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This d iS 3 e r ta tio n  i s  o ffe re d  in  two p a r t s .  P a r t I 

} c o n s is ts  o f  a monograph e n t i t l e d  "The B allis to card io g ram " which
i

w i l l  he pub lished  by C harles C, Thomas in  th e  a e r ie s  "American 

L ectu res in  C irc u la tio n "  under th e  e d i to r s h ip  o f  I rv in e  C. Page 

and A. C. Corcoran. Since no book however sm all has y e t been 

p u b lish ed  In  th is  r e la t iv e ly  new and l i t t l e  understood f i e ld ,  

i t  a ttem p ts  to  p resen t as simply as p o s s ib le ,  ana w ith  a -m in i­

mum o f  m athem atics, a comprehensive p ic tu re  o f  a p h y s io lo g ic a l 

techn ique  which o f fe r s  prom ise no t only in  c i r c u la to ry  i n v e s t i ­

g a t io n ,  but a lso  in  c l i n i c a l  c a rd io lo g y .

Our own la b o ra to ry  i s  a newcomer in  the f ie ld  and 

most o f  the  work c i te d  i s  by o th e r s .  Moreover we have a ttem p t­

ed to  move slow ly and along fundam ental l i n e s ,  V7e have, a t 

l e a s t ,  s e t t l e d  the  co n troversy  as to w hether th e  b a l l i s t i c  

ta b le  should be o f  high o r low frequency in  o rd e r to  reproduce 

a c c u ra te ly  the fo rces  a c tin g  upon i t .  This i s  d iscu ssed  in  

th e  appendix . We have a lso  d esc rib ed  th e  h igh  frequency b a l -  

l is to c a rd io g ra p h  which moves in  the f ro n ta l  p lane o f  the  body 

and reco rd s  sim ultaneously  d isp lacem ent a t  four p o in ts .  This 

i s  b r ie f ly  d iscu ssed .

P a rt I I  re p re se n ts  o r ig in a l  work which i s  a lo g ic a l  

outgrow th from in v e s t ig a t io n s  perform ed w ith  th e  two dim ensio­

n a l  in strum en t m entioned above. A fte r  th i s  was b u i l t  and,

I I

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



a f t e r  much d i f f i c u l t y  in s ta l le d  in  th e  basement o f  the  C in c in n a ti 

G eneral H o sp ita l, i t  soon became apparen t th a t  th e  two d isp la c e ­

ments would be much more m eaningful i f  they could be sy n th es ized . 

How i t  was aooomplished i s  d e sc rib e d  in  t h i s  p a r t  e n t i t l e d  "The 

Vec to r b a l l i  a to  oard i ogram".

I l l
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PREFACE

This monograph re p re se n ts  a p a i r  o f  le c tu re s  d e liv e re d  

a t  th e  U n iv ersity  o f  C in c in n a ti in  th e  Spring o f  1951. Ho a t ­

tempt has heen made to  cover th e  f i e ld  o f  b a llis to c a rd io g ra p h y  

in  s p e c i f ic  fa sh io n , even though i t  i s  a sm all one. As a m a tte r  

o f  f a c t ,  the tim e i s  not y e t r ip e  fo r  even a modest t e x t ;  fo r 

i f  one were to  be w r i t te n  to d ay , i t  would be n e a r ly  u se le ss  by 

th e  tim e o f  p u b l ic a t io n .  And. y e t  i t  may not be w ithout p o in t 

to  p re se n t,  in  more com prehensive fa sh io n , a p ic tu r e  o f  th is  most 

ch a lle n g in g  and rapid-m oving f i e ld .

Cardiac L aboratory  John R. B raunste in

The C in c in n a ti G eneral H o sp ita l 

May 1951
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INTRODUCTION

I t  i s  something over te n  y e a rs  now s in c e  Isaac  S ta rr  

coined th e  term 'b a llis to c a rd io g ram , d esc rib ed  a w orkable in s t r u ­

ment to  produce the  reco rd , and p u b lish ed  h is  f i r s t  m ajor paper 

in  the newly named f i e ld .  In th e  in te r v a l ,  many c a rd io lo g is ts  

have been fran k ly  s k e p tic a l  o f  th e  to o l ,  o th e rs  have f a i le d  to 

g rasp  th e  p h y s io lo g ic a l Im p lica tio n s  o f  th e  method, some hardy 

sou ls have t r i e d  to improve th e  tech n iq u e ; but only a few have 

been more th an  t r a n s ie n t ly  a t t r a c te d  to  a reco rd  whose f a s c i ­

n a tio n  l i e s  in  the fa c t th a t  in  i t  i s  locked th e  s e c re t  o f  the 

dynamic a c tio n  o f  th e  h e a r t .  Q uite r e c e n t ly ,  however, th e  con­

d i t io n  has begun to  change. Many more papers a re  being  p u b lish ed , 

b o th  o f  a c l i n i c a l  and fundam ental n a tu re .  G radually  th e  record  

i s  beginn ing  to  y ie ld  i t s  s e c r e t s ;  and, a lthough  th e  f i e ld  i s  

now in  a s t a t e  o f  h e a lth y  f lu x , i t  may be w orth w h ile  to  ta k e  a 

look  a t  i t s  remote and recen t a n c e s to rs , i t s  p re se n t c o n d itio n , 

and hazard  a guess o r two as to  th e  d i r e c t io n  i t  w i l l  tak e  in  

th e  fu tu r e .  '

- 1 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



HISTORY

»Vhat e a r ly  man became f i r s t  aware o f  h is  h e a r t  beat 

i s  l o s t  in  a n t iq u i ty ,  w hether o r n o t he had y e t woven a basket 

o r  baked a pot i s  unknown, and what b io p h y s io is t  i t  was th a t  

s e c r e t ly  in  the  m iddle o f  th e  n ig h t ap p lied  the  law o f  the 

co n se rv a tio n  o f  momentum to h is  own h e a r t a c tio n  has no t t r a n ­

s p ir e d ,  y e t i t  remained fo r  a modern Scot to  make the f i r s t  r e ­

co rd in g  o f the fo rces  im parted by th e  h e a r t  to  the  body. In 

1877 in  a paper e n t i t l e d  "On C erta in  M olar Movements o f  th e  

Human Body Produced by th e  C irc u la tio n  o f  the  Blood" J .  \V. Gordon 

d e sc rib e s  a l ig h t  bed suspended by ropes from the c e i l in g .  He 

a lso  d esc rib es  an e a r l i e r  reco rd  taken from a sp rin g  w eighing 

machine whioh suggests th a t  he made h is  in v en tio n  w h ile  s tan d in g  

on one o f  th e s e .  A record  taken  by each o f  th e se  techniques 

i s  shown in  F igure 1. no th ing  much seems to  have come from 

Gordon’s work, and a h ia tu s  e x is ts  u n t i l  1905 when Y andell 

Henderson, who was unaware o f  Gordon’s p ap er, suspended a plank 

from the c e i l in g  by w ire s . Side m otion o f  th i s  p lank was p re ­

v e n ted , and th e  head to  foot m otion m agnified  by a s e r ie s  o f  

le v e r s  and recorded  on a smoked drum. His reco rd in g  dev ice is  

shown in  Figure 2 , and some o f  h is  e a r ly  reoords in  F igure 3 . 

Henderson suggested  th a t  th e  am plitude o f  th e  reco rd  was r e ­

la te d  to the ca rd iac  o u tp u t. U n fo rtu n a te ly , however, h is  ta b le ,  

which had q u ite  a long p e rio d , req u ired  c e s s a tio n  o f  b rea th in g

- 2 -
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R g u re  1 ,

I l lu s t r a t io n s  from Gordon’ s O rig in a l A r t ic le ,  The l e f t  hand 
tra c in g  i s  taken  from a  sp rin g  w eighing m achine. The r ig h t  
hand one from h is  c o n s tru c te d  in s tru m en t. These e a r ly  reco rd s  
i l l u s t r a t e  th e  fundam ental d if fe re n c e  between th e  high and low 
frequency in stru m en t.

- 3-
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Fig. 1. Fig. 2.

: • » V ’ ' '• -V • ''v V- -

In Fig. 1 the downstroke which is immediately succeeded by a long upstroke 
is synchronous with the systole: the next downstroke is the second deflection 
referred to in the text. The upstrokes are to he regarded merely as indicating 
the instrumental tendency to restore equilibrium.

In Fig. 2 the letters bear the same significance as in Dr Galabin’s figures. 
Vide infra.



