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IMÎRASUBJECT VARIATION OF CERTAIN 

SPATIAL CARDIAC VECTORS

CHAPTER I  

INTRODUCTION

S ev era l re c e n t papers have re p o rte d  th e  study  of in t r a s u b je c t  

v a r ia t io n  of e le c tro c a rd io g ra p h ic  and v e c to rca rd io g rap h ic  g _ u an titie s .

This su b je c t i s  o f i n t e r e s t  fo r  two b a s ic  re a so n s . The f i r s t  of th e se  

is  th a t  knowledge about th e  v a r ia t io n  i s  p o te n t ia l ly  u s e fu l  in  m easuring 

average e le c tro c a rd io g ra p h ic  values on in d iv id u a ls  w ith  th e  p re c is io n  

d e s ire d . For example, t h i s  b a s ic  knowledge should be u s e fu l  in  

d ec is io n s  about how many h e a r t  b ea ts  should be analyzed on each s u b je c t .  

Secondly, j u s t  as th e  v a rian ce  of a sample of o b servations h e lp s  d esc rib e  

th e  sam ple, i t  seems l ik e ly  th a t  a  measure of th e  v a r ia t io n  of m easure

ments on samples of h e a r t  b e a ts  from an in d iv id u a l may be in  some way 

c h a r a c te r i s t ic  of th e  in d iv id u a l and th e re fo re  u s e fu l in  d e sc rib in g  him.

Cady and M itc h e ll (1966) have developed a method which reduces 

th e  v a r ia t io n  in  e le c tro c a rd io g ra p h ic  wave form in  su ccessiv e  h e a r t  

b e a ts  w ith in  an in d iv id u a l .  They were concerned p r im a rily  w ith  th e  

v a r ia t io n  due to  low frequency  b a se lin e  d r i f t  and 60 cycle  p e r second 

n o ise . Successive h e a r t  b e a ts  were averaged w ith  th e  g o a l of ob ta in in g
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a wave form fo r  th e  h e a r t  h e a t which was ty p ic a l  of th e  in d iv id u a l sub

j e c t .  The p ro cessin g  done by Cady and M itc h e ll used a  hyb rid  computer. 

The e lec trocard iog ram s used were recorded  on analog m agnetic tap e  and 

used th e  lead  system  d esc rib ed  by Frank (1956). To o b ta in  a p o in t by 

p o in t average of su ccess iv e  card iac  c y c le s , a  re fe re n c e  p o in t was 

needed fo r  each c y c le . The p o in t of maximum neg ativ e  d e r iv a t iv e , which 

occurs on th e  t r a i l i n g  s id e  of the  R wave, was chosen. C aceres, e t  

(1962) a lso  used th e  p o in t of maximum n eg ativ e  d e r iv a tiv e  as a re fe re n ce  

p o in t in  t h e i r  d i g i t a l  computer programs to  recogn ize  e le c tro c a rd io 

graph ic  wave fo rm s. An analog d e r iv a tiv e  c i r c u i t  determ ined th is  p o in t 

fo r  each h e a r t  c y c le . The analog reco rd  was d ig i t iz e d  a t  a  sampling 

r a te  of 1000 p o in ts  p e r second. To o b ta in  an average wave form, p o in ts  

on su ccessiv e  cycles  which were eq u a lly  d is ta n t  from th e  re fe re n ce  p o in ts  

were averaged. This work used samples of 8 or 32 h e a r t  b e a ts .  The 

d i s to r t io n  of wave form due to  low frequency b a se lin e  d r i f t  and h igh  

frequency  no ise  was g r e a t ly  reduced in  th e  averaged wave.

A measure of h e a r t  b e a t cycle tim e i s  c a lle d  an ER in te r v a l .

Cady and M itc h e ll (1966) used th e  v a rian ce  of RR in te r v a l  among suc

cess iv e  h e a r t  b e a ts  w ith in  su b jec ts  as a  measure of th e  degree of 

i r r e g u la r i t y  in  h e a r t  b e a t cycle  tim e s . This v a rian ce  was computed 

u sin g  analog c i r c u i t r y  and was ex p o n en tia lly  w eighted in  tim e so th a t  

sudden changes in  h e a r t  r a t e  co n trib u ted  more th an  d id  smooth g rad u a l 

o n es . Large va lu es  of RR in te r v a l  v a rian ce  were tak en  as in d ic a t iv e  

of ca rd iac  v e n tr ic u la r  a rrh y th m ias . They used th e  means and v a rian ces  

of PR and QRS in te rv a ls  to  h e lp  sp ec ify  th e  d ia g n o stic  type of arrhy thm ia.

Downs and Liebman (1966) have developed a measure of th e
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p re c is io n  of the  angular d a ta  from card iac  v e c to rs  whose components a re  

in  s p h e r ic a l  c o o rd in a te s •

Cosmaj Levy-; and P ipherger (1966) in v e s t ig a te d  th e  b e a t- to -b e a t  

v a r i a b i l i t y  in  th e  v e n tr ic u la r  g ra d ie n t v e c to r in  samples of th re e  con

se c u tiv e  b ea ts  fo r  which th e re  was no b a se lin e  s h i f t .  This was done 

fo r  10 s u b je c ts . The o b je c t o f th is  work was to  reduce th e  v a r ia t io n  

due to  r e s p ir a t io n ,  which was s a id  to  be th e  main cause of v a r i a b i l i t y  

among th e  th re e  b e a ts .  For th e  h e a r t  and r e s p ir a to ry  r a te s  encountered , 

a complete r e s p ira to ry  cycle  covered from 3 to  6 ca rd iac  c y c le s . There

fo r e ,  i t  was concluded th a t  th re e  consecutive b e a ts  would cover one 

t r a n s i t io n  from in s p ir a t io n  to  e x p ira tio n  and s a t i s f a c t o r i l y  reduce the  

v a r ia t io n  in  th e  v e n tr ic u la r  g ra d ie n t which was due to  r e s p ir a t io n .

C erta in  aspec ts  o f the  v a r ia t io n  among h e a r t  b e a ts  w ith in  

su b je c ts  which were not d iscu ssed  in  th e  above papers were im m ediately 

suggested  as being w orthy of study  in  order to  complement th e  work 

d esc rib ed  above.

Cady and M itc h e ll looked a t  va rian ces  of tim e in te rv a ls  

between wave form s, b u t d id  no t in v e s t ig a te  v a rian ces  of th e  components 

of th e  v e n tr ic u la r  g ra d ie n t, P, or QRS v e c to r s . These components a re  

th e  tim e in te g ra ls  of th e  e lec tro c a rd io g ra p h ic  reco rd  in  th e  re sp e c tiv e  

l e a d s . They a rr iv e d  a t  a wave form which was f a i r l y  ty p ic a l  o f the  

in d iv id u a l su b jec t by averaging out much of th e  v a r ia t io n  among th a t  

s u b je c t 's  h e a r t b e a ts .  They d id  n o t, however, a ttem pt to  d e sc rib e  or 

measure th e  v a r ia t io n  i t s e l f ,  except fo r  th a t  in  th e  tim e in te rv a ls  

m entioned above.

Downs and Liebman s tu d ie d  v a r ia t io n  among angular v ec to r
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components fo r  h e a r t  h e a ts  w ith in  s u b je c ts ,  but d id  no t d iscu ss  th e  

s i tu a t io n  when th e  v e c to rs  were re p re se n te d  in  re c ta n g u la r  c a r te s ia n  

c o o rd in a te s . —

Cosma, Levy, and P ipherger concluded th a t  v a r ia t io n  in  th e  

v e n tr ic u la r  g ra d ie n t which was due to  r e s p i r a t io n  could s a t i s f a c t o r i l y  

he reduced hy averaging v e c to r  components fo r  3 consecu tive  h e a r t  b e a ts .  

Ihey  d id  no t study th e  v a r ia t io n  due to  causes o f lower frequency  than  

th a t  of r e s p i r a t io n .  Such a  study  would re q u ire  th e  use o f la rg e r  

numbers of consecu tive h e a r t  b e a t s . N either d id  th ey  in v e s t ig a te  the  

v a r ia t io n  in  any of th e  o th e r v e c to r s .

To b rid g e  some of th e  gaps among th e  above s tu d ie s ,  i t  was 

decided  to  in v e s t ig a te  e lec tro ca rd io g ram  wave forms o th e r th an  the  

v e n tr ic u la r  g ra d ie n t, to  u se  la rg e r  numbers of consecu tive  b e a ts , and 

to  examine v ec to rs  whose components were in  re c ta n g u la r  c a r te s ia n  

c o o rd in a te s .

I t  was thought th a t  th e  s tu d y  of th e  v a r i a b i l i t y  w ith  such 

fa c to r s  as p u lse  r a t e ,  age, and sex , m ight lead  to  b e t t e r  understand ing  

of th e  in te r r e la t io n s h ip s  of th e  vectorcard iogram  and th e se  f a c t o r s .

