight

subjects  (80%) were  also  classified  as having positive
CPET  (true positivc-TP). Likewise, out of  the 25 subjects
showing  negative  CPET,  only  two  (8%) proved having sig-

nificant  CAD  (false negative-FN).  Of  the 10 subjects  cor-

roborating  positive CPET, two  (20%) were  found free of

any  significant  coronary  narrowing  (false positive-FP).
Based  on  the above  it was  indicated that cardiopulmonary

variables  bear sensitivity  of  80%, specificity  of  92%, and

an  overall test accuracy  and  predict{ve power  of  88.69,S, in
identifying significant CAD  (31 correct  identifications out

of  the 35 cases).

    Subsequent to the completion  of  the data analysis  of

the original sample  and  in attempt  to consider  whether  the

model  dcrived from the analysis  of  the original  data set  is

transportable  to similar  subjects  in other  locations, an  inde-

pendent sample  of  seven  subjects  was  studied  (2). The  sam-

ple consisted  of  consecutive  subjeets  who  underwent

referral, selection, and  testing procedures identical to thosc

of  the original  sample.  All testing and  interpretations were

done at  the Links Clinic in Edmonton,  Canada, by expert
cardiologists  and  physiologists, independentLy. Table 7 pre-

sents the relevant  angiographic  and  physiologic findings of
the added  sample.  Of the seven  subjects,  threc were  fbund

(by the coronary  angiography)  to suffer from significant

CAD,  while  the other  four proved  free ofsuch  pathology.
    As  shown  in table 8, "solving"

 for the proposed diag-
nostic  equation,  six  out  of  the seven  subjects  (86%) were
correctly  identified. It should  be noted  that in this new  sam-

ple, like in the original  one,  the ECG  sensitivity  was  ex-

tremely  high (100%), whilc  its specificity was  very  low

(500/o) (See table 7), Furthermore, the ECG  corrcctly  identi-
fied five out  of  the  seven  subjects  (719,6) compared  with

the 86%  over  all accuracy  of  the CPET.

                   Discussion

    Our  data demonstrated an  improved  diagnostic ability

for CAD  by the addition  of  cardiopulmonary  variablcs

measured  during an  incremental exercise  task. The high
sensitivity (80%), specificity (92%), and  overall  accuracy

(88.6YG) of  the CPET  are in obvious  advantage  compared

with  the respective  performance criteria  of  the standard  ex-

crcise  electrocardiography,  fbr the detection of  CAD  (sce
table 4). The observed  high diagnostic power  of  the CPET

is comparable  only  to invasive tests such  as  cineangiogra-

phy (26) or  to standard  stress  testing done  on  populations
with  very  high risk  for CAD  (l6).
    These findings support  the  notion  and  data put for-
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ward  by Weber  and  Janiki (30), Wassermann et al (28), and

others  (1, 21), concerning  the ability  of  specific  cardiopul-

monary  responses  during an incremental exercise, singly

orjointlM  to accurately  assess  the presence or  absence  of

heart diseases in general and  CAD  in particular.

Stanclarcl electrocaFdiograph  criteria

    The well-documented  limitations of  the standard  exer-

cise electrocardiograph  are  highlighted by  our  findings.

Horizontal or  downsloping  ST-segment  depression identi-
fied significant CAD  with  high sensitivity  (90%), very  low
specificity  (48%), and  with  an  overall  tcst accuracy  of  only

60%. It should  be pointed out  that the relatively high sensi-
tivity stems  mostly  from  the  large number  of  false positive
tests (13 out  of  25=52%)  rathcr than from true test sensi-
tlVltY.

    Therefore, and  in close agreement  with  abundant  pre-
vious  reports (13, 18, 24), this standard  electrocardio-

graphic criterion  is of  limited accuracy  in populations
similar  to the one  in the present study.

Rationalefor acttfing  cardiovascular  responses  during exer-
cise

    The  onset  ofthe  development  of  laetic acidosis  during
exercise  depends on  the work  rate  at which  the muscle  cap-

illary eritical  P02  is reached.  The  increase in lactate is es-

sential  to continue  exercise  beyond the anaerobic  threshold

(M) because the H'  that aecompanies  the lactate increase

facilitates oxyhemoglobin  dissociation without  deereasing
capillary P02. The difference between  a  normal  subject

and  a  patient with  heart disease is that critical P02 is
reached  at  a  lower than  normal  V02, Thus heart disease afl
fects the VO! and  the VCO?  kinetics, reflection  of  a  rc-

duced M  (27, 30).

