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T h e three types of diagnostic tests used in 
clinical evaluation are for discovery of disease, 
conf i rmat ion of disease, or exclusion of dis-
ease.1 Maximal exercise testing as is current ly 
employed for detect ing coronary atherosclerotic 
hear t disease (ASHD) and evaluating patients 
receiving ei ther medical or surgical t r ea tment 
for coronary ar tery disease can be classified as a 
discovery test. Al though g raded exercise testing 
falls short of perfect ion in the process of d i f fe r -
entiat ing between normal subjects and ASHD 
patients, the test is clinically useful in the discov-
ery process both for asymptomatic patients and 
for those in whom the re is a suspicion of ASHD 
based on the clinical history, physical examina-
tion, or in terpre ta t ion of the rest ing electrocar-
diogram. 2 - 1 1 In addi t ion , quanti tat ive exercise 
testing is used with increasing f requency for the 
serial evaluation of patients be fo re and a f te r 
myocardial revascularization.12-1" In the past 11 
years a variety of technological improvements 
have resulted in increased sensitivity and speci-
ficity for exercise testing in patients with 
ASHD.1 7 - 2 4 

This paper describes an on-line, real-time 
minicomputer-based maximal stress testing sys-
tem. Technical solutions for improved signal 
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quality, signal analysis, a n d clinical 
r epor t ing are described. 

Multiple lead electrocardiography 

Multiple lead exercise electrocardi-
ograms increase the yield of positive 
tests when compared to single lead 
systems. 7 , 1 8 , 1 9 , 2 1 Nevertheless, most 
patients who have abnormali t ies in 
cardiac repolarizat ion d u r i n g exer-
cise have these changes in a lead simi-
lar to V5 .18 '19 By record ing the Frank 
lead Or thogonal e lec t rocardiogram 
and a bipolar precordial lead (CM5), 
the spatial and proximity chest lead 
S-T segment changes a re obta ined. 
We apply these concepts and record 
Frank leads X, Y, and Z and lead 
CM5 . 

Electrode specif ications and skin 
preparation 

By using small electrodes (Beck-
man Bioelectrode, Beckman Ins t ru-
ment Company) we have eliminated 
much of the D-C offset p rob lem asso-
ciated with changing distances f r o m 
the electrode to skin in te r face caused 
by a hanger - rocking motion associ-
ated with muscular mot ion d u r i n g 
exert ion. Carefu l skin abrasion with a 
25-gauge needle for r educ ing skin 
impedance is employed . A double 
adhesive collar is used for stable fixa-
tion of the electrode posit ion. 

Test protocol 
Maximal exercise testing r a the r 

than submaximal testing is utilized 
for improving the sensitivity of the 
test . 7 , 1 9 , 2 1 It has been demons t r a t ed 
that a maximal test resul t ing in a 
hear t ra te a t ta inment of at least 160 
beats per minute improves detection 
of ASHD. 2 1 In this r e g a r d , we have 
f o u n d the bicycle to be as good as the 
treadmill fo r maximal work load pro-
duct ion, and have f o u n d the bicycle 
to be super ior to the t readmil l in 
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te rms of pat ient acceptance, quanti-
tation of work load, cost, a n d space 
r equ i remen t s . More impor tant ly , the 
bicycle test yields addi t ional signal 
e n h a n c e m e n t for data acquisition, 
since there is less muscular motion 
art ifact on the e lec t rocardiogram. 

Following acquisition of rest ing 
data , work begins at 300 ki lopond 
meters (KPM) for 3 minutes . Work is 
inc remented every 3 minutes by a 300 
KPM increase in load until leg fa t igue 
supervenes or exercise induced indi-
cators of myocardial ischemia a re 
provoked. 7 

Signal averaging and computer sig-
nal preprocessing 

With the in t roduct ion of c o m p u t e r 
averaging for improvement of signal 
to noise ratios and signal enhance-
men t , we have employed the aver-
aged e lec t rocard iogram 1 7 , 2 1 , 2 3 , 2 4 and 
the averaged phonoca rd iog ram 7 as 
essentially noise-free records for 
analysis of both S-T segment abnor-
malities as well as fo r the detection of 
atrial and ventricular gallop sounds 
provoked dur ing muscular exercise. 