F igure 2 .

Henderson’s reco rd in g  dev ice  as i l l u s t r a t e d  in  h is  o r ig in a l  
a r t i c l e ,  © lis i s  an e x c e lle n t  example o f  th e  crude type o f  
th e  in s tru m en ta tio n  w ith  which so much im portant p h y s io lo g i­
c a l  work was done in  th e  n o t too d is ta n t  p a s t .

-4 -
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F i g u r e  2 . —-In Figure 2 is shown the arrangement of the 
recording lever. Attached to one corner of the table T  
by the hinge H  is a strip of stiff steel (15 by 1.2 by 
0.2 cm.). By means of the spring S  the strip of steel 
is held against the wheel W. This wheel is ground with 
the utmost precision to a diameter of 10 mm. Fastened 
to the wheel is an aluminum rod 10 cm. long which 
connects by means of a link with the lever B. The 
short arm of this lever, which is also of aluminum, is 
3 cm. in length, the long arm to the writing point 15 cm. 
Thus every movement of the table is magnified 100 
times with an error of probably less than 1 per cent. 
The advantages of the arrangement are that the con­
nection between the table and lever is broken by simply 
loosening the spring, and that in any position of the 
table the lever is easily set to write upon any part of 
the smoked paper on the drum on which is recorded 
the recoil curve. Throughout these investigations a 
drum turning on a horizontal axis has been used, in 
order to avoid distortion of the recoil curve by the 
weight of the lever influencing the swing of the 
table.



F igure 3 .

Some o f  Henderson’s o r ig in a l  ’’r e c o i l  cu rv es” . The upper o f  
each o f  the  p a ire d  curves i s  a  p u lse  t r a c in g .  The lower i s  
th e  ’’r e c o i l  cu rve” . V e r t ic a l  l i n e s  a re  tim e m arkings, Since 
th e  ta h le  had a long p e rio d , th e  reco rd s  a re  n o t u n lik e  those  
produced by Gordon’s in strum en t {Figure 1 , r ig h t  hand t r a c in g ) .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Circtilalion as Shown by a Recoil Curve.

vrn.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



w ith  e x c e lle n t  and sim ultaneous m uscular r e la x a t io n  in  o rd er 

to  o b ta in  a reco rd  fre e  o f  a r t e f a c t ,  an a t h l e t i c  fe a t not e a s i ­

ly  achieved by th e  average s u b je c t .

In the  t h i r t y  odd y e a rs  which in te rv e n ed  between 

H enderson 's paper and th e  e a r ly  work o f  Isaac S ta r r  numerous 

reco rd s  were ob ta ined  in  a v a r ie ty  o f  ways by d i f f e r e n t  w orkers, 

bu t in  no in s ta n c e  d id  any show th e  su s ta in ed  i n t e r e s t ,  o r s in ­

g len ess  o f  purpose req u ired  to  develop so complex a p r o je c t .  

These a re  review ed in  S t a r r 's  e a r ly  a r t i c l e ,  Douglas and h is  

group (which included  Henderson) used  a p lank  supported  on p i le s  

o f  cork du ring  the P ik e 's  Peak ex p ed itio n  to determ ine w hether 

a l t i t u d e  a f fe c te d  ca rd iao  o u tp u t. Their o b se rv a tio n s  may be 

no ted  in  F igure 4 and th e  in strum en t employed in  F igure 5 ,

In the same y e a r  (1913) Thomas S a tte r th w a ite  o f  New York ob­

ta in e d  a good reco rd  from a i ia t ie n t  s i t t i n g  on a sp rin g  weigh­

ing  machine (F igure 6 and 7 ) .  Heald and Tucker (1922) dev ised  

a p la tfo rm , on which the p a t ie n t  s to o d , which was suspended 

from th e  diaphragm o f  a drum. Change in  the  in te r n a l  volume 

o f  the drum was recorded by changes in  th e  c u r re n t flow ing 

through a h o t w ire  p laced  in  th e  i n l e t .  This instrum ent i s  

i l l u s t r a t e d  in  F igure 8 and the  r e s u l t s  o f  an experim ent p er­

formed on i t  in  Figure 9 , A few y ea rs  l a t e r  (1928), two 

German p h y s ic is t s ,  A ngenheister and Lau, o b ta in ed  records 

from a seism ograph p laced  a lo n g sid e  a su b jeo t ly in g  on a

r
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F igure  4 .

Becords tak en  on th e  P ik e 's  Peak exped ition*  She comments 
■which a re  reproduced w ith  th e  tra c in g s  a re  s e lf -e x p la n a to ry .

-7 -
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Ia  the original account of th is  m ethod a m odification was described in w inch th e  
plank, or recoil l>oard, instead  o f  being h u n g  from w ires, w as supported  14)011 rubber

Date DouVlas 

CoL Spys

p f z k 'p i a k  w - * * * *

p ! &  f t .  A H W ’W '.

VJuly 1 6 -  . .  

Pike's Peak  1

July 2 0 -  
Pike's Peak

July 2 5  -  

Pike's Peak

Aug. I -  
Pike's Peak

Aug. 7 th-- 
Pike's Peak ■

Aus-,7t- J
CoI. Spgs.

Aug. 2 0 -  
Col Spgs.

4'Wv \

w

ffl

Haldane Henderson Schneider

4MWhWhW1

W W W -  #J*#r

m m n '

Fuller

ff

A/V'A

tWM'!Vvlr V I » 1 ‘

R obison

Date

July 2 5  - 
Pike's Peak

Aug. 4- - 
Pike's Peak

Aug. 1 7 -  
Co I. Spgs.

Aug. 14 th
i4 T tT ]l'f]i'VI Pike's Peak

R u sse ll

Aug. 1 4 *  
Pike's Peak

De Vinney

Aug. 14 ~ 
j - H  . j -  i Pjhe 's Peak

mm.
I h_ 5 _ _ h

Fig. 16.

Kecoil curves obtained with apparatus shown in fig. 17. The relative amplitude of the curve of any 
individual at any time is taken as an index of the systolic discharge of the heart. N ote that the 
curves obtained in ourselves after acclimatisation to the altitude of the Peak were not sensibly 
different in size from the normals recorded in Colorado Springs. Nor are the curves of the regular 
summer inhabitants of the Peak, R o b is o n , R u s s e l l , and D e v i n e y , notably different from these of 
men of corresponding physique at sea-level. Note also that in D o u g l a s  on July 13, and in F u l l e r  

on July 25 and August 4, the condition of mountain sickness was accompanied by a marked 
diminution in the amplitude of the recoil curves. Somewhat the same phenomenon appears in the 
curve from H a l d a n e  on August 1 after a carbonic oxide and low oxygen experiment. The occasional 
dropping of a heart beat in the records from H e n d e r s o n  was the result of tobacco, not altitude. In 
the right-hand lower corner are given the original scale of the height and duration of the curves.
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Figure 5 .

The instrum ent u sed  on th e  P ik e ’s Peak ex p ed itio n  complete 
w ith  su b jec t in  v e s t  and s t i f f  c o l l a r .

- 8-
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F igure  6•

Thomas S a tte r th w a ite  o f  ITew York employed a s tan d ard  d o c to r 's  
sp rin g  s c a le  popu lar a t  th e  tim e to  which he a tta c h e d  a long , 
l i g h t  w r i t in g  a m  as i l l u s t r a t e d .  The second pen i s  a  p u lse  
re c o rd e r  and th e  bottom  one a  tim e m arker.

- 9-
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F ig. 41—Automatic lever and spring polygraphic machine or recorder.

s
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Figure 7 .

Ehe reco rd  i l l u s t r a t e d  shows only what we now c a l l  th e  b a l­
lis to c a rd io g ra m . Ubte th a t  th e  h ead -fb o t convention, i s  th e  
re v e rse  o f  th a t  now u s u a lly  employed.

- 10-
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F ig. 42— C ard iovascu lar  tracin g , sh o w in g  an irregu lar  resp ira tory  curve, 
in a pu lse  irregu lar  as to  force  and rhythm .
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C/)C/) F ig. 43— C ard iovascu lar w aves as taken by the au tom atic  recorder. F rom  
the or ig in a l, m agnified  th ree  tim es.



F igure 8 .

Heald and T ucker's  In strum ent.

- 11-
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A , platform  ; B, drum and diaphragm ; C, microphone and accessory cy lin d er; C1, microphone g r id ; D, W heatstone bridge c ir c u it; 
E, E inthoven galvanom eter ; F, source of ligh t and tim e w h e e l; G, camera and autom atic developer ;

H , pulse microphone ; K , breathing microphone.



