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D e t e c t i o n  of Coronary Artery Disease  
Using M a x i m u m  Value  of ST/HR 

Hysteresis  Over Dif ferent  
N u m b e r  of Leads 

Jari Viik, LicTech, Rami Lehtinen, PhD, and Jaakko Malmivuo, PhD 

A b s t r a c t :  We have studied the effect of the number and ordering of exerdse 
electrocardiographic (ECG) leads when using the maximum value of the ST 
segment depression/heart rate (ST/HR) hysteresis over a different number of leads 
for the detection of coronary artery disease (CAD). The study population consisted 
of 127 patients with CAD and 220 patients with a low likelihood of the disease 
referred for an exerdse test at Tampere University Hospital, Finland. The lead 
system used was the Mason-Likar modification of the standard 12-lead system, 
and exerdse tests were performed on a bicycle ergometer. The number of leads 
was studied using lead sets consisting of first 2 leads, then 3 leads, and so on, up 
to all 12 leads. The criterion for the order of indusion of the next lead in the new 
lead set was based on the maximized area under the receiver operating charac- 
teristic (ROC) curve for the new lead set. The importance of the number of leads 
was evaluated by means of three different approaches: ROC analysis; using a fixed 
partition criterion of 0.01 mV; and using a fixed spedfidty value of 80%. 
According to the results, the most powerful diagnostic capadty of an individual 
lead was in lead V 5, and the most deficient diagnostic capacities were in leads aVL 
and V1. Using the m a x i m u m  search procedure, it was possible to improve the 
diagnostic capacity of the ST/HR hysteresis by anything from 4 up to a maximum 
of 8 leads. After that it started to decrease rapidly. In conclusion, this study 
suggests that the diagnostic capadty of the ST/HR hysteresis could be improved by 
increasing the number of leads. However, the selection of leads is of major 
importance when using the maximum value of the ST/HR hysteresis over the 
leads in the detection of CAD. Key words: exercise ECG, coronary artery 
disease, ST/HR analysis, ECG leads. 

The t r a d i t i o n a l  i n t e r p r e t a t i o n  of exerc i se  e lec t ro -  
c a r d i o g r a p h y  (ECG) for  d i agnos ing  c o r o n a r y  a r t e r y  
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disease  (CAD) is b a s e d  o n  the  ST s e g m e n t  dep re s -  
s ion  d u r i n g  a n  exe rc i se  test .  H o w e v e r ,  t he  d i agnos -  
tic a c c u r a c y  of a pos i t ive  c r i t e r ion  of 0 . 1 0 - m V  ST 
s e g m e n t  d e p r e s s i o n  is o n l y  a b o u t  7 0 %  in  t he  de-  
t ec t ion  of CAD i n  c l in ical  p o p u l a t i o n s  (1,2).  The  
d i agnos t i c  var iab les ,  w h i c h  r e l a t e  t he  m a g n i t u d e  of 
ST s e g m e n t  d e p r e s s i o n  to  h e a r t  ra te  (HR) d u r i n g  an  
exerc i se  test,  for  e x a m p l e ,  ST/HR s lope  (3) a n d  
ST/HR i n d e x  (4), h a v e  b e e n  s h o w n  to i m p r o v e  t h e  
d iagnos t i c  a c c u r a c y  c o m p a r e d  w i t h  ST s e g m e n t  
d e p r e s s i o n  (5,6).  C o n v e n t i o n a l  ST/HR var iab les  ut i -  
lize o n l y  t he  exerc i se  p h a s e  of t he  exerc i se  ECG test .  
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A new method,  ST/HR hysteresis, which integrates 
the ST/HR analysis of the exercise and recovery 
phases, has recently been  introduced, and the diag- 
nostic capabilities of ST/HR hysteresis have been 
shown to be more  competent  than those of the 
other  variables (7-11).  The ST/HR hysteresis repre- 
sents the average difference in ST segment depres- 
sion be tween the recovery and exercise phases. 

In the literature, the diagnostic performance of 
exercise ECG variables has been  evaluated using 
maximal  value obtained from the whole  lead sys- 
tem or some specific subset of leads. The obvious 
target of the m a x i m u m  search approach is to in- 
crease the sensitivity of the variable. It is apparent  
that  the n u m b e r  of t rue positive responses increases 
w h e n  a specific fixed cut point  is used universally 
with the increase in the number  of leads. However,  
at the same time generally the number  of false- 
positive responses tends also to increase, causing a 
decrement  in specificity. Therefore,  it is impor tant  
to know how many  leads and which leads should 
be included in the m a x i m u m  search procedure  
w h e n  using the ST/HR hysteresis. 