    The relationship  between  heart rate  and  oxygen  up-

take  (02pulse) yields infbrmation on  the cardiac  stroke  vol-

ume  and  oxygen  content  difference between arterial  and

mixed  venous  blood. As  the work  rate  is increased, the

02pulse continuously  rises  in a  fashion similar  to that of

the stroke  volume  (12, 27). The  rise in the 02pulse is due,
to  both the  increases in stroke  velume  and  in the  arterial-

mixcd  vcnous  02 difference. IC however, the stroke vol-

ume  is reduced,  the arterial-mixed  venous  oxygen  cliffer-
ence  and,  therefore, the 02pulse, reach  maximal  values  at a

relatively low work  rate, and  the 02 pulsc approaches  an

early  asymptote  and  in severe  cases  even  a  down-sloping

pattern (12, 14, 15, 27). Thus, the 02pulse during and  at

maximal  cxercisc  rcflccts the  sub-maximal  and  maximal

stroke  volume,  respectively.

    These observations  suggest  that such  specific  re-

sponses,  when  obtained  during exercise,  individually but

more  so when  combined,  should  refiect  more  severe  myo-

cardial  oxygen  supply-demand  imbalance than  standard

analysis  of  exercise  ST depression.

    The  advantage  of  adding  specific  cardiopulmonary  re-

sponses  (mainly, V4LT, peak and  slope  of02pulse),  in terrns
of  test accuraey,  was  fbund in the present investigation, in
a  sample  with  CAD  prevalence range  of  25-30%, which  is
the prevalence range  most  commonly  fbund in populations
undcrgoing  evaluations  fbr suspectcd  CAD  (8, 18). Thus,

ineorporation ef  such  variables  into exercise  testing criteria

for recognition  of  significant CAD  should  improve true-
positive diagnoses without  markedly  increasing falsc-posi-
tive diagnoses in patients with  CAD.

    The employment  of  CPET, therefbre, can  make  exer-

cise testing a more  accurate  predictor ofpresence  of  CAD,
as  well  as  valuable  adjunct  in determining the therapeutic
effeetiveness  of  drugs and  procedures.

Limitations ofstudy design

    Findings favourable to the cardiopulmonary  response

analysis  emerge  despite intrinsic study  design bias against
the method.  Beeause our  study  was  semi-retrospective  and

none-randomized,  there  were  fewer than  optimal  observa-

tions. Nevertheless, and  even  with  these limitations, the im-

proved accuracy  of  the exercise  test is impressive.

    An  additional  limitation bearing on  general applicabil-
ity of  the CPET  method  involves patient selection  in our

study.  Although  consecutive  volunteers  who  met  entry  ¢ ri-

teria fomi the basis of  this report,  we  cannot  assume  that

the group studied  is representative,  becausc all included

subjects, by definition, underwent  coronary  angiography.

Catheterization in this group might  have been based on  po-
tentially predictive symptoms,  and  in some  cases  may  haye

been prompted by the electrocardiographic  findings at  exer-

cise  stress  testing. Although  in no  case  were  the  CPET

findings a pre-test consideration,  prospectivc validation  is
required  to exclude  possible bias introduced by otherwise

unrecognized  electrocardiographic  changes.  Assessment  of

the perfbrmance (prediction aceuracy)  of  the diagnostic

model  using  a  new  data set (tables 7 and  8) however,
strengthen  those of  the original  group and  extend  its valid-
ity and  applicability  to data collected  and  interpreted out-

side  of  the initial setting.  We  should,  nonetheless,

cmphasize  that more  studies  using  larger and  more  diverse

subject  samples  are needed  bcforc employment  of  this

prornising approach  is warranted.