Figure 9 .

S erie s  o f  cu rves from one o f  Heald and fu c k e r 's  experim ents. 
fh.ese look  q u i te  u n lik e  ourves p rev io u s ly  i l l u s t r a t e d  s in ce  
th e  h o t w ire  was unable  to  t e l l  which way th e  a i r  was moving.
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Fig. 11

(a) Normal Recoil Curve as 
general Control.

(b) 5 minutes after 1 ounce 
of Peppermint Water (to 
demonstrate presence of 
a psychological effect, if 
any). Showing no psycho­
logical effect produced.

c) 5 minutes a fte r 1 ounce 
of Peppermint Water, to 
which 15 drops of Liquor 
Adrenalin had been added.

<d) 5 minutes after 1 ounce 
of Peppermint Water, to 
which 1/150 grain of 
Nitroglycerin had been 
added. Showing great 
increase in second and 
th ird  peaks.

(e) Control curve taken half- 
an-hour after (d), show­
ing complete return to 
normal.

W t f  ’ * 4  V ' l ' F f c  ?  P | J , l j
f  iA v'vi-y Im l  fiii



r ig id , ta b le  (F igu res 10 and 1 1 ), In  1933 Abramson, a Swedish 

p h y s io lo g is t ,  b u i l t  a c h a i r  o f  aluminum a llo y  suspended from 

sp rin g s  imbedded in  a c a s t  s t e e l  base on a c o n c re te  foundation  

(F igure 1 2 ) , This I s  s a id  to  have a n a tu ra l  frequency o f  75 

c y c le s  p e r second when loaded w ith  70 kilogram s o f  m ass, an 

in d ic a t io n  o f  th e  q u a l i ty  o f  th e  eng ineering  employed in  i t s  

c o n s tru c tio n . A reco rd  is  i l l u s t r a t e d  a t  b o th  slow and f a s t  

p aper speeds in  F igure 13, Abramson, however, soon became i l l  

and h is  p ro je c t  was abandoned in  s p i te  o f  i t s  ausp ic io u s  begin­

n in g s .

In 1939, S ta r r  p u b lish ed  th e  now c la s s ic  paper in  

which he d esc rib ed  a sim ple and workable high frequency In­

stru m en t, in v e s t ig a te d  th e  damping o f  the human body, and s e t  

up em p irica l equations fo r c a lc u la t in g  the  s tro k e  volume and 

m inute ou tput o f  th e  h e a r t .  In th e  y ea rs  which have follow ed, 

and in  s p i te  o f  World War I I ,  he has con tinued  to  develop th e  

f i e ld ,  which fo r  a l l  p r a c t ic a l  purposes he founded; and has 

made numerous c o n tr ib u tio n s  to  b a l l i s t i c  th e o ry , In stru m e n ta l 

d es ig n , and the  c l i n i c a l  a p p l ic a t io n  o f  th e  tech n iq u e . During 

th e  war, N ickerson developed th e  s o -c a lle d  low frequency, c r i t ­

i c a l l y  damped b a l l is to c a rd io g ra p h .  He and h is  fo llow ers were 

a t  f i r s t  p r im a r ily  in te r e s te d  in  ou tput s tu d ie s  and th e  theo ­

r e t i c a l  im p lic a tio n s  o f  th e  method; but o f  la te ,  papers o f  a 

c l i n i c a l  n a tu re  have begun to  appear. Sinoe th e  war. Dock,

-13-
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Figure 10.

Method used  by A ngenheister and Lau. !Ehe ta b le  i s  supported  
on f e l t  pads.

-1 4 -
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3  3  3

Fig. 6. Versuchsanordnung der seismographischen 
Aufnahme der Herztatigkeit. 1 Tisch; 3 Filzunter- 
lage; 2 Seismograph; S  Spiegel; L  Lampe; W Re-

gistrierwalze.



F igure 11.

Be cord  a taken  by A aganheiste r and Lau. In  s p i te  o f  th e  com­
p a ra t iv e  ex ce llen ce  o f  th e se  re c o rd s , n o te  th e  h ig h  frequency 
a r t e f a c t  probably  due to  b u ild in g  trem o rs .

-1 5 -
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Figure 12.

Abramson's instrum ent to g e th e r  w ith  a n a tu ra l  frequency curve 
o b ta in e d  fo r  i t .

- 16-
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Schema des Kardiodynam ographen.

•v*>

;.•* xp.y.;':-'  11

Fig. 7.
Der Kardiodynam ograph von hinten.

Fig. 8.
Der Kardiodynam ograph von  vom .

Fig. 9.
Eigenschwingungskurve des K ardio­

dynam ographen. Zeit in  1/ 5 Sek.
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F igure  13.

A record, from Abramson's machine a t  slow and f a s t  paper speeds. 
Hate th a t  even h e re  i s  some h ig h  frequency a r t e f a c t  in  s p i t e  
o f  a c o n c re te  fou n d atio n .

-1 7 -
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r e a l iz in g  th a t  the  b a llis to c a rd io g ra m  co n ta in ed  v a lu ab le  c l in ­

i c a l  in fo rm atio n , a ttem pted  to  find  a sim ple way o f  reco rd in g  

i t .  These th re e  in stru m en ts  w i l l  be co n sid e red  in  th e  nex t 

c h a p te r .

Anyone, however, who w ishes to ev a lu a te  c r i t i c a l l y  

th e se  o r  o th e r  in stru m en ts  which may be o ffe red  in  the  fu tu re  

may do w e ll perhaps to s to p  a t  th is  p o in t and read  the  appendix, 

(where a few sim ple p r in c ip le s  o f  v ib ra tin g  system s are  consid­

ered) b e fo re  p ro ceed in g .

- 18 -
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MODERN INSTRUMENTS

When S ta r r  b u i l t  h i s  now h i s to r i c  t a b le ,  l ik e  Y andell 

Henderson, he suspended i t  by long w ires  from th e  c e i l in g .  For 

h is  r e s to r in g  fo rce  he used  a p iec e  o f  hardened to o l s te e l  

“mounted on a r ig id  welded s te e l  s tru c tu r e  o f  p ip e  and channel, 

screwed to  the  f lo o r  and braced  ag a in s t th e  s id e  w a ll” . He 

preven ted  l a t e r a l  m otion w ith  two s t r u t s  a tta ch e d  to  the  w a ll 

through a f le x ib le  j o i n t .  F igure 14, taken from h is  o r ig in a l  

a r t i c l e ,  i l l u s t r a t e s  th e  c o n s tru c t io n . The n a tu ra l  frequency 

( )  o f  th i s  ta b le  i s  10,5 s e c , when loaded w ith  150 Tbs. o f  

iro n * . In  th e  desig n  o f  th is  in stru m en t, S ta r r  kept th e  b a r 

re sp o n s ib le  fo r the  re s to r in g  fo rce  sep a ra te  from th e  su p p o rts , 

a  m a tte r  o f  some th e o r e t ic a l  im portance, s in ce  the  supporting  

s t r u c tu r e  under the  w eight o f  th e  ta b le  and su b jec t w i l l  under­

go a sm all defo rm ation . This c o n s id e ra tio n , however, probably 

in tro d u ce s  a n e g lig ib le  e r ro r ,  and has been ignored by most 

subsequent d es ig n e rs  o f  th i s  ty p e . F igure 15 i l l u s t r a t e s  a 

commercial model now in  p ro d u c tio n . This has ex tension  f e e t ,  

and can be moved from room to room. The loaded frequency o f  

th e  in strum en t i s  a d v e r tise d  as above 14 c . p . s .  N eith er Of 

th e se  In strum en ts  has any damping**, but depends upon th a t  

provided  by the s u b je c t,

♦For d e f in i t io n  o f  n a tu ra l  frequency see page 61.

**For d e f in i t io n  o f  damping see page 61,

-1 9 -
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F igure 14.

D esign fo r  D octor S t a r r 's  o r ig in a l  ta b le

- 20 -
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Figure 15.

High frequency commercial in strum ent (T ech n itro l Model 128 
fc a llis to c a rd io g ra p h ) . C ourtesy T eo h n itro l E ng ineering  Qo.