A laboratory min icompute r (Lab 
8E, Digital Equipment Corpora t ion , 
Maynard , Mass.) p e r f o r m s analog to 
digital conversion on the f o u r elec-
t rocardiographic leads and the phon-
ocardiogram at a sampling rate of 
one point every 5 msec. Analog trig-
ger ing us ing lead Z band passed f r o m 
10 to 30 H z is p e r f o r m e d with the 
level detector on the min icompute r 
f i r ing a Schmitt t r igger on the basis 
of the initial R wave slope. 

Figure 1 shows the laboratory 
panel , compute r te rminal , and the 
oscilloscope display used fo r data ac-
quisition and physician dialogue with 
the compute r system. A pr ime re-
qu i remen t for the acquisition of rest-
ing and exercise e lectrocardiograms 
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F i g . 1. T h e m i n i c o m p u t e r l a b o r a t o r y p a n e l , s t o r a g e o s c i l l o s c o p e , a n d t e r m i n a l a r e s h o w n . P o l a r o i d 
p h o t o g r a p h y is e m p l o y e d f o r h a r d - c o p y r e p o r t s . T h e t e r m i n a l se rves a s a p h y s i c i a n c o m p u t e r 
i n t e r f a c e d u r i n g t h e test a n d g e n e r a t e s t h e f i na l cl inical r e p o r t ( see t e x t a n d Figure 4 f o r e x p l a n a t i o n ) . 

for compu te r averaging is the edit ing 
of adequa te a r rhy thmia and noise ar-
tifact. T h e system must el iminate the 
flow of p r e m a t u r e complexes or ma-
jor noise artifacts. T h e algori thm we 
use for this p rog ram is presented in 
the Append ix . We have f o u n d this 
a lgor i thm, developed by Blomqvist, 
to be effect ive and simple in utilizing 
compu te r t ime which is at a p r e m i u m 
in a min icompute r system utilized on 
line. 

Fixed t ime f r a m e averaging ra the r 
than an average of a set n u m b e r of 
beats is utilized. T h e direct relation-
ship between heart ra te and the 
amoun t of noise on a given record is 
the rat ionale for t ime f r a m e averag-
ing. For example , at hear t rates less 
than 100 beats per minu te , the re is a 
good signal to noise rat io, thus fewer 
beats need to be preprocessed , and 
the set t ime f r a m e employed (25 sec-
onds) proves to be adequa t e with 30 
to 45 beats usually averaged at rest. 
Dur ing exercise at h igher hear t rates 

muscular noise increases, and with a 
25-second time f r a m e for averaging 
utilized, more beats are obta ined. 
T h e improved signal to noise ratio 
for signal e n h a n c e m e n t in "noisy" ex-
ercise e lect rocardiograms d e p e n d s 
on the acquisition of more beats.17"23 

Since a set t ime f r a m e is used , more 
beats will be acquired as the hear t 
rate increases. T h e signal to noise ra-
tio then appears to be clinically sta-
ble, and the signal e n h a n c e m e n t 
technique does not change with in-
creased work. In addi t ion , signal en-
hancemen t techniques employed 
with averaging allow one to acquire 
an essentially noise-free phonocard i -
ogram fo r detect ing gallop sounds as 
is demons t r a t ed in Figure 2. T h e 
elimination of 60 cycle noise is also 
at tained (Fig. 3). 

Data s torage and cl inical r epo r t i ng 

T h e min icompute r system employs 
a disc car t r idge s torage system and all 
data a re b u f f e r e d by the disc car-
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A N A L O G R E C O R D I N G 

AVERAGED RECORDING 
F i g . 2 . A n a l o g e l e c t r o c a r d i o g r a m a n d p h o n o -
c a r d i o g r a p h i c t r a c i n g s a r e i l l u s t r a t e d wi th si-
m u l t a n e o u s l y a v e r a g e d d ig i ta l r e c o r d i n g s . T h e 
a v e r a g e d p h o n o c a r d i o g r a m s h o w s t h e noise-
f r e e t r a c i n g qua l i t y a n d t h e p r e s e n c e of a n 
a t r i a l g a l l o p (S4). 

t r idge. Patient demograph ics , clinical 
in fo rmat ion , and the averaged data 
f rom each work load, the maximal 
work load (last 25 seconds), the im-
mediate postexercise tracing, and the 
3-minute postexercise t racing are 
stored on the disc system. All digi-
tized records a re pe rmanen t ly stored 
on magnet ic tape. 