    Angiographic findings were  used  in this study  as a de-
cisive  evidence  for presence or  absence  ofCAD,  There are

several  reports  pointing to the  limitations of  this method  in
identifying ischernie syndronie  (14, 15, 16). Furtherrnore,

while  ischemia is a  functional syndrome  and  is causcd  by
an unmatched  cardiac  02 demand, angiography  bears infor-

mation  associated  predominantly with  the anatomy  of  the

coronary  bed. This is why  it is not  uncommon  to see  indi-
viduals  suffering  significant  occlusion  in their major  coro-

naries,  but witheut  significant degree of  angina  (16). Since

CPET  variables  are  function-related, the small  but mean-
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Table 7

  Cardiopulmonary Exercise Testing and  CAD

Peninent angiographic,  cardjoputmonary,  and  ECG  data in ncw  sample

SubjectST

 segment

Depression

  (mm)

O! pulse slope

(response}

O!  pulse peak

(m]ibfkglmin)

V,LT

(mVkg/min)Angiography
1234s67 <2  mm<2mm).

 2mm)2mrn>2mm)2mm)2rnm

 up-sloping

down-sloping

down-sloping

 up-sloping

 up-sloping

 up-sloping

    flat

2715lg2323l419 27221926201423 <70  %<70%l

 vessel(100%)<70%<

 70 
[va2

 vesscls1

 vessel

 (9S%)

Table  8 Cross-classification of  CAD

      CPET  in the added  sample

      equation)

diagnosed by angiogTaphy  or

(using the propoged diagnostic

CPET

NormalCAD

Angiogram

          CAD%withinLLtrue'io%
100%

ingfu1 discrepancy between  thc CPET  and  angiography

`Lscoring"

 (89 Vs  100 %), could  be ascribed,  at  least in

part, to the known breach between those  two  entities  (func-
tion and  structure),  Finally, the relatively  small  size of  our

final cohort  limits the applicability  and  generality of  its

findings. Further effort  should,  therefore, be attempted  to

validate  the study's  diagnostic equation.

Implications

    The  ability  of  the selected  CPET  variablcs  to identify
the existcnce  of  significant  CAD  has several important irn-

plications. First, noninvasive  idcntification of  significant

CAD  in otherwise  apparently  healthy individuals may  be

possiblc with  a  high dcgrcc of  sensitivity  and  specificity.

Second, the CPET  may  provide the ability  to evaluate  pro-

grcssion of  CAD  in an  individual patient by fbllowing se-

rial CPETs. Third, patients may  be fbllowed up  after

coronary  artery  bypass surgery  or coronary  angioplasty  for

occult graft closure  or  rcclusion  by  comparing  immediate

post-procedure CPET  results  with  subsequent  tests (14, 32).

    Thc  number  of  possible uses  fbr the CPET  highlights

the importance of  further prospective validation  of  the

techniquc.

              Conclusions
Two  variables  measured  duringeardiopulmonary

stress  tesFanaerobic threshold, and  02pulse (peak and

trending)  - appear  to strengthen  significantly  (by 47%), the

diagnostic accuracy  of  the exercise  stress test in its tradi-

tional fbrrn (stress ECG+blood  pressure and  symptoms).

If indeed so,  the addition  of  such  variables  during the  exer-

cise  test will  improve the exercise  test's diagnostic power
and  consequently  reduce,  at least in some  patients, the

need  fbr more  costly  clinical  procedures such  as  scmi-inva-

sive radio  nuclear  scintigraphy,  echocardiography,  andlor

the invasive coronary  angiography.  The  relatively  small

number  of  subjects  tested, may  be pcrcciyed as  an  enor-

mous  weakness  in such  a  study.  However, the extremely

high reliability  coefficients  and  narrow  confidence  inter-

vals  in most  variables  and  the  similarity of  rcsponses  in the

addcd  sample  indicate that subject  number  was  not  a  major

issue. Yet, we  believe that further research  in this area  is

needed,  and  that prcsentation of  thesc  findings should  en-

courage  othcrs  to peruse this promising line ofresearch.

               Acknowledgements

    The authors  acknowledge  significant  contribution

from Mrs. Aviva  Zeev  and  Mrs. Michal  Amon  (statistical
analysis),  Dr. Bareket Falk (final cditing), and  from Mrs.

Hinda  Erenburg and  Mrs. Annat  shaar  (in testing  the  sub-

jects).

                   References

 1) Akira K, Haruld  I, Koichi T, ct al. Relationship ef  unaerobic
             .
   threshold and  V02/WR  in patient with  heart disease. Circulation.