- 21-
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In our la b o ra to ry , we have constructed , a h ig h  f r e ­

quency re sea rch  instrum ent which moves in  th e  f ro n ta l  plane 

o f  th e  body i . e . ,  i t  moves no t only  from head, to  foot but 

a lso  from s id e  to  s id e .  This m otion i s  ob ta ined  by mounting 

th e  ta b le  top  on four rods (F igure  16 ). Some 10% o f  c r i t i c a l  

damping* i s  added by means o f  copper b a rs  a tta ch ed  to  th e  to p . 

These move in  th e  m agnetic f i e ld  o f  a s e t  o f  permanent magnets* 

Although th i s  added damping was probably no t n ecessa ry , s in ce  

t h i s  was co n s tru c te d  as re se a rch  in s tru m en t, we provided i t  to  

be c e r ta in  th a t we had enough. This instrum ent weighs some­

th in g  over one to n , and in  s p i te  o f  i t s  mass i s  extrem ely sen­

s i t i v e  to  extraneous v ib r a t io n s .  V7e have had, as a m a tte r  o f  

f a c t ,  a good d ea l o f  tro u b le  find ing  a basement room where 

b u ild in g  v ib ra tio n s  were m inim al. I t s  d u p lic a t io n , fo r ro u tin e  

work, i s  n o t recommended. In t h i s  l a s t  reg a rd , the commercial 

instrum ent d esc rib ed  above, a lthough  I have had no ex p erien ce  

w ith  i t ,  appears to  be w e ll designed , and i s  sa id  to  be s a t i s ­

fa c to ry . Anyone w ith  a shop a t h is  d isp o sa l and a good mecha­

n ic  should be ab le  to  make a h igh  frequency b a l l is to c a rd io g ra p h  

w ithou t too much d i f f i c u l t y .

There a re  only  two m ajor p i t f a l l s ,  and both  a re  avoid­

a b le : 1) w hile  the  to p  should  be l ig h t  i t  must be tru s s e d  so 

th a t  i t  doe3 no t bow in  the m iddle, and 2) any members used 

in  th e  base must n o t have a low n a tu r a l  frequency. This l a s t

*For c r i t i c a l  damping see page 63.
- 22-
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Figure 16.

High frequency instrum ent d e sc rib ed  by B rau n ste in , O elker, and 
dowdy. The to p  moves from h e a d - to -fo o t and s id e - to - s id e .  
S id e - to -s id e  m otion i s  reco rded  s im ultaneously  a t  th re e  p o in ts  
to g e th e r  u i t h  h e a d - to -fb o t m otion.

-2 3 -
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i s  most e a s i ly  avoided by making th e  base o f  wood, u s in g  4 X 4  

p o sts  and heavy p la n k in g .

The N ickerson instrum en t c o n s is ts  o f  a l ig h t  ta b le  

supported  on four long s p r in g s . This i s  now a v a ila b le  conxner- 

c i a l l y  and i s  i l l u s t r a t e d  in  F igure 17. H iding over the sp rin g s  

a re  a d ju s ta b le  clamps so th a t  th e  e f fe c t iv e  len g th  o f  the sp rin g s  

can be leng thened  o r  sho rten ed  a t  w i l l .  Since th e  n a tu r a l  f r e ­

quency changes w ith  th e  m ass, and according to N ickerson ’s con- 

oept should rem ain fix e d  a t  1.5 c . p . s . ,  th e  e f f e c t iv e  sp rin g  

len g th s  a re  so c a l ib r a te d  th a t  the  n a tu r a l  frequency w i l l  re ­

main co n s ta n t fo r g iven  in crem en ts . A s u ita b le  ad justm ent can 

then  be made accord ing  to th e  p a t i e n t 's  w eigh t. Damping i s  

o b ta in ed  by means o f  a sylphon bellow s co n ta in in g  o i l ,  and th is

dev ice ; to o , i s  c a l ib r a te d  for d i f f e r e n t  increm ents o f  mass to

o b ta in  c r i t i c a l  damping. The sylphon p rov ides v isco u s damping* 

b u t, s in ce  th e  v is c o s i ty  o f  o i l  v a r ie s  w ith  tem peratu re , an o th er 

fa c to r  re q u ir in g  c o n tro l  i s  in tro d u ced .

The th i r d  ty p e  o f  instrum ent now in  use was developed 

by P ro fe sso r  Dock. This too i s  com m ercially a v a ila b le  and i s  

i l l u s t r a t e d  in  F igure 18 . To use i t ,  th e  p a t ie n t  l i e s  sup ine 

on a r ig id  t a b le ;  and as he moves back and fo r th  on h is  own 

sup p o rtin g  s t r u o tu re ,  the in stru m en t, which r e s t s  on h is  sh in s , 

moves back and f o r th , to o .  The m otion o f  the in strum ent w ith  

re fe re n c e  to  th e  ta b le  i s  p icked  up by a p h o to c e ll and the

*For v iscous damping d e f in i t io n  see page 63.
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F igure 17 .

A oonsneroial instrum ent o f  th e  H ickerson type
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Figure 18.

Oonsneroial v e rs io n  o f  P ro fesso r Dock’s in s tru m e n t. Courtesy 
o f  th e  Sanborn Company.
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output fed in to  a s u i ta b le  re c o rd e r .

We have ncrw co n sid e red  th e  th re e  types o f  In strum ents 

i n  u se  to d ay . In  suramaxy they  a r e :  1) th e  S ta r r  type w ith  a 

loaded  n a tu ra l  frequency o f  10 c . p . s .  o r  h ig h e r , and w ith  no 

added damping, (except in  th e  case  o f  our own re sea ro h  in s t r u ­

ment ] ;  2) th e  H lckerson type  in  which c r i t i c a l  damping and a 

n a tu r a l  frequency o f  1 .5  c . p . s .  a re  m ain ta ined  co n s tan t fo r  

d i f f e r e n t  increm ents o f  m ass; and 3) th e  Dock type which r e ­

cords th e  m otion o f  th e  s u b je c t  as he moves back and f o r th  on 

a r i g i d  t a b le .

In d isc u s s in g  in s tru m en ts , i t  may no t be amiss to  

say a few words about re c o rd in g ; fo r  t h i s  aspect o f  in s t r u ­

m en ta tion  can, a t  tim es, be extrem ely e x a sp e ra tin g . I t  might 

even be sa id  th a t  th e  type to  u se  depends on th e  p rev io u s  ex­

p e rie n c e  and temperament o f  th e  in d iv id u a l .  Most reco rd in g  

d ev ices  tak e  o f f ,  in  one manner o r  an o th er, th e  d isp lacem ent 

o f  th e  ta b le - to p ,  am plify  th i s  d isp lacem en t, and rec o rd  i t  

a g a in s t tim e . Since t h i s  i s  a  d isp lacem ent measurement, i t  

i s  a lso  a fo rce  m easurem ent. V e lo c ity  cu rv es , and a c c e le ra ­

t io n  curves can a lso  be o b ta in ed , bu t t h i s  i s  no t u su a lly  

done. Most o f  th e  e a r l i e r  in strum en ts  employed o p t ic a l  sys­

tems w ith  a l i g h t  so u rce , a m irro r  a c t iv a te d  by th e  ta b le  mo­

t io n ,  and a camera w ith  a moving film  such as i s  used in  th e  

s t r in g  e le c tro c a rd io g ra p h . S ta r r  in v en ted  an ingen ious l in k  

o f  phosphor bronze on which th e  m irro r  was mounted. H ickerson
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c o n s tru c te d  a p iv o ta l  mounting w ith  a h ig h  m echanical advan­

tage* Such system s, i f  p ro p e rly  s e t  up , have a c e r ta in  r e l i ­

a b i l i t y  about them. The o p e ra to r  does n o t have to  worry about 

a change in  th e  speed o f  l i g h t .  They do not adapt e a s i ly ,  how­

e v e r , to  moving th e  instrum ent abou t, re q u ire  some darkening 

O f th e  room u n le ss  sh ie ld e d , and possess a l l  th e  d isad v an tag es 

in h e ren t In  th e  photographic p ro c e ss .

In th e  e l e c t r i c a l  f i e ld  s e v e ra l devioes have been 

u se d . The h ig h  frequency b a ll is to o a rd io g ra p h  i l l u s t r a t e d  in  

F igure 15 employs a p ick  up b u i l t  around a H. 0 . A. 5743 me- 

c h a n o -e le c tr ic  tra n sd u cer tube Which co n v erts  d isplacem ent 

in to  an e l e c t r i c a l  s ig n a l .  O ther devices used by w orkers in  

th i s  f ie ld  in c lu d e  th e  cap ac itan ce  manometer, th e  s t r a i n  gauge, 

(both bonded and unbonded), p ie z o - e le c t r ic  c r y s ta ls  and h igh  

frequency o s c i l l a t o r  system s.