The v a r i a b i l i t i e s  of o th e r q u a n t i t ie s  b esid es  th e  RR in te r v a l  might be 

found to  d i f f e r  among d i f f e r e n t  p a th o lo g ic a l c l a s s i f i c a t io n s ,  in  which 

case th ey  would be u s e fu l  in  d ia g n o s is , to o . This paper w i l l  examine 

th e  v a r i a b i l i t y  of c e r ta in  s p a t i a l  v e c to rs  in  h e a lth y  s u b je c ts . This 

w i l l  th e re fo re  be a b a s is  f o r  l a t e r  s tu d ie s  of o th e r p a th o lo g ic a l g ro u p s .

The n a tu re  of th e  v a r ia t io n  was of i n t e r e s t  a ls o .  In  

p a r t i c u la r ,  i t  was d e s ire d  to  in v e s t ig a te  w hether th e re  might be 

p e rio d ic  v a r ia t io n  among th e  components of su ccessiv e  b e a ts  o th e r th an
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th a t  due to  r e s p i r a t io n .

The g o a ls  of th is  s tudy  a re  now d e fin ed . CHAPTER I I  w i l l  

d iscu ss  th e  a c q u is i t io n  of the  d a ta . CHAPTER I I I  w i l l  d iscu ss  p e rio d ic  

v a r ia t io n  in  th e  v e n tr ic u la r  g ra d ie n t components. CHAPTER IV w i l l  

in v e s t ig a te  th e  v a r ia t io n  in  th e  g rad ien t^  P; and QRS v e c to rs  in  

r e l a t io n  to  sex , age, and p u lse  r a t e .  CHAPTER V w i l l  summarize th e  

r e s u l t s  of t h i s  in v e s t ig a t io n .



CHAPTER II 

METHODS

A re sea rch  p ro je c t ,  d escribed  by Bayley (1966), a t  the  

U n iv e rs ity  of Oklahoma M edical Center has re s u l te d  in  a l ib r a r y  con

ta in in g  e lec trocard iog ram s of approxim ately two hundred s u b je c ts . The 

su b je c ts  were a d u lt v o lu n tee rs  who were judged as having h e a lth y  h e a r ts  

a f t e r  c a re fu l  h i s t o r i e s ,  p h y s ica l exam ination, and ch es t x -ra y . C e rta in  

o th e r in fo rm ation  was a v a ila b le  on th e  su b jec ts  fo r  whom record ings 

e x is te d . This in fo rm ation  included  age, sex,and p u lse  r a te  computed 

from th e  reco rd ing  i t s e l f .  At l e a s t  two m inutes or approxim ately  one 

hundred f i f t y  h e a r t  b e a ts  of reco rd ing  were taken  fo r  each s u b je c t.

A ll of th ese  reco rds were made a v a ila b le  through th e  g e n e ro s ity  of 

Dr. R. H. Bayley.

The a x ia l  lead  system , described  by McFee and Parungao (1961), 

was used in  reco rd ing  th e se  e le c tro ca rd io g ram s. The a x ia l  le ad  system  

uses th re e  o rthogonal le a d s . The X or tra n sv e rse  ax is  is  from l e f t  to  

r i g h t ,  w ith  r ig h t  being p o s i t iv e .  The Y or lo n g itu d in a l ax is  i s  from 

head to  to e , w ith  th e  to e  d ire c t io n  being p o s i t iv e .  The Z or s a g i t t a l  

le ad  i s  from f ro n t  to  back, w ith  back being p o s i t iv e .  The th re e  leads 

were s im ultaneously  recorded  onto sep a ra te  channels of seven-channel EM 

analog magnetic tap e  by a CP- 100 Ampex tap e  re c o rd e r . A fo u r th  tap e
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channel was used fo r  vo ice id e n t i f i c a t io n  of each s u b je c t . The BCG 

s ig n a l  from each lead  was am p lified  by a T ektronix  a m p lif ie r  which had 

been m odified  to  have a maximum low frequency response of approxim ately 

O.C4  cycles per second.

Four v ec to rs  of c u rre n t i n te r e s t  in  v ec to rca rd io g rap h y  are  th e  

v e n tr ic u la r  g ra d ie n t, th e  P, QPS, and th e  T. One o b ta in s a  p a r t ic u la r  

component of a s p e c if ic  v e c to r  by f in d in g  th e  tim e in te g r a l  of the  

e lec tro card io g ram  over th e  d u ra tio n  of th e  s p e c if ic  wave form of in te r e s t  

in  th a t  le a d . The recorded  e lec tro card io g ram  is  a tim e-vary ing  v o ltag e  

which has bo th  p o s it iv e  and n eg a tiv e  values w ith in  a s p e c if ic  wave. 

A ccurate d e te rm in a tio n  of a v e c to r component re q u ire s  a  knowledge of th e  

lo c a t io n  of th e  zero l in e ,  th e  b a s e l in e . The b a se lin e  can be a c c u ra te ly  

determ ined only befo re  th e  beginning  or a f t e r  th e  te rm in a tio n  of a h e a r t 

b e a t ,  no t during  th e  b e a t .  The b a se lin e  v a rie s  w ith  tim e, f o r  such 

reasons as r e s p ir a t io n  and muscle trem or, and behaves d i f f e r e n t ly  in  th e  

th re e  le a d s , because of t h e i r  d i f f e r e n t  s p a t i a l  o r ie n ta t io n s .  To perform  

th e  in te g ra t io n ,  some assum ption must be made about th e  form of the  

b a se lin e  during  th e  h e a r t  c y c le .

An analog computer which was e s p e c ia l ly  c o n s tru c te d  by Labko 

S c ie n t i f i c ,  In c . fo r  th e  com putation of vectorcard iogram  components was 

a lso  made a v a ila b le  by Dr. Bayley. This computer can in te g ra te  on one 

channel a t  a t im e , The b a se lin e  assum ption used by th e  computer in  i t s  

in te g ra t io n  i s  th a t  th e  b a se lin e  value  a t  th e  beginning of th e  P wave 

remains co n stan t throughout th e  d u ra tio n  of th a t  h e a r t  c y c le . The 

b a se lin e  i s  again  determ ined a t  th e  end of th e  T wave f o r  each h e a r t 

b e a t .  The v o ltag e  d if fe re n c e , or b a se lin e  s h i f t ,  during  th e  h e a r t
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cycle  i s  computed and s to re d . P ro v isio n  i s  made so th a t  one can in s t r u c t  

th e  computer to  bypass th e  p r in t  out of components fo r  h e a r t  b e a ts  in  

which th e  b a se lin e  s h i f t  was la rg e . The amount of b a se lin e  s h i f t  to  be 

accepted  i s  determ ined by th e  computer o p e ra to r by th e  use of a  d ia l  

which i s  s e t  b e fo re  th e  com putation. The d i a l  determ ines th e  maximum 

percen tage  of th e  b a se lin e  read ing  a t  th e  beginning  of th e  h e a r t  b e a t 

which w i l l  be accep tab le  as b a se lin e  s h i f t .  For in s ta n c e , suppose th e  

b a se lin e  r e je c t io n  d i a l  were s e t  on 5^- I f  fo r  a p a r t i c u la r  h e a r t  b e a t 

th e  i n i t i a l  b a se lin e  were 1 m i l l iv o l t  and th e  te rm in a l b a se lin e  were

1.06 m i l l i v o l t ,  th e  v e c to r component fo r  th a t  h e a r t  b e a t would no t be 

p r in te d  o u t, s in ce  ( l .06 - 1 .00) / l .00 > 0 .0 5 . The s h i f t  may be e i th e r  

p o s i t iv e  or n e g a tiv e , b u t i t s  magnitude must be le s s  th an  th e  in d ic a te d  

percen tage  of th e  i n i t i a l  b a se lin e  v a lu e . The d i a l  has a continuous 

range from 0 to  100%, and thus allow s fo r  any d e s ire d  r e je c t io n  

percen tage  in  t h i s  range . There i s  a lso  a  to g g le  sw itch  which can be 

s e t  so th a t  no b a se lin e  t e s t  i s  made, thus accep ting  every b e a t .  The 

components ob ta ined  by th e  computer a re  tim e in te g ra ls  of a  v o ltag e  

curve and have th e  u n i ts  of m icrovo lt-seconds (p v s ) . The computer can 

provide th e  n e t a rea  under th e  chosen complex fo r  any b ea t which i s  not 

r e je c te d  on th e  b a s is  of b a se lin e  s h i f t .  I t  o p era tes  on one le ad  a t  a 

tim e . I t  can a lso  prov ide th e  average of n ine n o n -re je c ted  b e a ts  fo r  

th e  g iven  complex, b u t i s  no t ab le  to  compute v a ria n c e s . The only 

output form  a v a ila b le  i s  p r in te d  paper ta p e . This output was keypunched 

in to  cards as was th e  id e n tify in g  in fo rm atio n  fo r  each s u b je c t ,  and a l l  

f u r th e r  p ro cessin g  and com putations were done on d i g i t a l  com puters.