T h e utility ol the min icompute r 
based system is best demons t ra t ed to 
the clinician by employing the com-
pu te r fo r clinical r epor t ing . In addi-
tion, research repor ts a re genera ted 
by the compute r a f t e r each exercise 
test lor storage in a large data bank 
(Cleveland Clinic Cardiovascular In-
format ion Registry). 

Figure 4 shows a clinical r epor t ob-
tained f rom the system which uses 
physician coding of the electrocardi-
ographic in terpre ta t ion , symptoms, 
a r rhy thmia analysis, and the input of 
certain informat ion not obtainable by 
the compu te r , such as the blood pres-
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AVERAGED RECORDING 

F i g . 3. This i l l u s t r a t i on d e m o n s t r a t e s t h e 
e l i m i n a t i o n of 60 cycle n o i s e by a v e r a g i n g t e ch -
n i q u e s . T h e no i se is r a n d o m in r e l a t i o n t o t h e 
Q R S a n d is t h u s " a v e r a g e d o u t . " 

sure levels. This in format ion is col-
lated, corre la ted, and pr in ted out in 
the clinical repor t sheet as shown in 
panel A. T h e reverse side of the clini-
cal r epor t ing sheet is used for mount-
ing the averaged e lect rocardiogram 
and phonocard iogram data as shown 
in panel B. 

Figure 5 demonst ra tes the appear -
ance of the S4 gallop a long with an-
gina pectoris without electrocardi-
ographic repolarization abnormali -
ties du r ing graded exercise lesting. 
This demonst ra tes the utility of the 
stress provoked S4 as an indicator for 
ASHD detection when this f ind ing is 
associated with angina . Figure 6 dem-
onstrates the usefulness of the com-
pu te r system, since the S-T abnor-
malities were present only du r ing 
stress and would have been missed by 
s t andard postexercise recordings . 
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CARDIAC FUNCTION LABORATORY EXERCISE TEST REPORT 
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F i g . 4. At t h e c o m p l e t i o n o f t h e test t h e r e -
p o r t g e n e r a t e d by t h e c o m p u t e r t e r m i n a l is 
s h o w n in p a n e l A . T h e h a r d c o p y a v e r a g e d 
E C G - P C G d a t a a r e s h o w n in p a n e l B, a n d 
m o u n t e d o n t h e r e v e r s e s ide o f t h e a u t o m a t e d 
r e p o r t . 

Summary 

T h e Cleveland Clinic Cardiac 
Function Laboratory uses a minicom-
puter assisted maximal exercise test-

ing system with bicycle e rgomete r 
stress protocol. In I he past 5 years 
more than 10,000 tests have been per-
f o r m e d with excellent clinical accept-
ance. A large digital s torage file has 
been developed for angiographic 
quanti tat ive correlat ions. 

A p p e n d i x . E lec t roca rd iograph ic 
t r igger ing scheme and a r r h y t h m i a 
ed i t ing 

T h e purpose of this a r rhy thmia 
edit ing p rogram is to discard (prior 
to any other compute r analysis) pre-
ma tu re ventricular and atrial beats as 
well as large ampl i tude artifacts oc-
cur r ing between normally conducted 
cardiac depolarizat ion wave-forms. 

T h e p rograms utilize the following 
two sets of criteria for el iminating 
these unwanted beats and artifacts 
f r o m the logical analysis of the single 
lead (lead Z) e lec t rocardiogram. Both 
of these two criteria may be manually 
disabled: (1) R-R interval variation 
equal to or greater than 20% ex-
cludes the beat. (2) QRS ampl i tudes 
of lead Z, beginning with ventr icular 
depolarizat ion and end ing at 200 
msec the rea f t e r will cross-correlate 
using a subtraction technique with 
plus or minus 5% correlat ion or bet-
ter . 