In our own la b o ra to ry  we have used th e  Statham  tr a n s ­

ducer w ith  s a t i s f a c t io n .  This i s  a l in e a r ,  r e l a t iv e ly  inexpen­

s iv e ,  and more o r  le a s  foo l p ro o f  tak e  o f f .  The in p u t can be 

su p p lied  by a sim ple s to rag e  b a t te ry  and th e  ou tpu t fed d i r e c t ­

ly  in to  any s tan d a rd  e le c tro c a rd io g ra p h . For m u ltip le  reco rd ­

ing  as in  our re se a rc h  in s tru m en t. F igure 16, i t  i s  r e a d i ly  

a d ap tab le  to  Brush equipm ent. So f a r  as d i r e c t  w r itin g  is  

concerned, th e  Brush penmotor i s  q u i te  s a t i s f a c to r y  and draws 

a  sh arp  l i n e .  I t s  on ly  d isadvan tage  l i e s  in  the  curved co o rd i-
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n a te s .  Most o f  th e  d i r e c t  w r itin g  e le c tro ca rd io g ra p h s  avoid 

th e  curved co o rd in a tes  a t the expense o f  a tangen t e r ro r  which 

a t  f u l l  s c a le  d e f le c t io n  may amount to  as much as Z%» Die new 

Cambridge d i r e c t  w r i te r  avoids th e  tangen t e r ro r  moat ingen ious­

ly  by usin g  a v e r t i c a l  w r itin g  arm and feeding  th e  paper through 

a curved  trough*
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THE BALLISTOCARDIOGRAM 
The Complex

We are  now ready to  tak e  up  th e  B a llis to ca rd io g ram  

i t s e l f .  Dais term  was coined e a r ly  in  h is  in v e s t ig a t io n s  by 

S ta r r  to  d esc rib e  th e  reco rd  produoed by h is  in s tru m en t, At 

th e  same tim e, he la b e le d  the  s ig n i f ic a n t  peaks and tro u g h s , 

ju d ic io u s ly  p ick in g  a  p o r tio n  o f  th e  a lp h ab e t whioh would no t 

o v e rlap  w ith  th e  sequence used in  e lec tro ca rd io g rap h y *  A d ia ­

gram tak en  from one o f  h i s  a r t i c l e s  i s  i l l u s t r a t e d  in  F igure 

19 . In  th e  conven tion  which he e s ta b lis h e d , an upward d e f le c ­

t io n  on th e  paper reco rd s  a headward movement, and a  downward 

d e f le c t io n  a  footw ard movement* R ickerson  has used  th e  same 

nom enclature although  h is  waves occur somewhat l a t e r  in  tim e 

due to  th e  heavy damping. The f i r s t  d e f le c t io n  i s  an upward 

one and i s  c a l le d  th e  H wave. I t  b eg ins approxim ately a t  th e  

same tim e as th e  in t r ln s ic o id  d e f le c t io n  o f th e  e le c tro c a rd io ­

gram, a fa c t  sometimes u s e fu l  in  i t s  id e n t i f i c a t io n ,  and is  

follow ed by a  somewhat deeper downward d e f le c t io n  c a l le d  th e  

I  wave. This in  tu rn  i s  follow ed by an upward d e f le c t io n  

u s u a lly  o f  s t i l l  g r e a te r  am plitude c a l le d  the J  wave. A fte r 

t h i s  occurs a  downward d e f le c t io n ,  th e  K wave whioh i s  u su a l­

ly  as deep as i f  n o t deeper th an  th e  I wave. Jb 11 owing th e  K 

wave a re  o th e r  l e s s  im portant upward and downward d e f le c tio n s  

la b e le d  in  a lp h a b e tic a l  sequence which a re  e i th e r  damped ou t

-3 0 -

Re produced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 19.

The normal b a llis to c a rd io g ra m  ( a f t e r  S ta r r ) .
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o r  o b lite ra te d , by th e  next fo llow ing complex beginning -with, 

th e  H wave.

The g e n es is  o f  th e  H -wave, the f i r s t  upward, d e f le c t io n ,  

i s  s t i l l  somewhat obscure* At th e  o n se t o f  s y s to le  blood is  

e je c te d  headward i n  th e  a o r ta  and pulmonary a r t e r y ,  and th e  re ­

c o i l  should  be fOotward J u s t  as th e  hand i s  k icked  back when a 

p i s t o l  i s  f i r e d .  However, du ring  th e  f i r s t  f i f t h  o f  s y s to le , 

th e  H wave i s  in sc r ib e d  and th is  i s  in  th e  wrong d i r e c t io n ,  

lack erao n  th in k s  i t  i s  caused by a u r ic u la r  s y s to le ,  and h&8 

produced experim en tal evidence to  support h is  n o tio n  ob ta in ed  

on a p a t ie n t  w ith  a u r io u lo -v e n tr ic u la r  d is s o c ia t io n ,  In  a 

study  o f  th e  tim e r e la t io n s h ip s  o f  a p p ro p ria te  complexes he 

shows th a t  when th e  q rs  o f  th e  e lec tro ca rd io g ram  i s  not p re­

ceded by a p wave, then  th e  H wave o f  th e  b a llis to c a rd io g ra m  

i s  n o t in sc r ib e d  and th e  r e o o i l  ooours e a r l i e r  in  tim e.

B e la i la  and h is  a s s o c ia te s  th in k  i t  i s  due to a com bination

o f  th e  apex th r u s t  and a u r ic u la r  c o n tra c t io n . On th e  o th e r  
/

hand , i t  i a  w e ll known th a t  p a t i e n t s  w ith  a u r ic u la r  f i b r i l ­

l a t io n  can , and freq u e n tly  do , have H w aves, Also the  p re s ­

ence o f  th e  la rg e  H wave seen in  coronary  h e a r t  d ise a se  i s  

d i f f i c u l t  to  e x p la in . W hatever i t s  cau se , i t  i s  a complex 

onej and most o a re fh l  w orkers in  t h i s  f i e ld  a re  o f  th e  op i­

n io n  th a t  w ith in  th e  narrow tim e range o f  th i s  p o r tio n  o f  th e  

b a l l i s t i c  complex th e re  a re  two o r  more fo rces  o f  no n e g lig ib le
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m agnitude in  a c t io n .  B egardless o f  i t s  cause th e  H wave does 

obscure  the e a r ly  p a r t  o f  th e  r e c o i l  phenomenon, and t h i s  fac t 

has le d  to  some o f the s e v e re s t c r i t ic i s m  o f the in stru m en t.

By th i s  tim e i t  i s  probably  n ecessary  only to s t a t e  th a t  what 

i s  l e f t  o f  the  footw ard {and downward) r e c o i l  i s  known as th e  

I wave. With re sp e c t to  th e  J  wave, h ere  again  th e  s i tu a t io n  

i s  complex. As th e  blood ascend6 headward, on th e  pulmonary 

s id e  i t  encounters th e  pulmonary T and f i l l s  th e  pulmonary bed, 

w h ile  on th e  system io s id e  a p o r tio n  co n tin u es headward and 

sidew ard as th e  rem ainder re v e rse s  i t s  d i r e c t io n  around the  ; 

a o r t ic  aroh . The r e s u l ta n t  o f  th e se  fo rces produces what is  

probably  the most oonspiouos s in g le  component o f  th e  reco rd . 

Following th is  J  wave, a  footward d e f le c t io n  (th e  K wave) is  

in s c r ib e d . I t ,  in  a l l  l ik e l ih o o d ,  i s  caused by the  abrupt 

slowing o f  flow a t  the  end o f  s y s to le  i a  th e  low er reaohes o f 

th e  a o r ta  and i t s  b ranches. Subsequent waves a re  probably  

caused by s tan d in g  waves which a re  r e f le c te d  up and down the 

a o r ta  d u rin g  d i a s to l e .  So much fo r th e  in d iv id u a l complex.

The B esp ira to ry  V a ria tio n  

Let us now look  a t  F igure 20 taken from a s t r i p  on 

which the  b a llis to o a rd io g ra m  i s  recorded  s im u ltan eo u sly  w ith 

the  movement o f  th e  r ib  cage. We f i r s t  see th a t  a smooth, 

u n d u la tin g  envelope cou ld  be drawn over th e  to p  o f  th e  b a l­

lis to c a rd io g ra m  p assin g  through the  peak o f  eaoh succeeding
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Figure 20 .