There a re  two ro u tin e  procedures which a re  used to  guard
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a g a in s t e r ro r  which might he in troduced  in to  th e  c a lc u la tio n s  hy 
machine v a r ia t io n .  The f i r s t  of th ese  i s  p re v e n tiv e . I t  c o n s is ts  of 

allow ing  th e  computer to  warm up fo r  a t  l e a s t  one hour b e fo re  any 

com putation i s  done. The computer i s  norm ally  n o t tu rn ed  o ff  u n t i l  th e  

end of th e  work day. The warmup p erio d  p rov ides an o p p o rtu n ity  f o r  the  

e le c tro n ic  components to  s t a b i l i z e  and thus helps in su re  constancy  of th e  

com puter's o p e ra tin g  c h a r a c te r i s t i c s .  The second procedure has as i t s  

purpose th e  d e te c t io n  of changes in  machine perform ance. I t  invo lves 

th e  use of a c a l ib r a t io n  s ig n a l  which i s  a  square wave, p re c is e ly  

gen era ted  to  have a  known a rea  of 100 p.vs. At l e a s t  two c a l ib ra t io n  

s ig n a ls ,  one a t  th e  beginning and one a t  th e  end, a re  recorded  on each 

r e e l  of ta p e . The c a l ib r a t io n  s ig n a l i s  in te g ra te d  a t  th e  beginning  and 

end of each com putation se s s io n , and th e  computer i s  ad ju s ted  to  g ive 

th e  c o rre c t v a lu e  when th e  computed a re a  f o r  th e  c a l ib r a t io n  s ig n a l  

f a i l s  to  agree w ith  th e  known value of 100 pvs w ith in  Vjo. When th e  

computer was f i r s t  i n s t a l l e d ,  th e  c a l ib r a t io n  s ig n a l  was in te g ra te d  

s e v e ra l  tim es d a i ly ,  b u t s in ce  no change as la rg e  as 1^ was ever found 

in  as sh o r t a tim e p e rio d  as one day, th e  o p e ra tio n  procedure was 

m odified . Over a  y e a r 's  o p era ting  experience  in d ic a te s  th a t  changes 

a re  so slow th a t  ad justm ent i s  n ecessary  only  every  10 days to  two 

w eeks. I t  seems l ik e ly  th a t  such changes as do occur a re  due to  aging 

of e le c tro n ic  components. I t  i s  b e lie v ed  th a t  th e se  two procedures a re  

adequate safeguards a g a in s t th e  in tro d u c tio n  of e r ro rs  by machine 

v a r ia t io n .
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PERIODIC VARIATION IN THE VENTRICULAR GRADIENT

Pipberger (1965), and o th er au thors have noted th e  problems 

a r is in g  in  the  computer p ro cessin g  of ECG reco rd s  from b a se lin e  s h i f t .  

Two g e n e ra l a reas of d i f f i c u l t y  occur. R esp ira tio n  e f fe c ts  can be 

produced bo th  by d is tu rb in g  th e  e le c tro d e  c o n tac t by sk in  s t r e tc h  and 

c h es t w a ll movement, and by changing th e  p o s it io n  of the  h e a r t .

Longer term  b a se lin e  d r i f t  i s  th e  second. This may be due to  muscle 

and sk in  trem or; Caceres^ e t  (1962). Various methods have been 

suggested  to  d e a l w ith  th e  b a se lin e  problem, in c lu d in g  th e  v is u a l  

s e le c t io n  of h e a r t  b e a ts  fo r  which b a se lin e  d r i f t  i s  n e g lig ib le , 

P ipherger (1965), th e  averaging of se v e ra l b e a ts  to  reduce th e  

v a r ia t io n ,  Cosma, e t  aT. (1966), and th e  use of l in e a r  e x tra p o la tio n  

of th e  b a se lin e  across th e  h e a r t  b e a t ,  C aceres, e t  aL. (1962). Since 

r e s p i r a t io n  i s  a p e rio d ic  phenomenon, i t  was a n tic ip a te d  th a t  the  

v a r ia t io n  due to  r e s p ir a t io n  would be p e r io d ic . Cosma, e t  (1966), 

have re p o rte d  r e s p i r a t io n  e f f e c ts  of pe rio d  len g th s  of from 3 to  6 

h e a r t  b e a t s . No in fo rm ation  was a v a ila b le  on w hether long term  

b a se lin e  d r i f t  i s  p e rio d ic  or whether th e re  might e x is t  o th e r p e rio d ic  

components of th e  v a r ia t io n  of ca rd iac  v e c to rs  among s e r i a l  h e a r t 

b e a t s . T herefo re , th e se  a reas  a re  d iscu ssed  h e re .

10
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The analog computer u ses a  f l a t  b a se lin e  f o r  com putation, 

th e re fo re  th e  computed a rea  i s  too  la rg e  fo r  a b e a t during  which th e  

t r u e  b a se lin e  in c re a se s , and to o  sm all fo r  a b e a t du ring  which th e  tru e  

b a se lin e  d ecrea se s . B aseline s h i f t  i s  u su a lly  slow enough th a t  th e  

b a se lin e  may be regarded  as e f f e c t iv e ly  monotonie during  one h e a r t  b e a t .  

I f  th e  t ru e  b a se lin e  i s  f l a t ,  th en  th e  computer makes no e r ro r  due to  

b a se lin e  s h i f t . Thus i t  may be seen th a t  i f  th e  b a se lin e  i s  t r u ly  

p e r io d ic , then  th e  computer in tro d u ces  a com putational e r ro r  which is  

p e r io d ic  w ith  th e  same frequency  as th e  b a se lin e  and out of phase w ith  i t  

by 90 d e g re e s . This means th a t  i f  one computes a reas  from consecu tive 

h e a r t  b e a ts  w ithout r e je c t in g  th o se  f o r  which the  b a se lin e  s h i f t s ,  th e  

su ccessiv e  a reas w i l l  have a p e r io d ic  component. An a n a ly s is  of the  

freq u en c ie s  p re sen t in  th e  computed a reas  should th e re fo re  re v e a l the  

frequency  of the  b a se lin e  s h i f t .  I f  o th e r freq u en c ies  a re  p re se n t, i t  

may no t be p o ss ib le  to  id e n t i f y  th e  frequency which o rg in a ted  in  th e  

b a se lin e  s h i f t ,  b u t i t  w i l l  be p re sen t i f  th e  b a se lin e  i s  p e r io d ic .

In  o rder to  study  th e  e f f e c ts  of b a se lin e  d r i f t  and r e s p i r a t io n ,  and to  

see  w hether o th e r p e rio d ic  components of v a r ia t io n  could be d e tec te d , 

th e  d e c is io n  was made to  perform  a s p e c t r a l  a n a ly s is  on th e  v ec to r 

components of consecu tive h e a r t  b e a ts .  Jenkins (1961) recommends th e  

use of s p e c tr a l  a n a ly s is  in ih is  fa sh io n , i . e . ,  fo r  suggesting  p o ss ib le  

tim e s e r ie s  m odels.

According to  Tukey (1961), s p e c tr a l  a n a ly s is  e stim a te s  th e  

components of va rian ce  due to  v a rio u s  frequency b ands. A frequency 

band i s  composed of a l l  p o ss ib le  freq u en c ies  between th e  two extremes 

of th e  band. I t  c o n s is ts  of a  continuous frequency range of f i n i t e
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le n g th . For example^ th e  frequency  in te r v a l  between 0 and 3 cycles 

per second (cp s) could be d iv id ed  in to  3 frequency bands, each of 

le n g th  1 cycle  p e r second, by d e fin in g  th e  low est frequency  band as 

being from 0 to  1 cps, th e  m iddle as 1 to  2 cp s, and th e  h igh  band as 

being 2 to  3 cps. In  th i s  pap er, a l l  th e  freq u en c ies  of i n t e r e s t  w i l l  

be between 0 and 0 .5  cy c les  per h e a r t  b e a t .  This frequency  u n i t  w i l l  

be d iscu ssed  l a t e r .

The form of th e  v a r ia t io n  among th e  o b serv a tio n s  in  a tim e 

s e r i e s ,  o r in  th i s  in s ta n c e , a sample of consecu tive  h e a r t  b e a t s p a t i a l  

v e c to r components, may conv en ien tly  be c la s s i f i e d  in to  th re e  ty p e s , 

tre n d , random, and p e r io d ic . Trends can be d e tec te d  and t r e a te d  by th e  

methods of c u rv i l in e a r  re g re s s io n . In  p r a c t ic a l  s i tu a t io n s  th e re  w i l l  

always e x is t  some v a r ia t io n  which can be regarded  as random, i . e . ,  as 

having a mean of 0 . P e rio d ic  v a r ia t io n ,  of cou rse , may be p re se n t or 

ab sen t, and i f  p re se n t may be weak or s tro n g . There a re  th re e  purposes 

of th e  s p e c tr a l  a n a ly s is  of a tim e s e r i e s . The f i r s t  i s  to  determ ine 

w hether p e r io d ic  v a r ia t io n  e x i s t s . The second i s  to  determ ine th e  

s tre n g th , r e l a t iv e  to  th e  random v a r ia t io n ,  of any p e rio d ic  v a r ia t io n  

which e x i s t s . The th i r d  i s  to  determ ine th e  freq u en c ies  of w hatever 

p e r io d ic  v a r ia t io n  has been found.

The purposes o f s p e c t r a l  a n a ly s is  a re  accom plished in  th e  

fo llow ing  way. S p e c tra l a n a ly s is  produces a  s p e c t r a l  d e n s ity , which i s ,  

p r a c t ic a l ly  speak ing , th e  sample v a rian ce  as a fu n c tio n  of frequency .