Materials and Methods 

Study Population 

The study populat ion consisted of 347 patients, 
127 patients with CAD and 220 references with a 
low likelihood of CAD, who  unde rwen t  a bicycle 
ergometer  stress test. All patients had been  referred 
for exercise testing at Tampere University Hospital, 
Tampere,  Finland. There were no  patients with 
left/right bundle  branch block or recent myocardial  
infarction (<8  weeks).  All the CAD patients had 
> 5 0 %  luminal  narrowing at least in one of the 
major  epicardial coronary  arteries according to the 
coronary  angiography. The reference group con- 
sisted of 13 patients wi thout  CAD according to 
angiography, 18 patients wi thout  myocardial  isch- 
emia according to t echne t ium-99m sestamibi sin- 
gle-photon emission computed  tomography,  and 
189 patients who  were  clinically normal  with re- 
spect to cardiac diseases. Group characteristics are 
shown in Table 1. Because of the different exclusion 
criteria used in the selection of the groups, the 
differences be tween  the groups were marked  in all 
characteristics. 

Exercise ECG Test 

The exercise test was performed on a bicycle 
ergometer  using a computer ized recording system 
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Table 1. Clinical Characteristics of Study Population 

CAD Reference 
(n = 127) (n = 220) 

Sex (male/female) 101/26 113/107 
Age (years) 55 _+ 8 48 _+ 12 
Maximal workload (W) 105 _+ 36 143 _+ 49 
Maximum heart rate (bpm) 125 _+ 21 162 _+ 19 
Anginal chest pain 60 3 
Medication 

Beta blockers 104 4 
Nitrate preparation 86 5 
Calcium antagonist 46 4 

Values for age, maximal workload, and max imum heart rate 
are mean _+ standard deviation. CAD, coronary artery disease; 
W, watt; bpm, beats per minute.  

(SYSTEM II EXES, Siemens-Elema, Solna, Swe- 
den). The graded protocol per formed with an initial 
workload of 40W for w o m e n  and 50W for m e n  and 
an increment  of 40W and 50W every 4 min for 
w o m e n  and men,  respectively. The exercise tests 
were sign- and symptom-l imited maximal  tests 
using r ecommended  criteria for termination.  The 
lead system used was the Mason-Likar modification 
of the standard 12-lead system (12). Computer-  
determined ST segment amplitudes measured  to 
the nearest  10/*V were obtained at a point  60 ms 
after the J-junction. The ST segment amplitude, HR, 
and workload data were  stored for fur ther  process- 
ing and analysis. All individual leads were used 
separately in the detection of ischemic responses. 
Lead aVR was used in inverted form. 

ST/HR Hysteresis 

The ST/HR hysteresis integrates the difference in 
ST segment depression be tween  the exercise and 
recovery phases over  the HR up to 3 min of the 
recovery phase. After the integration, the integral is 
divided by the HR difference (the m a x i m u m  HR of 
the exercise test - the m i n i m u m  HR of recovery) 
over the integration interval in order  to normalize 
the ST/HR hysteresis with respect to the recovery 
HR decrement .  The me thod  examines the relation- 
ship be tween  ST segment changes in the exercise 
and recovery phase at the same FIR, and, moreover ,  
it proport ions the exercise and recovery values to 
each other.  Thus, this variable represents the aver- 
age difference in ST segment depression be tween  
the recovery phase and the exercise phase, and 
therefore  the unit  for the ST/HR hysteresis is mV. 
Determinat ion of ST/HR hysteresis is illustrated 
in Fig. 1. 
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Fig. 1. ST/HR hysteresis [ 
method. ST segment depres- 
sion and heart rate values 0.05 
during exercise and recovery 
phases. See text for more 
detailed description of the 
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ST/HR hysteresis. A, area be- 
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rate during 3 min of recovery. 
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Formation of the Lead Sets 

The impor tance  of the n u m b e r  of leads in the 
lead set was studied with  lead sets having at first 2 
leads (denoted by A2), then  3 leads (A3), and  so on, 
up to all 12 leads (A12). The m a x i m u m  ST/HR 
hysteresis value, de te rmined  f rom each lead set 
( m a x i m u m  search procedure) ,  was used as the 
diagnostic classifier. The criterion for the inclusion 
of the nex t  lead in the new lead set (from A 2 to A12 ) 
was that  the area under  the receiver operat ing 
characteristic (ROC) curve of the n e w  lead set 
should be as large as possible. 