   1988; 78 (Suppl.)/ 624-629.

 2) Altman  DG,  Royston  P. What  do wc  mean  by validating  pregnos-
   tic rnedel?  Stat. Med. 20eO; 19 (4)/ 453-73,

 3) Al-Rawas OA. Carter R, Richens D, Stevenson RD,  Naik  SK.

   TXveddeT A. Wheatley  DJ. Vlentilatory and  gas exchange  abner-

   malities  on  exercise  in chronic  heart fai]ure. Eur. Respir. J. 1995,

   8 (12): 2022-28.

 4) Balke B. Ware RW. Experimental study  of  physical fitness of  AiT

   Force personncl. US  Armed  Forces Med.  J. ]959z ]O/ 67S-688.

 5) Barlow JB. The  
'`false

 positive" exercise  electrocardiogram/

NII-Electronic  



Japan Society of Exercise and Sports Physiology

NII-Electronic Library Service

JapanSociety  of  Exercise  and  Sports  Physiology

      8
                                                        O, INBAR

       ivkilue oftime  course  patterns in assessment  ofdepressed  ST  scg-

       ments  and  invertcd T waves.  Am, Heart J. 1985; 11O/ 132g-1336.

    6) Beaver WL,  Wasscrman  K, Whipp  B. A  new  method  for detect-

       ing anaerobic  thrcshold  by gas exchangc.  j. Appl, Physiol. 1986;
       60: 2020-2027.

    7) Ellestad MH, Stress Tcsting, Principles and  Practice. Philadel-

       phia, F.A. Davis Company,  19g6.

    8) Flsher i, Kennedy JIM Chajtman BR,  et al. Diagnostic quantifica-

       tion of  CASS  CCoronary artery  surgery  study)  clinical and  excr-

       cise  test result  in dctennining presence and  extcnt  ot' coronary

       artery  disease, Circulation. 1981; 63/ 987-1000.

    9) Fontain NJ, Weiss JL. Excrcise stress  testing. Circulatien. 1977;
       36: 699-7l2.

    Ie) Harrison's Principls of  Internar Medicine, 14TH edition;  Fauci,

       Braunwald, Isselbacher, et al. (Eds,) McGraw-Hill  Companies,

       l998; pp. ]247-1253.

   11) Inbar O, Dlin R, Rotstein A., Whipp B. Physiological responses

      to incrcmcntal exercise  in patients with  ehronic  fatigue syn-

      drome. Mcd.  Sci. Sperts Exerc, 2001; 33 (9): 1463-147e.

   12) Inbar O, Oren A, Sheinowitz M, et al, Nermal cardiepulmonary

      responses  during incremcntal exercise  in 20- to 70-yr-old men.

      Mcd. Sci. Sports Exerc. 1994; 26/ 538-546.

   13) Janosi A, Vertes A. Excrcise testing and  left main  coronary  artery

      stenosis,  Chest. 1991; 100/ 227-229.

   14) Klainman  E, Fink G, Lebzelter J, ct al. Assessment  of  functional

      rcsults  after  percutaneous transluminal ceronary  ungioptasty  by

      cardiopulrnonary  exercise  test. Cardiology. 199g: 89/ 257-262.
   1S) Klainman  E, Fink G, Zafrir N, ct al. EfTect of  centrolled  exercisc

      training in ceronary  artery  disease paticnts with  and  without  Ieft
      ventricular  dysfunction assessed  by cardiopulmonary  indices.
      Cardie]ogy, 1997; 88/ 595-600.

   16) Klainman  E, Sheinowitz M.  Inbar O. Comparison ofcardiac  func-

      tion of  patjent with  symptomatic  and  patient with  silent  ischernia

      during an  exercise  test. Eur, Heart J. 1990; 11 (suppl): 376

   17) Meyer K, Wcstbrook S, Schwaibold M,  Hajrie R, Lehmann  M,

      Roskamm  H. Cardiopulmenary determinants of  functional capac-

      ity in patients with  chronic  heart failure compared  with  normals.

      Clin. Cardiol. 1996; 19 (12)/ 944-8.