The d e n s ity  g ives th e  amount of th e  v a rian ce  due to  each of th e  p o ss ib le  

frequency b an d s . I f  a l l  of th e  v a r ia t io n  i s  random, th en  a l l  freq u en c ies  

c o n tr ib u te  e q u a lly  to  th e  sample v a ria n c e . This r e s u l t s  in  a  f l a t
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spectrum , or s p e c t r a l  d e n s ity . Sampling v a r ia t io n  tends to  produce some 

f lu c tu a t io n  in  e s tim ated  sp e c tra , even when th e  v a r ia t io n  i s  predom inately  

random. To minimize t h i s  problem, i t  i s  common p ra c t ic e  to  smooth s p e c t r a l  

d e n s i t ie s  b e fo re  u s in g  them fo r  in fe ren ce  pu rposes. This i s  u s u a lly  done 

by rep la c in g  each raw s p e c tr a l  p o in t by some s o r t  of w eighted average of 

s e v e ra l  raw s p e c tr a l  p o in ts .  These averages compose th e  smoothed s p e c tr a l  

d e n s ity . The smoothed s p e c t r a l  d e n s ity  has one or more peaks when 

p e rio d ic  v a r ia t io n  e x is te d  in  th e  sample. The sum of th e  h e ig h ts  of th e se  

peaks in d ic a te s  rough ly  how much of th e  sample v a rian ce  was p e r io d ic .

The peaks occur a t  th e  frequency  bands which in c lu d e  th e  freq u en c ies  of 

th e  p e rio d ic  v a r ia t io n .

I t  i s  o fte n  of i n te r e s t  to  compare th e  g e n e ra l shapes of 

s p e c tr a l  d e n s i t ie s  from se v e ra l tim e s e r i e s .  Such a  comparison 

ty p ic a l ly  invo lves c o n s id e ra tio n  of w hether peaks occur in  th e  same

frequency  bands in  d i f f e r e n t  s p e c tra , w hether th e  same numbers of

peaks occur, and th e  r e l a t iv e  s iz e s  of peaks. N orm alization  f a c i l i t a t e s  

comparison of s e v e ra l  s p e c tra . N orm alization c o n s is ts  of d iv id in g  each 

of th e  smoothed s p e c t r a l  d e n s ity  p o in ts  by t h e i r  sum, which i s  th e  

sample v a ria n ce . A norm alized s p e c t r a l  d e n s ity  g ives th e  f r a c t io n  o f 

th e  sample v a rian ce  due to  each frequency band.

The th e o ry  of s p e c t r a l  an a ly s is  re q u ire s  th a t  th e  observations

have 0 mean. This can be accom plished by s u b tra c tin g  th e  sample mean 

from each of th e  sample o b se rv a tio n s . S p e c tra l an a ly s is  can th en  

a p p ro p r ia te ly  be perform ed on th e  d e v ia tio n s  from th e  sample mean.

The method of computing th e  s p e c t r a l  d e n s ity  i s  g iven  below.

Given a s e t  of N e q u a lly  spaced o b se rv a tio n s , X (l) ,,_ I  = 1 , 2, . . . ,  N,
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th e  lag  between any two s p e c if ie d  o b serv a tio n s , say  X(k ) and X(l ), where 

L > K, i s  d efined  to  be L - K. In  o th er words, th e  lag  is  th e  d if fe re n c e  

in  index numbers. The method fo r  ob ta in ing  th e  s p e c tr a l  d e n s ity  uses 

la g s ,  b u t th e  r e s u l t s  can be im m ediately expressed  in  term s of freq u en c ie s , 

When th e re  i s  only 1 o b serv a tio n  per tim e u n i t ,  or as in  th e  p re sen t 

case , one per h e a r t  b e a t ,  th e  frequency f ,  corresponding to  lag  P, i s  

f  = P /2M, where M is  th e  maximum la g  used in  th e  com putations. The 

s p e c t r a l  d e n s ity  g ives a  va lue  fo r  each frequency band ( f  - i / 4M, 

f  + i / 4m) whose m idpoint frequency , f ,  corresponds to  lag  P, P = 0 ,

1 , . . . ,  M. For convenience, th e  s p e c tr a l  p o in ts  a re  u s u a lly  r e fe r re d  

to  as occurring  a t  th e  m idpoints of th e  frequency b an d s. The lag  

p roduct average, W(p), corresponding to  lag  P, i s  g iven  by

N-P
W(P) = - i -  2 X (I) X (I + P ).

H~P 1=1

The raw s p e c tr a l  d e n s ity  A (p), corresponding to  lag  P, where P = 0 , 1 , 

. . . ,  M i s  computed according to

M-1
Z W(I) cos (PIrt) 
1=1

+ W(m) COS (Pjt) + W(o),

where M i s  th e  t o t a l  number o f nonzero l a g s . There a re  va rio u s  methods 

o f smoothing s p e c tr a l  d e n s i t ie s .  The one to  be p resen ted  here  uses th e  

"hamming" ( a f t e r  R. W. Hamming) w eights of 0 . 23, 0 . 54, and 0.23 fo r  

smoothing the  raw s p e c tr a l  d e n s ity , as d esc rib ed  by Blackman and Tukey 

(1958). The smoothed s p e c t r a l  d e n s ity  S (p ), corresponding to  lag  P, 

i s  a  w eighted average of th e  raw s p e c tr a l  d e n s ity  va lu es  fo r  P -1 , P?
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and P+1 , and i s  g iven by

S(P) = 0 . 23A (P -l) + 0 . 5U (P )  + 0 . 23A(P+1 ),

f o r  P=l; 2, . M-1 , w ith  

8( 0 ) = 0 .$4A(0 ) + 0 .46A(1 ), and

s(m) = o .5^a(m) + o A 6a (m -i) .

The smoothed s p e c tr a l  d e n s ity  thus obtained  is  th e  p a r t  of th e  va rian ce  

among th e  X (l)  which i s  due to  freq u en c ies  in  th e  in te r v a l  ( f  - i / 4m, 

f  + 1/ 4m) where f  i s  th e  frequency  corresponding to  P. D iv is io n  of 

each of th e  smoothed s p e c tr a l  d e n s ity  p o in ts  by th e  sum of a l l  of them 

produces th e  norm alized s p e c t r a l  d e n s ity .

I t  should be mentioned th a t  when T ob serv atio n s  p e r tim e 

in te r v a l  a re  tak en , th e  h ig h e s t frequency fo r  which th e  s p e c t r a l  d e n s ity  

can be determ ined is  T/2  cycles  per tim e u n i t .  This i s  c a l le d  the  

fo ld in g , or ly q u is t ,  frequency . In  th e  p re sen t s i tu a t io n ,  w ith  

o b servations on consecu tive  h e a r t b e a ts ,  i . e . ,  having tak en  one 

o b serv a tio n  per h e a r t  b e a t ,  th e  h ig h e s t frequency we can in v e s t ig a te  

i s  0 .5  cycles  per h e a r t b e a t .  This corresponds to  a p e r io d ic i ty  of 

cycle  len g th  of two h e a r t  b e a t s .

I t  should be n o ticed  th a t  th e  freq u en c ies  in  th i s  study  a re  in  

cycles p e r h e a r t b e a t, no t in  cycles  p e r tim e u n i t .  To o b ta in  th e  

cycle  le n g th  in  h e a r t b e a ts  f o r  a p e rio d ic  component o f p a r t ic u la r  

frequency , one in v e r ts  th e  frequency . Even though i t  i s  known th a t  

th e  p u lse  r a te  i s  not c o n s ta n t, th e  h e a r t  b e a t i s  a  convenient measure 

fo r  p e r io d ic  components whose cycle  len g th  i s  longer th an  two b e a t s .

This i s  somewhat analogous to  th e  tim e n o rm aliza tio n  p rocedure used 

by ELpberger (1965), in  which he computed a  v e c to r f o r  each one-e igh th
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of th e  d u ra tio n  o f th e  QRS complex. He then  compared th e  f i r s t  v e c to r 

among s u b je c ts ,  then  th e  second, e t c . ,  a lthough  th e  wave forms which 

g enera ted  th e  v e c to rs  were known to  be of unequal d u ra t io n s .