Data Analysis and Statistical Methods 

The overal l  diagnost ic  p e r f o r m a n c e  of the  indi- 
v idual  leads and  different  lead sets was  c o m p a r e d  
using ROC analysis.  Taking into accoun t  the  
clinical ut i l izat ion of the  ST/HR hysteresis ,  the  
specificity and  the  sensi t ivi ty were  def ined using 
a fixed 0 .01-mV par t i t ion  value,  wh ich  yielded 
the  same  specificity as the  0 .1 -mV cr i ter ion for 
the  ST s egme n t  depress ion  in ou r  p rev ious  s tudy  
(7). F u r t h e r m o r e ,  due  to the  quite bipar t i te  na-  
ture  of the  s tudy  popu la t ion ,  the  sensi t ivi ty  val- 
ues at the  fixed 80% specificity we re  also deter-  
m i n e d  for each  lead set. 

Results 

Individual Leads 

The ROC areas for each individual lead using the 
ST/HR hysteresis are presented in Fig. 2. The high- 
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Fig. 2. The areas under the receiver operating character- 
istic (ROC) curve for each individual lead of the 12-lead 
system using ST/HR hysteresis. 



est ROC area was in lead V 5 (90.0%) and  the lowest  
was in lead aVL (45.6%).  The value of less than  
50% in lead aVL indicated that  aVL should be used 
in inver ted fo rm in this s tudy popula t ion  (the ROC 
area for - a V L  would  be 54.6%).  No tewor thy  was 
that  the ROC areas were  very  uniform,  having 
more  than  80% in each lead, except  the leads aVL, 
V], and III. 

L e a d  S e t s  

Figure 3 presents  ROC areas for lead sets having 
1 to 12 leads (the highest  ROC area in lead sets A 1 
tO AI2 ). W h e n  more  leads were  included in the 
m a x i m u m  search procedure,  the ROC area started 
to increase. However ,  after 4 leads, no increase was 
achieved and  after 8 leads the ROC area started to 
decrease. The deter iorat ion of the ROC area was 
noticeable after 10 leads. The largest ROC area 
(90.7%) was in lead sets A 4, A 5, and A 6, and  the 
smallest ROC-area  was in A12 (79.8%, significantly 
smaller than  in o ther  lead sets). 

In addit ion to ROC areas, the order  of the inclu- 
sion of the leads is indicated in Fig. 3. Using the 
m a x i m u m  value de te rmined  f rom lead V5 and one 
other  lead, the highest i m p r o v e m e n t  in the ROC 
area was achieved using lead V3. Fur ther  improve-  
m e n t  was obtained by including leads V 6 and aVF in 
the lead set. A m arked  deter iorat ion of the ROC 
area fol lowed from the inclusion of leads V~ and 
aVL in the m a x i m u m  search procedure.  

100 

95 

90 

m 
P 
m 

t j  85 
o iz 

8O 

v5 

75 

Order  of inc lus ion of  leads J 
V 3 V 6 aVF II V 2 V 4 aVR III I V 1 aVL I 

1 2 3 4 5 6 7 8 9 10 11 12 

N u m b e r  o f  l e a d s  [ M  - AJ2 ]  

Fig. 3. The areas under receiver operating characteristic 
(ROC) curves for lead sets having 1 to 12 leads and the 
order of inclusion of leads in the corresponding lead sets. 
The diagnostic classifier was the maximum value of 
ST/HR hysteresis determined from the leads of each 
lead set. 
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Fig. 4. The sensitivity and specificity values using the 
fixed 0.01-mV partition criterion for the maximum val- 
ues of the ST/HR hysteresis defined from each lead sets. 
The number near to diamonds indicates the number of 
leads. 

Figure 4 presen ts  the  sensi t ivi ty  and  specificity 
values  ob ta ined  using the  fixed 0.01 mV par t i t ion  
cr i ter ion for the  m a x i m u m  values  of ST/HR hys-  
teresis def ined  f r o m  each  es tabl i shed lead set. 
The figure i l lustrates the  concre te  effect arising 
f rom the inclusion of the  leads in the  m a x i m u m  
search p r o c e d u r e  f rom the  v i e w p o i n t  of clinical 
ut i l izat ion:  Inc luding  the  leads in the  analysis  
increases  the  sensit ivity,  bu t  s i m u l t a n e o u s l y  the  
specificity of the  ST/HR hysteres is  decreases.  Up 
to 3 leads, the  increase  rate  in sensi t ivi ty  was  
m u c h  h igher  t h a n  the  decrease  rate  in specificity. 
After  the  inclusion of the  four th  lead, the  de- 
crease in specificity was  d o m i n a n t .  A decrease  in 
specificity was  not iceable  in the  case of lead sets 
Al l  and  Al2 w h e n  the  leads V] and  aVL were  
included.  