B ortion  o f  a  tra c in g  taken  on th e  in strum en t i l l u s t r a t e d  in  
F igure 16.

A H ead-to-foo t t r a c e
B Eaeumogram (upnard d e f le c t io n  in d ic a te s  in s p ir a t io n )  
C Lead I o f  th e  e lec tro ca rd io g ram
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J  wave. We a lso  see th a t  th e  am plitude o f  th e  J  wave waxes 

w ith  in s p i r a t io n ,  and wanes w ith  e x p ira t io n . C loser in sp e c tio n  

shows th a t  th e  am plitude o f  th e  I  wave follow s th e  same scheme. 

This phenomenon i s  u su a lly  ex p la in ed  by s ta t in g  th a t  g r e a te r  

f i l l i n g  o f  th e  h e a r t  takes p la c e  during  in s p i r a t io n  s in ce  in  

t h i s  phase more b lood i s  sucked in to  th e  ch es t because o f  th e  

in c re a se d  p re ssu re  g ra d ie n t.  So f a r  as th e  r ig h t, h e a r t  i s  con­

cerned t h i s  ex p lan a tio n  i s  probably  th e  c o r re c t  one, and s in ce  

the in tro d u c tio n  o f  the c a th e te r  tech n iq u e , i t  has been shown 

th a t  pulmonary a r te ry  p re ssu re  w ith  re sp e c t to  in t r a th o r a c ic  

p re ssu re  waxes w ith  in s p ir a t io n ,  a fa c t  which se rv es  as good 

su p p o rtin g  ev idence . On th e  c o n tra ry , however, th e  system ic 

p re ssu re  wanes w ith  in s p i r a t io n ,  and when i t  wanes conspicuous­

ly  a t  th e  w r is t  in  p a r t i a l  t r a c h e a l  o b s tru c tio n  o r ca rd iac  

tamponade th e  c l in ic i a n  c a l l s  i t ,  u n fo r tu n a te ly , a p arad o x ica l 

p u lse .*  Furtherm ore the  work o f  Lanson and h is  a s so c ia te s  a t  

th e  Columbia Csrdio-Pulm onary Laboratory  s tro n g ly  suggests  th e  

co n v erse . They hyp o th esize  th a t  in  e x p ira tio n  th e  lungs a re  

squeezed , and blood i s  wrung out much as  w a te r from a sponge. 

This e x p la n a tio n  seems b e t t e r  to  f i t  th e  f a c t s ;  and i f  i t  i s  

t r u e ,  th e  r e s p ir a to ry  v a r ia t io n  in  th e  head to  foo t b a l l i s t o -

♦Bvery g re a t  man has h is  weak moments. In one o f  th ese  
Bbssmaul w ro te  " I  propose, th e r e fo re ,  to  c a l l  t h i s  th e  p ara ­
d o x ic a l p u lse , p a r t ly  because o f  th e  p e c u l ia r  d isp ro p o rtio n  
between th e  h e a r t  a c t iv i ty  and the a r t e r i a l  p u ls e ;  p a r t ly  
because th e  p u ls e ,  in s p i t e  o f  th e  seeming i r r e g u l a r i t y ,  in  
r e a l i t y  has become a r e g u la r ly  re c u rr in g  waxing and waning,
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cardiogram  must "be accounted fo r  on the h a s is  o f  changes in  

r ig h t  h e a rt a c t i v i t y ,  a m a tte r  o f  some im portanoe.

At t h i s  po in t i t  may seem th a t  th e  re s p ir a to ry  v a r ia ­

t io n  has been h ig h ly  b e lab o red . I f  th i s  i s  eo , i t  i s  only be­

cause o f  i t s  im portance and th i s  i s  threefold*. i t  must be taken  

in to  account in  any c a lc u la t io n  o f  ca rd ia c  o u tp u t, a sy stem atic  

study o f  corresponding  changes in  c a rd ia c  dynamics may g ive  

im portant c lu es  as to  th e  g e n e s is  o f  the  reco rd  and f in a l ly ,  

c l i n i c a l  b a l l is to c a rd io g ra p h e rs  a re  accum ulating evidence which 

suggests  a la rg e  r e s p ir a to ry  v a r ia t io n ,  e sp e c ia lly  w ith  th e  de­

g en e ra tio n  o f  th e  wave form in  th e  e x p ira to ry  phase re p re se n ts  

an abnorm ality  o f  th e  c i r c u la t io n  su g g estiv e  o f  o rgan ic  myocar­

d i a l  d is e a s e .

I f  I  may hazard  a guess a t  th i s  p o in t ,  I should say 

th a t  th is  i s  so in  some cases because th e  c o n tr ib u tio n  o f  the  

r ig h t  h e a r t  to  th e  b a l l i s t i c  p a t te rn  in  e x p ira tio n  i s  minimal, 

and m alfunc tion  o f th e  l e f t  v e n t r ic le  i s  unmasked.
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THE ABNORMAL B .  K . G . PATTERN

The b a llis to c a rd io g ra m  may be abnormal in  e i th e r  o f  

two ways: th e  complexes, when th e  reco rd  i s  tak en  in  the  r e s t ­

ing  s t a t e ,  may be too sm all th u s  su g g estin g  a decreased  b a sa l 

c a rd ia c  o u tp u t, o r  th e  wave farm may be abnormal in  shape,

With re sp e c t to th e  l a t t e r ,  a l i t t l e  r e f le c t io n  w i l l  make i t  

apparen t th a t  th e  shape o f  th e  curve depends upon th e  mechani­

c a l  perftrm ance o f  th e  v e n t r ic u la r  m uscle, A h e a lth y  young 

h e a r t  c o n tra c ts  w ith  a snap and d e l iv e r s  a good p o r tio n  o f  i t s  

c o n te n ts  to  th e  a o r ta  and pulmonary a r te r y  e a r ly  in  s y s to le ,

A le s s  v igorous m uscle may d e l iv e r  th e  same amount o f  b lood , 

bu t much o f  i t  l a t e r  in  s y s to le .  In th e  f i r s t  case  the  complex 

w i l l  be normal (F igure 21 A), In the  second case  i t  I s  apt to  

be o f  th e  so c a l le d  " l a t e  downstroke type" (F igure 21 B ), The 

f i r s t  case  may be  compared to  th e  a c c e le ra t io n  o f  a  modern au­

tom obile w ith  autom atio tra n sm iss io n  whioh s t a r t s  from r e s t  

and reach es a speed o f  t h i r t y  m iles  p e r  hour q u ic k ly  and smooth­

ly ,  The second case may be compared to  a Model T Ford which 

a lso  s t a r t s  a t  r e s t  and a t t a in s  a speed o f  t h i r t y  m iles per 

hour somewhat l a t e r  in  tim e . I f  bo th  c a rs  have th e  same mass, 

a t th e  in s ta n t  th e  v e lo c i ty  o f  t h i r t y  m iles p er hour is  a t t a i n ­

ed , then  they  have th e  same momentum, A graph in  which th e  ve­

lo c i ty  i s  p lo t te d  a g a in s t tim e, however, w i l l  show a g re a t d i s ­

s im i la r i ty  in  th e  way i t  was a t ta in e d .  F requently  in  h e a r t
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Figure 2 1 .