Because of i t s  longer d u ra tio n , th e  v e n tr ic u la r  g ra d ie n t 

v ec to r i s  most su b je c t to  b a se lin e  s h i f t s .  Since i t  was d e s ire d  to  

view th e  frequency  p a t te r n  of b a s e l in e , th e  g ra d ie n t was th e  v e c to r  

s e le c te d  f o r  s p e c t r a l  a n a ly s is . In  an attem pt to  o b ta in  a  group of 

su b je c ts  which was homogeneous r e l a t i v e  to  patho logy , age, sex , and 

ra c e , reco rded  e lec trocard iog ram s of 8 h e a lth y  w hite  males between th e  

ages of 35 and 38 years  were s e le c te d . Using no b a se lin e  r e je c t io n ,  

th e  th re e  components of th e  g ra d ie n t were computed f o r  each of 100 

s e r i a l  h e a r t  b e a ts  fo r  each s u b je c t. The maximum la g , M, was s e le c te d  

to  be 12 in  keeping w ith  th e  recommendation of Blackman and Tukey (1958) 

th a t  M be a sm all f r a c t io n  of H, th e  sample s iz e .  The norm alized 

s p e c t r a l  d e n s ity  was th en  computed as o u tlin e d  above f o r  each component 

fo r  each s u b je c t .  The consequences of having M equal 12 a re  th a t  

s p e c t r a l  va lu es  w i l l  be computed fo r  12 frequency  bands b e s id e s  th e  0 

band and th a t  th e  band w idth fo r  each s p e c t r a l  va lue  i s  l / 2M, or 

1/24 cpb, where cpb w i l l  be adopted as n o ta tio n  fo r  cycles p e r h e a r t  

b e a t .  The norm alized s p e c t r a l  d e n s i t ie s  a re  g iven  in  Table 1 . For 

purposes of lo c a t in g  im portan t fre q u e n c ie s , va lu es  of th e  norm alized 

s p e c t r a l  d e n s i t ie s  which a re  equal to  or g r e a te r  th an  th e  a r b i t r a r y  

value  0 .11  and la rg e r  than  e i th e r  of th e  ad jacen t va lu es  w i l l  be 

r e fe r re d  to  as peaks or peak v a lu e s . They a re  in d ic a te d  in  Table 1 . 

Table 2 g ives th e  s u b je c ts ,  le a d s , and freq u en c ies  f o r  which peaks 

occurred . Table 3 p re sen ts  th e  component av erages, v a r ia n c e s , and
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TABLE I

NOEMALIZED SPB3TRAL DEÊ SITIEB OF VENTRICULAR 
GRADIENT COMPONENTS

Subject 107 Subject 121

f  (cpb) X Y Z f  (cpb) X Y z

0 .121®- .082 .047 0 .029 .073 .077

1/24 .087 .079 .056 1/24 .058 .103 .125

2/2I+ .067 .085 .082 2/24 .101_ . l 4i .185

3/24 .063 .113 .094 3/24 .113^ .147^ .187^

4/24 .085 .122^ .083 4/24 .095 .117 .147

5/24 .101 .115 .091 5/24 .094 .067 .098

6/24 .074 .069 .080 6/24 .091 .065 .065

T/24 .056 .047 .058 T/24 .077 .067 .044

8/24 .061 .051 .057 8/24 .064 .049 .029

9/24 .075 .062 .060 9/24 .067 .o4i .017

10/24 .070 .078 .055 10/24 .069 .053 .010

11/24 .065 .058 .089 11/24 .070 .046 .009

12/24 .075 .037 . 149^ 12/24 .071 .030 .008

^Peak v a lu e .
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TABLE 1—Continued

Subject 125 Subject 138

f  (cpb) X Y z f  (cpb) X Y Z

0 .070 .080 .096 0 .070 .075 .072

1/24 .0 ^ .070 .103 1/24 .070 .112 .084

2/24 .074 .089 .094 2/24 .075 .127®- .082

3/24 .069 .080 .072 3/24 .081 .106 .056

4/24 .078 .063 .074 4/24 .077 .166^ .037

5/24 .094 .070 .060 5/24 .078 .089 .043

6/24 .094 .077 .057 6/24 .085 .045 .082

7/24 .094 .109 .079 7/24 .078 .033 .106

8/24 .061 .094 .076 8/24 .072 .034 .088

9/24 .054 .071 .078 9/24 .076 .037 .062

10/24 .063 .070 .079 10/24 .078 .054 .074

11/24 .081 .064 .069 11/24 .078 .086 .104

12/24 .099 .063 .064 12/24 .082 .085 .111®-

^Peak v a lu e .
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TABLE 1- -Continued

S ub jec t l 40 Sub ject 169

f  (cpb) X Y Z f(cp b ) X Y

0 .]jO& .o46 .091 0 .086 .097 .048

1/24 .100 .085 .073 1/24 .067 .072 .064

2/24 .075 .114^ .077 2/24 .059 .057 .064

3/24 .179 .093 .114 3/24 .052 .091 .060

4/24 .238^ .083 . 124% 4/24 .095 . 121^ .082

5/24 .099 .077 .093 5/24 .157* .113 .093

6/24 .04l .064 .071 6/24 .121 .101 .114

7/24 .033 .052 .054 7/24 .112 .076 .]J 6&

8/24 .022 .072 .047 8/24 .086 .074 .101

9/24 .023 .088 .053 9/24 .061 .066 .060

10/24 .029 .089 .059 10.24 .047 .049 .055

11/24 .019 .078 .068 11/24 .029 .044 .049

12/24 .013 .061 .076 12/24 .027 .037 .054

^ e a k  value.
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TABLE 1—Continued

S ub ject 173 S ubject l 82

f  (cpb) X Y Z f  (cpb) X Y

0 .036 .151® .193 0 .096 .082 .233^

l/2k .065 .112 .399^ 1/24 .169 .077 .179

2/ 2^ .115 .102 .112 2/24 .172® .075 .111

3/24 .117^ .180® .033 3/24 .074 .101 .072

4/24 .105 .148 .022 4/24 .078 .1538- .055

5/24 .106 .060 .044 5/24 .096 .150 .056

6/24 . 111®- .068 .064 6^24 .065 .093 .056

7/24 .088 .047 .048 7/24 .043 .057 .055

8/24 .061 .023 .039 8/^k - .039 .037 .039

9/24 .065 .019 .057 9/24 .037 .029 .030

10/24 .050 .023 .062 10/24 .042 .o4i .042

11/24 .038 .032 .057 11/24 .045 .055 • 04i

12/24 .043 .035 .069 12/24 .046 .052 .032

^PeaX value.



TABLE 2

SUBJECT, LEAD, AND FREQUENCY LOCATION OF SPECTRAL 
DENSITY PEAK VALUES^

Lead S ub jec t
107

S u b jec t
121

S u b jec t
125

S u b jec t
138

S u b jec t
llt-0

S ub jec t
169

S u b jec t
173

S u b jec t
182

X 0 3 0 ,4 5 3 ,6 2

Y 3 2 k 0 ,3 4

Z 12 3 12 4 7 1 0

^ a b l e  e n t r ie s  a re  fre q u e n c ie s  in  u n i ts  o f l / 2h  c p b ,



TABLE 3

PULSE RATE AHD VENTRICULAR GRADIENT COMPONENT 
MEANS AND VARIANCES

Subject
107

Subject
121

Subject
125

Subject
138

Subject
i 4o

Subject
169

Subject
173

Subject
182

X 50.3 T5.5 126.0 111.3 9 2 .1 67 .8 6 2 .2 49 .6

Ÿ 4l .8 6 0 .2 8 3 .7 48.6 47.8 87 .7 8 5 .1 47 .4

Z -  38.6 -  81 .4 -105 .7 -  8 9 .2 -  44 .4 - 57 .1 - 3 6 .1 -  37.4

"x 90 .8 377.0 147.6 545.2 146.4 249.0 100.7 204.3

:"y
178.1 191.3 315.9 91 .8 707.7 195.6 183 .2 243.3

9 0 .8 198.4 105.5 120.0 116.7 151.2 206.6 223.1

Pulse Rate 
(beats/mln) 82 68 68 68 73 63 67 80
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th e  p u lse  r a te s  fo r  th e  s u b je c ts .

In  th e  X l e a l ,  a l l  peaks were a t  6/24 cpb or low er. S ub jec t 173 

having th e  peak a t  6/24 cpb. S ub jec ts 125 and 138, however, had no 

d e f in i te  peak in  th i s  le a d . In  th e  Y le a d , a l l  peaks were a t  4/24 cpb 

or low er, except th a t  S ub jec t 125 had a d o u b tfu l peak a t  7/24 cpb.

Only one of th e  peaks in  th i s  le a d , however, was in  th e  low est frequency  

band, 0 cpb. The Z lead  evidenced co n sid e rab le  v a r ie ty  in  th e  frequency 

lo c a tio n s  of s p e c tr a l  peaks, in  th a t  peaks occurred b o th  in  th e  h ig h es t 

bands ( d e f in i t e ly  in  Sub jec t IO7, and p robab ly  in  S ub jec t I3 8 ) and in  

th e  low est frequency bands (S u b jec t 182).

Comparison of th e  in d iv id u a l su b jec ts  re v e a ls  a r a th e r  d iv e rse  

p a t te rn .  The s p e c tr a l  d e n s it ie s  f o r  S ub jec ts IO7 and 121 a re  graphed in  

F igures 1 and 2 , re s p e c tiv e ly . In  S ub jec t IO7, th e  th re e  components had 

peaks a t  low, medium, and h igh freq u en c ies  in  X, Y, and Z, r e s p e c tiv e ly . 

The th re e  peaks were a l l  a t  th e  same frequency , 3/24 cpb, in  S u b jec t 121. 

Subject 125 had p r a c t ic a l ly  uniform  s p e c tra  in  a l l  le a d s . S u b jec ts  l 40, 

169, and 182 each had peaks in  th e  d i f f e r e n t  components which f e l l  w ith in  

a frequency range of 5/24  cpb or le s s  fo r  each person . These c lu s te r s  of 

peaks were a l l  i n  th e  middle or low frequency  a reas o f th e  s p e c tra .