Figure 5 presents  the sensitivity values at the 
fixed 80% specificity and  the corresponding parti- 
t ion criteria for each lead set. The increase in 
sensitivity was very small, and  the changes in 
sensitivity were  insignificant up  to 8 leads. After the 
inclusion of the n in th  lead, the sensitivity started to 
diminish rapidly. However ,  the part i t ion criterion at 
80% specificity started to decrease already after the 
inclusion of the third lead. For lead set A ~ ,  the 
part i t ion criterion at 80% specificity was zero, and  
in lead set A~2, it was - 0 . 0 1 m V ,  indicating that  the 
ST segment  depression values on average  were  
smaller during the recovery  phase  than  in the 
exercise phase. 
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Fig. 5. The sensitivity values at the fixed 80% specificity 
and the corresponding partition criteria for each lead set. 

Discussion 

Individual Leads 

According to this study, lead V 5 gave the most 
powerful  overall diagnostic performance w h e n  us- 
ing the ST/HR hysteresis in discrimination of pa- 
tients with and wi thout  CAD. This is in accordance 
with many  other  studies (13-16), which have 
shown lead V 5 capable of detecting the majority of 
ischemic responses w h e n  a traditional criterion of 
0.10-mY ST-segment depression is used. However,  
the ROC areas in all leads were  very uniform, 
except in leads aVL and V~ (the ROC areas were less 
than 70%). This result supports incontestably the 
previous finding (8,17) that leads aVL and Vl are 
unreliable in the overall discrimination of patients 
with and wi thout  CAD. The obvious reason is that 
leads aVL and V 1 are quite susceptible to the rota- 
tion of the heart.  Thus, these leads observe m an y  
ischemic responses as an ST segment elevation. 
Even more  crucial is that the ST segment elevations 
are observed as ST segment depression among 
patients wi thout  CAD (decreasing the specificity). 

Lead Sets and the Maximum Value 

Several studies have demonstra ted an improve- 
ment  in the detection of CAD using multiple leads 
during the exercise test (18-21) .  It is obvious that 
increasing of the number  of leads increases the 
sensitivity, but  often a problem arises due to a 
decrease in specificity, and the diagnostic accuracy 
of the lead set does not  necessary increase. In this 
study we noted that using the m a x i m u m  value of 

the ST/HR hysteresis determined from the lead sets 
with different numbers  of leads, the diagnostic 
capacities increased w h e n  more  leads were in- 
cluded. However,  this improvement  reached the 
op t imum with 3 to 5 leads, and after 8 leads the 
diagnostic capacities started to decrease consider- 
ably. 

In this kind of population, the specificity of the 
test should be kept at a high level to avoid unnec-  
essary fur ther  examinations.  W h en  observing the 
sensitivity values at the fixed 80% specificity in 
different lead sets, it was noted that  the sensitivity 
remained equal up to 8 leads (Fig. 5), but  at the 
same time the parti t ion criterion decreased by 50%. 
The first impression might be that the m ax imum 
search procedure  is not  practical, and using the 
ST/HR hysteresis a single lead would be sufficient 
for the detection of CAD. However,  this study also 
indicated that w h e n  the n u m b er  of leads in the 
m a x i m u m  search procedure  is increased and the 
fixed parti t ion criterion is used, the sensitivity of 
the ST/HR hysteresis was able to improve signifi- 
cantly wi thout  any marked  decrease in specificity 
(Fig. 4). Of course, it must  be kept in mind that the 
improvement  in diagnostic accuracy depends 
greatly on  the populat ion with which we are work- 
ing (ie, on the prevalence of CAD). It seems that for 
screening the use of several leads with the maxi- 
m u m  search procedure  is problematic, but  for clin- 
ical utilization with patients who  have been re- 
ferred for exercise testing, the diagnostic accuracy 
of the ST/HR hysteresis can be improved signifi- 
cantly with the m ax im u m  search procedure.  The 
op t imum solution would be to specify the individ- 
ual parti t ion criteria for the different leads, but  this 
requires a very large and carefully examined study 
population. However,  particular at tent ion should 
be paid to the selection of the leads if the m a x i m u m  
value of the ST/HR hysteresis is used over  the 
different leads. 

Conclus ion  

This study indicates that the selection of leads has 
a major  importance w h e n  using the m a x i m u m  
value of the ST/HR hysteresis over  the leads in the 
detection of CAD. It was possible to increase the 
diagnostic capacity of ST/HR hysteresis by anything 
from 4 up to a m a x i m u m  of 8 leads. After that it 
started to decrease rapidly. Lead V 5 had the most 
powerful  diagnostic capacity, whereas  leads aVL 
and V 1 were very  deficient and they should be 
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exc luded  w h e n  us ing  the  m a x i m u m  va lue  over  the  

lead set. 
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