T h e R-R interval variation and 
QRS initial 200 msec vectors f r o m 
lead Z will be compared to a model 
which is obtained f r o m the first eight 
beats of the resting electrocardi-
ogram u n d e r physician manua l con-
trol. If the first eight beats are not of 
sinus mechanism and of reasonably 
consistent R-R intervals, manual in-
tervention by the physician is re-
quired for rebui lding the model of 
the R-R interval and QRS initial 200 
msec forces. T h e inpu t to the basic 
compute r will consist of analog sig-
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F i g . 5 . T h e cl inical i m p o r t a n c e o f e x e r c i s e i n d u c e d S 4 g a l l o p s o u n d s a s s o c i a t e d wi th a n g i n a p e c t o r i s , 
in t h e a b s e n c e of S - T s e g m e n t a b n o r m a l i t i e s , is i l l u s t r a t e d . T h e r a p i d d i s a p p e a r a n c e o f th i s f i n d i n g 
a f t e r s t r e s s i n d i c a t e s t h e n e e d f o r a n o n - l i n e c o m p u t e r a v e r a g e d r e c o r d o b t a i n e d d u r i n g e x e r c i s e . 

nals f r o m Frank lead Z. 
Lead Z is connected in parallel to 

Schmitt T r igge r input No. 1 and to 
analog digital channel No. 3. Prior to 
its inpu t into the Schmitt T r i g g e r in-
put , it is amplif ied with an RC time 
constant of 0.006 seconds (to obtain a 
derivative of lead Z) and fi l tered with 
a low pass u p to 30 cycles pe r second 
to avoid high f requency artifacts. 
Schmitt t r igger No. 1 is initiated by 
positive threshold crossing which is 
manually set. 

T h e analog signal p resen ted to the 
analog to digital conver ter fo r Frank 
lead Z is not fi l tered and ranges f r o m 
0.5 volts negative to 0.5 volts positive. 
T h e analog signal presented to the 
Schmitt T r igge r is fi l tered and ampli-
fied as discussed in the preced ing 
p a r a g r a p h . 

All real t ime intervals a re added to 
a double precision b u f f e r and di-
vided by 8 to de te rmine the average 
R-R interval for the eight beats pre-
ceding the a r rhy thmia edi t ing. If the 
cu r r en t beat dura t ion varies more 
than 20% f r o m the average dura t ion 
of the immediately p reced ing eight 
beats, it is re jected. T h e first eight 
beats at rest a re always accepted un-
der manual control . T h e rest ing rec-
ord is obtained using R-R interval ed-
iting only (no cross correlat ion of 200 
msec vectors). 

Dur ing exercise all beats a re tested 
for R-R interval variat ion, and if they 
do not exceed the 20% limits in R-R 
interval variation the beat is then 
tested for the initial 200 msec vectors. 
T h e beat is correlated with the aver-
aged values f r o m the 25-second rest-
ing tracing as follows: 

40 

£ (Us - U)V, 
¡=t 

A = 40 

£ (u, - u ) 2 

¡=i 

Ui = individual averaged values for 
points d u r i n g the previous sample in-
terval. 
Vi = Individual points fo r this cur-
rent wave f o r m . 

40 

X u i 

If 0.5 is less than the absolute value 
of A is less than 1.5, the set of points 
is accepted (0.5 < A ^ 1.5). Since our 
sampling rate is one point at every 5 
msec and there are 20 points on each 
side of the t r igger , a total of 200 msec 
is covered by the analog to digital 
conver ter "window." Note that lead Z 
is the basis for accepting or rejecting 
all analog channel inputs to the aver-
aging p r o g r a m to follow. 
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D U R I N G 9 0 0 K P M 

HEART RATE 181 

I M M E D I A T E L Y 
POST 9 0 0 K P M 
HEART RATE 160 

K A / - V i L 
3 M I N U T E S 

POST 9 0 0 K P M 

HEART RATE 137 

F i g . 6 . T h e r a p i d d i s a p p e a r a n c e o f m a r k e d S-
T s e g m e n t a b n o r m a l i t i e s a f t e r e x e r c i s e d e m -
o n s t r a t e s t h e n e e d f o r o n - l i n e c o m p u t e r a v e r -
a g e d r e c o r d s o b t a i n e d d u r i n g s t r e s s . 

This p rogram excludes p rema tu re 
ventricular beats, p r ema tu re atrial 
beats with aberrant conduct ion, and 
artifacts f r o m the logical flow of data 
for compute r averaging programs. 
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