Even though th e  su b je c ts  were s e le c te d  fo r  t h e i r  s im i la r i ty  

in  patho logy , ra c e , sex , and age, th e re  was co n sid erab le  v a r ia t io n  of 

lo c a t io n  of s p e c t r a l  peaks, b o th  w ith in  su b jec ts  among th e  th re e  le a d s , 

and among s u b je c ts . Since i t  was expected th a t  th e  r e s p i r a t io n  e f f e c t  

would be s tro n g ly  ev iden t in  a l l  components, i t  is  in te r e s t in g  th a t  

even when th e  su b jec t had s p e c t r a l  peaks in  a l l  th re e  lead s  in  th e  

r e s p ir a t io n  frequency  range, th e  peaks them selves d id  no t always occur
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f  (1 /24  cpb)

F igure  1 . Normalized s p e c t r a l  d e n s i t ie s  of th e  v e n tr ic u la r  
g ra d ie n t components, S ubject 107.
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0 62 4 8 10 12

f  (1 /24  cpb)

F igure  2 . Normalized s p e c t r a l  d e n s i t ie s  of th e  v e n tr ic u la r  
g ra d ie n t components, S ub jec t 121.
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a t  th e  same frequency. This was e sp e c ia lly  tru e  in  S ub jec ts lij-0 and 

169; a lthough 121 was th e  ex cep tio n . One can a lso  no te  th a t  when peaks 

came in  Y, they  f e l l  in  th e  r e s p ir a t io n  frequency range more o ften  than  

d id  those  peaks which occurred in  o th e r le a d s .

Longer term  d r i f t  peaks^ those fo r  which th e  frequency is  

equal to  or le s s  than  2/24 cpb, occurred in  each of th e  3 leads a t  

l e a s t  once. These were in  S ub jec ts  IO7, I3 8 , l 40 , 173; and l 82 . 

Moreover, th e  l a s t  th re e  of th e  above su b je c ts  had low frequency peaks 

in  two d i f f e r e n t  le a d s .

There was some evidence f o r  th e  e x is ten c e  of p e riods o th er 

th an  those  p rev io u s ly  expected , i .  e . , those  due to  b a se lin e  d r i f t  and 

r e s p i r a t io n .  In  S ub jec ts  I3 8 , l 40, and 173 th e re  was evidence of double 

s p e c t r a l  peaks in  s in g le  le a d s , th ese  being g e n e ra lly  in  the  lower 

frequency  h a l f  of th e  spectrum . I t  i s  b e lie v ed  th a t  th e se  double 

peaks correspond to  b a se lin e  d r i f t  and r e s p ir a t io n  e f f e c t .  I t  i s  

in te r e s t in g  to  note th a t  th e re  was no evidence th a t  b a se lin e  d r i f t  

and r e s p i r a t io n  e f f e c t  peaks occurred to g e th e r in  th e  Z le a d .

I f  s p e c tr a l  peaks had occurred in  ad jacen t frequency bands, 

th ey  could no t have been s u c c e s s fu lly  re so lv ed . This c re a te s  some 

problem in  search ing  f o r  m u ltip le  s p e c tr a l  p eak s . There a re  th re e  

reasons f o r  th e  d i f f i c u l ty .  The f i r s t  i s  th a t  only 100 h e a r t  b e a ts  

were used f o r  each s u b je c t . The second, a  consequence of th e  f i r s t ,  

i s  th a t  only th i r t e e n  s p e c tr a l  p o in ts  were e s tim a ted . T h ird ly , the  

s p e c tra  were smoothed. In  g e n e ra l, i f  th e  frequency of a p e rio d ic  

component i s  not co n stan t r e l a t iv e  to  th e  h e a r t  b e a t ,  th e re  i s  a 

smearing e f f e c t  which makes i t  d i f f i c u l t  to  d e te c t  a  sm all or minor
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peak, s in ce  th e  e stim ate  of th e  smoothed spectrum  w i l l  a t t r i b u t e  th e  

v a r ia t io n  due to  th a t  e f f e c t  to  more th an  one frequency band, thus 

reducing th e  spectrum  value  in  each band.

However, th e  strong  peak in  th e  Z le ad  a t  th e  frequency  0.5 

cpb in  Sub jec t 10% and th e  le s s e r  peak in  th e  Z lead  of Sub jec t I38 

suggest th e  p o s s ib i l i ty  of an o ccas io n a l h igh frequency component in  

th e  v e n tr ic u la r  g ra d ie n t Z le a d , which i s  c e r ta in ly  no t th e  r e s u l t  

of r e s p ir a t io n  e f f e c t  or b a se lin e  d r i f t .  I t  i s  observed th a t  Subject 

107 had th e  h ig h e s t pu lse  r a te  among th e  e ig h t s u b je c ts , (S u b jec t I38 

however, had one of th e  lo w est) , b u t i t  i s  not known w hether t h i s  f a c t  

i s  re le v a n t .

A component of frequency O.5 cpb or cycle  len g th  of two h e a r t 

b e a ts ,  a l te rn a te s  w ith  every  h e a r t  b e a t .  Ih is  suggests th e  p o s s ib i l i ty  

of some r e la t io n s h ip  between th e  p re se n t observation  in  normal su b jec ts  

and th e  p a th o lo g ic a l co n d itio n  " e l e c t r i c a l  a l te rn a n s " , m entioned by 

H urst and Hogue (1966). In  e l e c t r i c a l  a l te rn a n s , s p a t i a l  ca rd iac  

v e c to r  components in c rease  and decrease  on a l te rn a te  h e a r t  b e a t s . 

F u rth e r re se a rc h  i s  needed to  exp lore  th i s  p o s s ib i l i ty .  Such a  study  

should probably  involve more su b je c ts  th an  were used in  th i s  p ap er, and 

might w e ll s e le c t  su b jec ts  w ith  h ig h e r th an  average p u lse  r a t e s ,  or 

th o se  in  which h ig h e r p u lse  r a te s  were induced by e x e rc ise  or d ru g s .

Four r e s u l t s  of the  tim e s e r ie s  an a ly s is  of th e  v e n tr ic u la r  

g ra d ie n t v e c to r  are  ap paren t. The f i r s t  i s  th a t  r e s p i r a t io n  e f f e c t  

was no t as s tro n g  or as c o n s is te n t across  lead s  w ith in -su b je c ts  as 

had been expected . Secondly, low frequency  b a se lin e  d r i f t  d id  prove 

to  be p e rio d ic  b u t d id  no t occur in  a l l  s u b je c ts .  T h ird ly , p e r io d ic
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v a r ia t io n  of a frequency  too  h igh  (0 .5  cpb) to  be a t t r ib u ta b le  to  

b a se lin e  d r i f t  or r e s p ir a t io n  e f f e c t  was observed. F in a lly , th e re  

was th e  la rg e  v a r ia t io n  in  th e  frequency  and lead  lo c a tio n  of peaks 

among su b jec ts  who were supposed to  be a  homogeneous group. This 

d iv e r s i ty  p rec ludes a  p re c is e  d e s c r ip tio n  of p e r io d ic  v a r ia t io n  among 

h e a r t  b ea ts  u n t i l  f u r th e r  re sea rc h  has been done. Ih is  la rg e  i n t e r 

su b je c t v a r ia t io n  in d ic a te s  th a t  th e  problem i s  complex and th a t  

la rg e r  numbers of su b je c ts  w i l l  be needed to  overcome th e  v a r ia t io n .

In  re fe re n ce  to  th e  conclusion  of Cosma, e t  a l .  (1966), th e  

r e s u l t s  obtained  here  seemed to  in d ic a te  th a t  because of th e  common 

occurrence of lower frequency  p e rio d ic  v a r ia t io n  in  th e  v e n tr ic u la r  

g ra d ie n t ,  co n sid erab ly  more than  th re e  b e a ts  should be averaged when 

th e  b a se lin e  assum ption desc rib ed  h e re in  i s  used . I t  would seem 

th a t  a t  l e a s t  enough h e a r t b e a ts  to  cover one cycle  of th e  low est 

frequency  component p re se n t should be averaged. Since some s p e c tr a l  

peaks were found a t  l /24 cpb and lower fre q u e n c ie s , i t  seems t h a t  a t  

l e a s t  40 b e a ts  should be used when th e re  i s  no b a se lin e  r e je c t io n .



CHAPTER IV

VECTOR COMPONENT VARIATION IN RELATION TO AGE,

SEK, AND PULSE RATE

As was m entioned e a r l i e r ,  i t  was d e s ire d  to  in v e s t ig a te  

w hether th e  amount of v a r ia t io n  in  th e  components of c e r ta in  s p a t i a l  

ca rd iac  v ec to rs  changes w ith  o th e r demographic f a c t o r s . Since age 

and sex a re  among th e  most im portan t of th e s e , and because of th e  

p o s s ib i l i t y  suggested  in  CHAPTER I I I  th a t  p u lse  r a te  may have some 

e f f e c t  on v ec to r component v a r i a b i l i t y ,  th e se  th re e  f a c to r s  were 

se le c te d  fo r  th i s  s tu d y . The P and QRS v e c to r s ,  in  a d d itio n  to  th e  

v e n tr ic u la r  g ra d ie n t ,  were considered .