   18) Monis  SN,  McHenry  PL.  Rolc of  exereise  testing  in healthy sub-

      jects and  patients with  coronary  heart disease. Am. J. Cardiol.
      1978; 42, 659-666.

   I9) Nery  LE, Oren A, Davis JA. Contrasting cardiovascu]ar  and  res-

      piratery responses  te excrcise  in Mjtral yalve  and  chronic  obstruc-

      tive pulmonary  disease. Chcst. 1983; 83/ 446-453,

   20) Ohnishi K, Kohno Y  Furukawa K, et al. The  relationship  bc-

      twccn  thc  anaerobic  thTeshold  and  exercisc-induced  myocardial

et  aL

    ischemia in patients with  ischernic heart disease. Kokyu. To.

    Junkan, 1993; 41/ 51-56.
21) Okin PM,  K]infield P, Amerson  O, et  al. Improved accuracy  ef

   the exercise-electrogram/  ldentification of  three-vesscl  coronary

   diseasc in stable  angina  pectoris by analysis  of  peak  rate-related

   changes  in ST segments.  Am,  J, CardioL 1985; 55/ 271-276,

22) Philbrick JT, Horowitz  RT, Feinstein AR. Methodological prob-
   lems ofcxereise  testing for ceronary  artery  disease/ groups analy-

   ses  and  bias. Am  J CardioL 
,
 1980; 46: 807-812,

23) Quarijer PH,  fammcling GJ, Cotes JE, Pederscn OF.  Peslin R,

   Yernau[t JC. Lung  voluTnes  and  forced yentilatory  flews. Oficial

   statcment  of  the  Europcan  Respiratery Soclety. Eur Respir J.,
    1993; 6, Suppl, 16, 5-40.
24) Raj fer SI, Nemanich  JW.  Shunnan  AJ, et al. Metabolie responses

   te exercise  in patients with  heart failure, Circulation. 76 (6 Pt 2)/
   Vl 46-53. 19g7.
25) Singh VN.  The  rele of  gas analysis  with  exercise  testing. Prim.

   Care. 2eOl; 28 (1)/ 159-79, yil-vM,
26) Steingan RM,  Scheuer J. Assessmcnt of  Myoeardia] Ischemia,
   The Heart. J, Willis Hurst, Sixth Edition, 1986.
27) Wasserman  K, Hansen JE, Suc DY; et al. Principles of  excrcise

   tcsting and  interpretation. U.S.A./ Lca  and  Febiger, 1999.

28) Wasserman  K, Whipp  BJ. Exercise physiology in hcalth and  dis-

   case  (state of  the art). Am, Rcv. Rcsp. Dis. 1975; 112/ 219  249,

29) Webcr  KT. What  can  we  learn from  cxcrcise  testing  beyond the

   detcction of  rnyocardial  ischemia? Ctin. Cardiol. 1997; 20 (8)/
   684-96.
30) Weber  KT,  Janikci JS. Cardiepulmonary exeTcise  testing for the
   evaluation  ef  ehronic  cardiac  failure. Am.  J. Cardiol. 1985; 55/

   22A-31A.
31) Weber KT. Janicki JS, McElroy  RA.  Determination of  aerobic  ca-

   pacity and  the  severity  of  chronic  cardiac  and  circulatory  failure.
   Circu]at{on, 76 (6 Pt 2): V140-5, 1987.
32) Wiener  DA,  Chaitman  B. Ro]e of  exercise  testing in relationship

   to coronary  artery  bypass surgery  and  precutaneeus transluminal

   coronary  angioplasty.  Cardiology. 1986; 73: 242-258.

33) Winter UJ, Gitt AK,  Blaum  M,  et al. Cardiopulmonary  capacity

   in patient with  coronary  heart disease. Z. Kardio], ]994; 83
   (Suppl. 3)/ 73-82.

34) Yokoyarna T, Tanabe K, Yamamoto  A, et.  al.  Re]ationship be-
   tween  ischemic ST deprcssion and  oxygen  uptake  kinetlcs during

   ramp  exercisc  test in patients with  effort  angina.  J. Cardiol. 1986;

   27: 241-246.

    (Rcccived 1l Nevember  2003, and  in rcvised  form  7 Ju]y 2004,

                                  accepted  28 October 2004)

NII-Electronic  