A* Ibrm al 'b a l l i s t i c  p a t te r n  G« L ate 31 p a t te r n
B* L ate  downatroke p a t te r n  D» E arly  U p a t te r n
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d is e a s e  we see p a t te rn s  which a re  so d iso rg an ized  th a t  th e  

in d iv id u a l complexes cannot be id e n t i f ie d  even w ith  a sim ul­

taneous E. K. G, Pushing th e  analogy to the  l im i t ,  th e se  

reco rd s  suggest the perform ance o f  a Model T w ith  one c y lin ­

d e r  dead, two perform ing more o r  le s s  p ro p e rly , and a fo u rth  

one f i r in g  a t  random. O ther p a t te rn s  which have been d escrib ed  

by name a re  th e  ’’e a r ly  M” type  (F igure 21 D) and th e  " la te  M” 

type  (F igure 21 C),

The form er re p re se n ts  an a ccen tu a tio n  o f  th e  H wave 

and i s  n o t f re q u e n tly  seen i f  ev er except in  coronary  h e a r t 

d is e a s e ,  n e i th e r  i s  i t s  s ig n if ic a n c e  w e ll un d ersto o d . The 

" l a t e  11", however, deno tes la c k  o f  synchronism in  the co n trac­

t io n  o f  th e  two v e n t r ic le s  and i s  c h a ra c te r iz e d  by a double J  

peak . I t  i s  seldom seen in  bundle branch b look , fo r  h e re  the 

tim e course  o f  c o n tra c tio n  between th e  two v e n tr ic le s  i s  u su a l­

ly  in s u f f ic ie n t  to  notoh th e  J  w ave. I t  i s  u s u a lly  seen when 

one v e n t r ic le  e je c ts  i t s  blood in  more o r le s s  normal fash ion  

and th e  o th e r v e n tr ic le  e je c ts  th e  m a jo rity  l a t e  in  s y s to le ,

At t h i s  w r itin g  th e  normal b a llis to c a rd io g ra m  has not 

y e t been w e ll d e fin e d , Hoffman and h is  a s s o c ia te s  have more 

o r le s s  q u a n t i ta t iv e ly  d efin ed  abnormal p a t te rn s  as grade I ,

I I ,  I I I ,  IT ta k in g  in to  account v a r ia t io n s  in  th e  m inute vol­

ume w ith  r e s p i r a t io n ,  Gubner and h is  group u s in g  th e  Dock

instrum en t have p re sen ted  s tan d a rd s  fo r v a rio u s  p o r tio n s  of
✓
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th e  complex w ith  re fe re n c e  to tim e, am plitude and form as w e ll 

as  t h e i r  r e la t io n  to  th e  E, K. G, and phono-cardiogram . Jones 

u sin g  th e  N ickerson instrum ent has tim ed v a rio u s  p o rtio n s  o f  

th e  b a l l i s t i c  complex w ith  re fe re n c e  to  th e  e lec tro ca rd io g ram . 

Much rem ains to  be done, T e lo c ity  curves in  the hu­

man a o r ta  and pulmonary a r te ry  a re  not y e t  a v a i la b le .  The e f ­

fe c t  o f  changes in  pulmonary a r te ry  p re ssu re  and system ic p re s ­

su re  on the b a llis to c a rd io g ra m  rem ain to  be in v e s t ig a te d , th e  

damping im parted  by th e  body i s  im p e rfec tly  worked o u t, and 

i t s  v a r ia t io n  from su b je c t to  su b je c t not known a t  a l l*  These 

a re  only a  few o f  th e  fundam ental problems rem ain ing . At f i r s t ,  

in v e s t ig a to r s  were on ly  appalled  a t  th e  com plexity o f  the  p ro ­

blem , Now th e  c o n d itio n  has begun to  ohange, and sy stem atic  

in v e s t ig a t io n s  on v a rio u s  p o r tio n s  o f  th e  problem a re  underway 

in  d i f f e r e n t  l a b o r a to r ie s .  In  our own la b o ra to ry , tor  example, 

we are  a ttem p tin g  to  apply a known fo rce  d i r e c t ly  to  th e  h e a r t  

muscle i t s e l f ,  and than  reco rd  th e  response o f  th e  ta b le  to  th i s  

fo rc e . I f  we a re  suacessfU l in  th e  endeavor and can fin d  an 

eq u a tio n  fo r  th e  cu rve  o b ta in ed , then  fo r  a g iven  b a l l i s to c a r d io ­

gram we can f in d  th e  m agnitude o f  th e  fo rce  a c tin g  a t  any in ­

s t a n t ,  Such an approach i s  not w ithou t experim en tal d i f f i c u l t y ,  

and th e  c a lc u la t io n s  a re  len g th y  and te d io u s ,  l e t  i t  i s  an ex­

ample o f  th e  type o f  work which, i f  s u c c e s s fu l ,  should do much 

to  improve our u n d erstan d in g  o f  th e  b a llis to c a rd io g ra m  and make 

i t  a  more u s e fu l  t o o l .
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CAHDIAC OUTPUT

Henderson observed th a t  th e  s iz e  o f  th e  b a l l i s t i c  

p a t te rn  was r e la te d  to  the  c a rd ia c  o u tp u t;  and l a t e r ,  fo llow ­

ing th i s  le a d , Abramson s e t  up form ulas fo r  i t s  c a lc u la t io n  

which were l a t e r  shown by S ta r r  to  be u n te n a b le . Formulas 

fo r th e  c a lc u la t io n  o f  ca rd iao  ou tpu t have been p resen ted  by 

b o th  S ta r r  and N ickerson , Ihese  depend on th e  Law o f  th e  Con­

se rv a tio n  o f  Momentum, a com bination o f  Newton's second and 

th i r d  laws w hich, in  sim ple te rm s, s t a t e s  th a t  a f t e r  impact 

th e re  i s  no lo s s  o f  momentum in  a  c lo se d  system . Hence { i f  

th e re  were no H w ave) th e  I wave re p re s e n tin g  the  r e c o i l  to 

headward e je c t io n  by b o th  v e n t r ic le s  should  be equal and op­

p o s i t e .  S ince momentum ■ m? th en ,

mV = (m^-t mg ) U 

where m i s  th e  mass o f  e je c te d  b lood; V th e  average v e lo c ity  

o f  th e  b lo o d ; th e  mass o f  th e  s u b je c t;  nig th e  mass o f  th e  

t a b le ;  and U th e  average v e lo c i ty  o f  th e  ta b le  to p . U nfortu­

n a te ly  fo r  fo r  such a sim ple s o lu tio n  th e  f i r s t  p o r tio n  o f  th e  

r e c o i l  curve i s  obscured and V only  re p re s e n ts  an average f ig ­

u re ,  V e lo c ity  curves in  th e  a o r ta  and pulmonary a r te ry  a re  

no t a v a i la b le  fo r man, and M ach e lla 's  a o r t i c  v e lo c ity  curve 

ob ta ined  on a dog was o b ta in ed  on a su b je c t w ith  ra p id  r a t e ,  

open c h e s t ,  and probably in  shock.

n e v e r th e le s s , as N ickerson has shown, i f  th e  a o r t ic
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e r0 8 S -se o tio n t A, Is  known

where S I s  th e  s tro k e  volume and t  th e  d u ra tio n  o f  s y s to le .  

S u b s ti tu tin g  an ex p ress io n  fo r  fo rc e . F, in  p la c e  o f  v  th i s  

becomes

where K i s  a  co n s ta n t and T i s  th e  time between th e  I and J  

p e a k s . In s tea d  o f  th i s  eq u a tio n , S ta r r  has used an em piric 

one based on th e  above, and h is  working equ a tio n  becomes

i n  which Id t and Jd t a re  th e  a rea s  under the  1 and J wave 

r e s p e c t iv e ly  in  m il l lv o lt- s e o o n d s .  L a te r , because o f  c r i t ­

ic ism  in  th e  method o f  e s tim a tin g  th e  a o r t ic  c ro s s -s e c t io n , 

S ta r r  e lim in a ted  th i s  q u a n tity  from h is  formula and inoreased  

th e  num erical v a lu e  o f  th e  c o n s tan t in  fro n t o f  th e  square 

ro o t s ig n . N ickerson usin g  th e  same g e n e ra l approach assumed 

t h a t  th e  e je c t io n  v e lo c ity  would vary in  some g en e ra l way in ­

v e rs e ly  w ith  th e  p re s su re  opposing i t .  He a lso  found from a 

s tu d y  o f  B a z e t t 's  work th a t  th e  l in e a r  dim ensions o f  the  ao r­

t i c  a rea  a re  p ro p o rtio n a l to  the  h e ig h t o f  th e  s u b je c t .  Hence

where Ps i s  th e  s y s to l ic  p re s s u re ;  p^ th e  d ia s to l ic  p re ssu re ; 

L the  le n g th  o f  th e  s u b je c t;  and E th e  co n s tan t determ ined by

3 «  33 ̂ /2 ( J 'I  dt-f* J j  d t )  aV~cT

h is  formula becomes
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th e  c a lc u la t io n  a g a in s t th e  d i r e c t  F ick .

N eith er o f  th e se  form ulas has proved to  be too s a t ­

i s  fao to iy  when compared w ith  th e  d i r e c t  F ick . Goumand found 

th a t  values o b ta in ed  w ith  th e  S ta r r  formula were approxim ately 

18 ,5^  low, and th a t  even w ith  th is  c o r re c t io n  v a lu es  ob ta ined  

were muoh too h ig h  On p a t ie n t  in  shock. O therw ise the ag ree­

ment i s  good. N ick erso n 's  v a lu es  vary  w ith in  -  25*2 on normal 

s u b je c ts , and a re  much worse on s u b je c ts  w ith  l^ ja rt d ise a se .