To study th e  v a r i a b i l i t y  due to  th e  h e a r t  a lo n e , i t  was 

necessa ry  to  minimize th e  e f fe c ts  of low frequency  b a se lin e  d r i f t  and 

r e s p i r a t io n .  This was done by u t i l i z in g  th e  b a se lin e  r e je c t io n  capa

b i l i t y  of th e  analog a re a  computer as d esc rib ed  in  CHAPTER I I .  Thus 

th e  computer was caused to  r e j e c t  any h e a r t  b e a t fo r  which th e  b a se lin e  

s h i f t  in  th e  le ad  being  computed was g re a te r  th an  th e  amount determ ined 

by th e  d ia l  s e t t in g .  The normal d i a l  s e t t in g  was 5^*

Records f o r  99 su b je c ts  f o r  whom th e  age, sex , and p u lse  

r a t e  in fo rm ation  was com plete were o b ta ined . The su b je c ts  in  th e  

sample ranged in  age from 22 to  6j  years and were c la s s i f i e d  as being

28
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above or below th e  median age of 37.5 y e a rs . The p u lse  r a te  median 

was 71.5 b e a ts  per m inute and i t  was s im ila r ly  used to  d iv id e  pu lse  

r a te s  in to  low and h igh g ro u p s . The sex dichotomy completed th e  

2 by 2 by 2 , or 2^, f a c t o r i a l  arrangem ent in to  which th e  su b jec ts  were 

c l a s s i f i e d .  Seme in fo rm ation  was l o s t ,  of cou rse , by dichotom izing 

age and p u lse  r a t e ,  which a re  continuous v a r ia b le s . Table 4 g ives th e  

number of su b jec ts  in  each c la s s i f i c a t io n  group.

TABLE 4

CLASSIFICATION GROUP SAMPLE SIZE

Age (y rs )

Pulse  Rate 
(b ea ts/m in )

< 37.5

< 71.5 > 71.5

>

< 71.5

37.5

> 71.5

T o ta l

Male 19 22 18 15 74

Female 3 5 8 9 25

T o ta l 22 27 26 2k 99

Averages fo r  samples of 9 h e a r t  b e a ts  each were computed fo r  

th e  components of th e  g ra d ie n t ,  P, and QRS v ec to rs  in  th ese  people. 

The number of such averages ranged from k  to  l 4 in  th e  v a rious le a d s . 

Thus s e v e ra l  averages were computed fo r  each s u b je c t on 3 components 

fo r  each of 3 v e c to rs . These sample averages were assumed to  be 

approxim ately  norm ally d is t r ib u te d  fo r  two re a so n s . The f i r s t  i s  th e  

C en tra l-L im it Theorem, which Mood ( l 950) s ta te s  as fo llo w s , " I f  a  

po p u la tio n  has a f i n i t e  v a rian ce  and mean |_i, th en  th e  d is t r ib u t io n
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of th e  sample mean approaches th e  normal d is t r ib u t io n  w ith  v a rian ce  

a^/n  and mean as th e  sample s iz e  n in c re a s e s ." .  The second i s  th a t  

th e  b a se lin e  r e je c t io n  helped remove the  p e rio d ic  v a r ia t io n  due to  

b a se lin e  s h i f t  and r e s p ir a t io n ,  and the  s p e c tra l  analyses in  CHAPTER I I I  

in d ic a te  th a t  th e se  a re  th e  most common p e rio d ic  d is tu rb a n c e s , a t  l e a s t  

in  th e  g ra d ie n t v e c to r . The P and QPS d u ra tio n s  a re  much s h o r te r  than  

th a t  of th e  g ra d ie n t, so th a t  b a se lin e  d is tu rb an ces  of freq u en c ies  of 

s e v e ra l cpb or lower should have even le s s  e f f e c t  on them. At th i s  

s ta g e , th e  o b jec t was to  compare th e  v a r i a b i l i t y  among th e  c la s s i f ic a t io n  

g roups, th e  comparisons of prime in te r e s t  being th e  main e f f e c t s .  The 

fo llow ing  measure of v a r i a b i l i t y  was adopted. For each of th e  9 v ec to r 

components th e  sample v a rian ce  among th e  averages of 9 b e a ts  was computed, 

thus g iv in g  9 sample v a rian ces  of means fo r  each s u b je c t. Next, fo llow ing 

the  recommendation of B a r t l e t t  ( 19^7 ) th e se  sample v a rian ces  were t r a n s 

formed by tak in g  t h e i r  n a tu ra l  lo g a rith m s. E isenhart ( 19^7 ) snd 

Cochran ( 19^7 ) d iscu ss  th e  assum ptions fo r  th e  an a ly s is  of v a rian ce  and 

th e  p o ss ib le  consequences when th e  assum ptions do not h o ld . I t  was 

assumed th a t  th e  new v a r ia b le s ,  th e  logarithm  of sample v a rian ce  of 

means of 9 observations fo r  each component, were s u i ta b le  fo r  th e  

a n a ly s is  of v a ria n ce . A f a c t o r i a l  an a ly s is  of v a rian ce  was then  

done on each of the  9 new v a r ia b le s . In te rn a tio n a l  Business Machines 

1620 Users Group L ib rary  program 6 .0 .132, A nalysis of V ariance and 

Covariance - Unequal Subclass F requencies, w r it te n  by Hex L. H urst, was 

used to  perform  the  c a lc u la t io n s . The r e s u l t s  a re  g iven  in  Table 5 •

A ll th e  F t e s t s  used 1 and 9 I  degrees of freedom . Only th e  

mean square i s  g iven where th e  c o n tra s t  has 1 degree of freedom.



TABLE 5

ANALYSIS OF VARIANCE OF TRANSFORMED SAMPLE VARIANCES

V e n tr ic u la r  G rad ien t V ector

Source d f M.S.

X

F

Y

M.S. F

Z

M.S. F

Sex 1 .016 NS .410 NS .211 NS

Age 1 i . h 66 2.55 .150 NS .013 NS

P u lse 1 1.650 2.87B 1.075 1 .71 .042 NS

Sex X Age 1 .061 NS .756 NS .005 NS

Sex X Pulse 1 6.503 II.33C .170 NS .465 NS

Age X P ulse 1 .460 NS .165 NS .117 NS

Sex X Age x  Pulse 1 .257 NS 1.966 3.I2& .100 NS

Error 91 .574 NS .630 NS .795 NS

00H

E rro r SS 52.259 5T .370 72.375

^■Significant a t  th e  0 .1  p ro h a b i l i ty  l e v e l .  
^ S ig n if ic a n t  a t  th e  .05 p r o b a b i l i ty  l e v e l .  
^ S ig n if ic a n t  a t  th e  .005 p ro b a b i l i ty  l e v e l .



TABLE 5 — C o n t in u e d

P V ector

X Y Z
Source d f M.S. F M.S. F M.S. F

Sex 1 31.384 1 0 .95c 23.301 15.92^ 47.852 19.62'

Age 1 2.018 NS 5.011 3 .42& .503 NS

P u lse 1 .239 NS 1.571 NS .303 NS

Sex X Age 1 1.353 NS 1.235 NS 5.929 2.43

Sex X Pulse 1 1.476 NS .469 NS .438 NS

Age X P ulse 1 .525 NS .058 NS 2.135 NS
Sex X Age x Pulse 1 .307 NS .010 NS .009 NS

E rro r 91 2.864 NS 1.464 NS 2.439 NS

ro

E rro r SS 2 6 0 . 5914- 133.251 ■221.962

S ig n i f ic a n t  a t  th e  0 .1  p r o h a b i l i ty  l e v e l .  

^ S ig n if ic a n t  a t  th e  .05 p r o b a b i l i ty  le v e l .

'S ig n if ic a n t  a t  th e  .005 p r o b a b i l i ty  l e v e l .



TABLE 5—Continued

QPS V ector

Source d f
X

M.S. F
Y

M.S. F
Z

M.S. F

Sex 1 4.613 2 .93% 6.609 5.03b 13.768 8 .86 '

Age 1 .095 ES 4.584 3 .49* 1.387 NS

P ulse 1 4.386 2 .79®- .945 NS 1.421 NS

Sex X  Age 1 .572 NS .169 NS .323 NS

Sex X  Pulse 1 .518 NS .297 NS 1.285 NS

Age X  Pulse 1 1.030 NS .159 NS .415 NS

Sex X  Age x Pulse 1 .017 NS .523 NS .168 NS

Error 91 1.574 1 NS 1.315 NS 1.554 NS

w
CO

E rro r SS 143.22 119.653 141.39

s ig n i f i c a n t  a t  th e  0 .1  p r o b a b i l i ty  l e v e l .  

^ S ig n if ic a n t  a t  th e  .05 p ro b a b i l i ty  le v e l .  

^ S ig n if ic a n t  a t  th e  .OO5 p r o b a b i l i ty  l e v e l .
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For th e  v e n tr ic u la r  g ra d ie n t 0 .1  le v e l  s ig n if ic a n c e  was found 

fo r  th e  p u lse  main e f f e c t  in  th e  X le ad  and th e  sex hy age by pu lse  

in te r a c t io n  in  th e  Y le a d . The sex by p u lse  in te r a c t io n  in  th e  X 

le ad  was s ig n if ic a n t  a t  th e  0.005 le v e l .  In  m ales, th e  low p u lse  

r a te  group had th e  h igher v a r ia t io n ,  w h ile  in  fem ales, th e  h igh  pu lse  

r a te  group had th e  h ig h er v a r ia t io n .

The sex f a c to r  was s ig n if ic a n t  a t  th e  0.005 le v e l  fo r  a l l  

th re e  components of th e  P v e c to r . Age was s ig n if ic a n t  a t  th e  0 .1  

le v e l  in  th e  P v ec to r Y component.

The sex f a c to r  in  th e  QPS v ec to r was s ig n if ic a n t  a t  th e  0 .1 ,

0 .05, and 0.005 le v e ls  in  th e  X, Y, and Z le a d s , r e s p e c tiv e ly . The 

p u lse  f a c to r  in  th e  X lead  and th e  age f a c to r  in  th e  Y le ad  were 

s ig n if ic a n t  a t  th e  0 .1  le v e l .

Bo g re a t w eight should be g iven  r e s u l t s  which a re  s ig n if ic a n t  

a t  only th e  0 .1  le v e l ,  e s p e c ia l ly  when a  la rg e  number of t e s t s  a re  

done in  one a n a ly s is . I t  i s  in te r e s t in g ,  however, to  no te  th a t  in  

th e  Y component of bo th  th e  P and QPS v ec to rs  th e  age f a c to r  was 

s ig n if ic a n t  a t  t h i s  m ild le v e l .  The h ig h ly  s ig n if ic a n t  sex by pu lse  

in te r a c t io n  in  th e  g ra d ie n t X le ad  i s  d i f f i c u l t  to  in t e r p r e t .  The 

s t r ik in g  r e s u l t  of th i s  s tudy  i s  th e  s tro n g  s ig n if ic a n c e  of th e  sex 

fa c to rs  in  th e  P and QPS v e c to r s . This lead s  one to  conclude th a t  

th e  males and fem ales have d i f f e r e n t  averages of th e  transform ed 

v a r ia b le s  in  th e se  v e c to rs . To determ ine th e  d ir e c t io n  o f th e  d if fe re n c e ,

1 .e . ,  which sex has th e  la rg e r  v a r ia t io n ,  th e  a n ti lo g  of th e  average of 

th e  transform ed v a r ia b le s  fo r  each sex and v ec to r component was tak en .

The a n tilo g  of an average of logarithm s i s  th e  geom etric mean of th e
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va lu es  whose logarithm s were averaged. The geom etric means f o r  sexes 

and v e c to r  components a re  g iven  in  Tahle 6. In sp e c tio n  of t h i s  ta h le  

re v e a ls  th a t  th e  fem ales were more v a r ia b le  in  a l l  v e c to r  components 

in  which th e re  was a  s ig n if ic a n t  sex d if fe re n c e .

There a re  1+ im portan t r e s u l t s  of th e  s tudy  of v e n tr ic u la r  

g ra d ie n t ,  P, and QPS v e c to r  component v a r ia t io n  in  r e la t io n s h ip  to  age, 

sex , and p u lse  r a t e .  F i r s t ,  d if fe re n c e s  d id  e x is t  in  th e  amounts of 

v a r ia t io n  among th e  d i f f e r e n t  su b je c t g ro u p s . Second, th e  amount of 

v a r ia t io n  d if f e r e d  s tro n g ly  between th e  sexes in  th e  P and QPS v e c to r s , 

b u t no t in  th e  v e n tr ic u la r  g r a d ie n t . T h ird , fem ales were th e  more 

v a r ia b le  when th e  sexes d if f e r e d .  F o u rth , th e  amount o f v a r ia t io n  in  

th e  components of th e  3 v e c to rs  was not found to  d i f f e r  s ig n i f ic a n t ly  

between low and h ig h  age groups, or between low and h igh  p u lse  r a t e  groups,



TABLE 6

GEOMETRIC MEANS OF SAMPLE VARIANCES

G rad ien t p QRS

Sex X Y Z X Y Z X Y z

Male 8.337 8 .472 7.464 .393 .472 .377 .738 .653 .637

Female 8.590 9 .817 6.792 1.629 1.742 2.046 1.303 i . 4l 6 1.675

Uv
G \



CEAZPSR V

SUMMARY

The form of th e  v a r ia t io n  among h e a r t  h e a ts  w ith in  su b jec ts  

was in v e s t ig a te d  fo r  the  a x ia l  lead  system X, Y, and Z components of 

th e  v e n tr ic u la r  g ra d ie n t v e c to r . One hundred consecu tive  h e a r t  b ea ts  

from  each of 8 h ea lth y  w hite  male su b jec ts  between th e  ages of 35 and 

38 years were used . S p e c tra l an a ly s is  was used to  look  f o r  p e r io d ic i t ie s  

among th e  h e a r t b e a t s . Ro more th an  two s p e c tra l  peaks were found in  

any one le a d , and when double peaks occurred th ey  were a t  freq u en cies  

of 6/24 cycles per h e a r t  b e a t or low er. Such double peaks a re  a t t r i 

bu ted  to  th e  jo in t  occurrence of b a se lin e  d r i f t  and r e s p ir a t io n  e f f e c t s .  

Double peaks were no t observed in  th e  Z le a d . C onsiderable v a r ia t io n  

in  th e  shape of the  s p e c t r a l  d e n s ity  was found among s u b je c ts ,  and 

even among lead s  w ith in  s u b je c ts .

One su b jec t had a d e f in i te  s p e c tra l  peak a t  12/24 cycles per 

h e a r t  b e a t ,  bu t only in  th e  Z le a d . A p e rio d ic  component of v a r ia t io n  

among h e a r t  b e a ts  of such h igh  frequency was no t p rev io u s ly  expected 

and no ex p lan a tio n  of i t s  p h y sio lo g ic  o r ig in  can y e t be made.

W ithin in d iv id u a l s u b je c ts ,  s p e c tra l  peaks in  th e  b a se lin e  

d r i f t  and r e s p ir a t io n  frequency  ranges d id  not always occur a t  th e  same 

freq u en c ies  in  th e  d i f f e r e n t  le a d s . For th is  reason  and because of th e

37
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common occurrence of low frequency  p e rio d ic  v a r ia t io n  in  th e  v e n tr ic u la r  

g ra d ie n t, i t  was concluded th a t  a ttem pts to  reduce th i s  v a r ia t io n  by 
averaging v e c to r  components fo r  in d iv id u a l su b jec ts  should use  samples 

of a t  l e a s t  40 h e a r t  b e a ts  when no form of b a se lin e  r e je c t io n  i s  used .

Comparisons were made on th e  b a s is  of age, sex , and p u lse  r a t e  

in  th e  amount of in tr a s u b je c t  v a r ia t io n  among h e a r tb e a ts . I h is  was done 

fo r  each of th e  X, Y, and Z components o f th e  v e n tr ic u la r  g ra d ie n t ,  P, 

and OPS v ec to rs  in  99 h e a lth y  a d u lt s u b je c ts . Sub jec ts were grouped 

in to  low and h igh  ages, below and above 37*5 y e a rs , low and h igh  pu lse  

r a t e s ,  below and above 71-5 b ea ts  per m inute, and in to  sex es . I h is  

c la s s i f i c a t io n  scheme re s u lte d  in  a  2^ f a c t o r i a l  arrangem ent where th e  

fa c to rs  were age, sex , and pu lse  r a t e .  Ihe measure o f v a r ia t io n  used 

was th e  n a tu ra l  lo garithm  of th e  sample v a rian ce  among means of 9 h e a r t  

b e a ts .  Ihe analyses of v a rian ce  d id  no t in d ic a te  s ig n i f ic a n t  d if fe re n c e s  

in  amount of v a r i a b i l i t y  between th e  two age groups, or between th e  two 

p u lse  r a te  g ro u p s . Males and fem ales d id  not d i f f e r  s ig n i f ic a n t ly  in  

th e  v e n tr ic u la r  g ra d ie n t components. Males and fem ales d id  d i f f e r  

s ig n i f ic a n t ly  in  a l l  components of P, and in  th e  Y and Z components of 

th e  QPS v e c to r . Females were th e  more v a r ia b le  in  a l l  components in  

which th e  sexes d if f e r e d .

Ih u s , th e  in v e s t ig a tio n  of th e  form of th e  in t r a s u b je c t  

v a r ia t io n  among h e a r t b e a ts  rev ea led  s p e c t r a l  peaks in  th e  r e s p i r a t io n  

frequency ran g e , th e  long term  b a se lin e  d r i f t  range , and, in  one s u b je c t, 

in  th e  h ig h e s t frequency ra n g e . Ihe  shape of th e  s p e c t r a l  d e n s ity  

v a rie d  w idely  bo th  w ith in  and among s u b je c ts . Females were more 

v a r ia b le  in  th e  P and QPS v e c to r components than  were m ales . Sex
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d iffe re n c e s  were n o t found in  th e  v e n tr ic u la r  g ra d ie n t. N either th e  

comparisons between low and h igh  ages^ nor th o se  between low and h ig h  

p u lse  r a te s  re v e a le d  s ig n i f ic a n t  d if fe re n c e s  in  amounts of v a r i a b i l i t y .
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