Hence the form ulas a v a i la b le  today leav e  som ething to  be de­

s i r e d .  S ta r r  lias exp ressed  d i s s a t i s f a c t io n  w ith  h is  own fo r­

mula; and using  a s t a t i s t i c a l  approach has r e la te d  i t  to  a 

d e v ia tio n  from known norm als, percen tagew ise r a th e r  than  in  ab­

s o lu te  v a lu e s , much in  th e  same fash io n  as i s  used  in  th e  expres­

s io n  o f  th e  baBal m etabo lic  r a t e .  In th e  p a s t y e a r  he has pub­

lish e d  th e  r e s u l t s  o f  a  new approach based on a s e r ie s  o f  in ­

genious experim ents in  which he in je c te d  the  a o r ta  and pulmona­

ry  a r te ry  o f  a s e r ie s  o f  cadavers  a g a in s t known p re s s u re s . In  

th e se  experim ents he recorded  sim ultaneously  th e  b a l l i s to c a r d io ­

gram and th e  m otion o f  th e  in je c t in g  p lu n g er. From th is  d a ta  

he has been ab le  to  d ev ise  a form ula fo r  c a rd ia c  s tre n g th  which, 

as he p o in ts  o u t, i s  more c lo s e ly  r e la te d  to the  b a l l i s to c a r d io ­

gram than  th e  c a rd ia c  o u tp u t .  This Is  o b ta in ed  by summing up 

th e  am plitude o f a la rg e  and sm all I  wave and a la r g e  and sm all 

J  wave. The expected c a rd ia c  fo rce  i s  then  c a lc u la te d  from the

—4r3—

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



s u b je c t 's  su rfac e  area* H5ie d if fe re n c e  between the  observed 

and the  expected va lu es  Is  d iv id ed  by th e  expected fo rce  to  

g ive  th e  p ercen t d e v ia tio n . S ig n ific a n c e  o f  d e v ia tio n  i s  

found by c a lc u la t in g  the  c r i t i c a l  r a t i o .  Although th i s  ap­

proach i s  most prom ising, in v e s t ig a to r s  s t i l l  y earn  fo r  a 

sim ple and accu ra te  method fo r determ in ing  th e  c a rd iac  o u t­

p u t. Today i t  i s  n o t in  s ig h t ,  a t l e a s t  w ith  th i s  tech n iq u e ; 

fo r ,  as S ta r r  has p o in ted  o u t, we know enough m athem atics but 

not y e t enough physio logy .
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CLINICAL SIG N IFIC A N C E  OF THE ABNORMAL PATTERN

An abnormal b a l l i s t i c  p a t te rn  denotes abnormal ca rd iac  

fu n c tio n  in  a m echanical sen se .  The h e a r t  i s  an o s c i l l a t i n g  sys­

tem, and so are th e  body and the  t a b l e .  These a re  coupled on© 

to  th e  o th e r  in  a complex fash ion  and when th e  h e a r t  b e a ts  nor­

m ally  a normal wave p a t t e r n  i s  in s c r ib e d .  This , o f  cou rse ,  i s  

a gen era l  s ta tem en t;  and how much dysfunc tion  o f  th e  h e a r t  muscle 

must be p resen t b e fo re  an abnormal p a t t e r n  i s  produced no one 

knows today . As we have a lre a d y  seen, th e  normal p a t t e r n  i s  not 

y e t  w e ll  d e f in e d ;  and, even i f  i t  w ere, th e  heavy damping o f  the  

system would s t i l l  tend  to  obscure minor I r r e g u l a r i t i e s .  For 

example, bundle b ranch  b lock  as dem onstrated by th e  e le o t ro o a r -  

dlogram seldom produces a p a t t e r n  o f  the  " l a t e  J£" ty p e .  The 

d e p o la r iz a t io n  o f  one v e n t r i c l e  i s  delayed by a  few hundredth 

o f  a second and t h i a  i s  no t enough to  no tch  the  J  wave. A d i f ­

f e r e n t i a l  in  muscle tone between th e  two v e n t r i c l e s  i s  apparen t­

ly  necessary  to produce t h i s  p a t t e r n .

I t  would seem th a t  a conspicuously  abnormal p a t t e r n  

i s  a bad long term p ro g n o s tic  s ig n  in  an apparen tly  h e a l th y  per­

son . In  an e ig h t  to  t e n  y e a rs  follow-up on n in e ty  h e a l th y  in d i­

v id u a ls  p a s t  fo r ty  in  supposed good h e a l th ,  S ta r r  found th a t  th re e  

o f  the four w ith  abnormal p a t te rn s  had developed coronary h e a r t  

d i s e a s e .  Our own experience  i s  more s t r i k i n g  i f  l e s s  s ig n i f i c a n t  

s t a t i s t i c a l l y .  S h o r tly  a f t e r  the p u b l ic a t io n  o f  S t a r r ' s  follow-up
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we c o l le c te d  a much sm a lle r  s e r i e s  on p ro fe s so rs  and a s so c ia te  

p ro fe s so rs  from our own medical sch o o l.  Rmr had abnormal r e ­

c o rd s .  The reco rd  o f  one was g ro ss ly  abnormal, and t h i s  in d i ­

v id u a l  d ied  suddenly two days l a t e r  w h ile  s i t t i n g  in  a c h a i r .  

Two d ied  s e v e ra l  y ea rs  l a t e r  o f  carcinoma, and both had o ld  

myocardial i n f a r c t s  a t  au topsy . The fb u r th ,  who i s  s a id  to 

have had a  normal e lec trocard iog ram  a t  th e  time, j u s t  a y e a r  

ago developed a massive a n te ro se p ta l  i n f a r c t .  Hs i s  s t i l l  

a l i v e ,  b u t  s in ce  t h i s  experience we have not been anxious to 

c o l l e c t  reco rds  on p ro fe s so rs  in  supposed good h e a l th .

in  i n t e r e s t i n g  comparison o f  th e  incidence o f  th e  

abnormal b a l l i s to c a rd io g ra m  and e lec tro ca rd io g ram  in  a f re e  

h e a r t  c l i n i c  can be seen from Figure 22 . The d a ta  fo r  t h i s  

c h a r t  was compiled from 202 consecu tive  admissions to  th e  Car­

d ia c  C lin ic  o f  th e  C inc inna ti  General H o sp i ta l .  Of th e se  ad­

m iss io n s ,  177 had bo th  records  taken  and i t  i s  from t h i s  group 

th a t  th e  columns a re  c o n s tru c te d .

Such a p o p u la t io n  by and l a rg e  re p re se n ts  a badly 

b a t t e r e d  group and i t  i s  not s u rp r i s in g  th a t  79$ dem onstrate 

an abnormal e leo trooard iog ram . This f ig u re  i s  exceeded s l i g h t ­

ly  by th e  b a l l is to c a rd io g ra m  which was abnormal in  p a t te r n  in  

82$ o f  th e  c a se s .  I t  i s  a lso  i n t e r e s t i n g  to  note  t h a t  bo th  re ­

cords were abnormal in  69$ o f  th e  group and both  were normal 

in  7$ thus  leav ing  24$ in  which th e  reco rds  d id  not ag ree .
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Figure 2 2 .

Frequency o f  ab n o rm a lit ie s  i n  the  e lec troca rd iog ram  and b a l -  
l is to o a rd io g ra m .

-47

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



FR
EQ

UE
NC

Y 
OF

 
A

B
N

O
R

M
A

L
IT

IE
S 

IN 
EL

EC
TR

O
C

A
R

D
IO

G
R

A
M

 
AN

D 
BA

LL
IS

TO
C

A
R

D
IO

G
R

A
M

I D U i J O U q D  

X|U0 9M8

JDLUJOUqD
9M8

|DUjJouqr> 
9M3 ^luO

IDUiJOUqD
9>i 3

IDUiJOUqD 

q 4 o q  j o  3 u q

p u j J O u q D  j 3 4 4 .0  
JO 3UQ

IDUJJOUqD
ij;og

IDUJJOU
—  M+og

p " i r  ~~i~  .■ -  r  n ■' —1 f 1
o  o  o  o  o  o  0  9  o  o  0
o oi qo r̂ - to 10 ^

S3SV0 30 a38IAinN n\/101 *0 %

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



In a way i t  i s  s u rp r i s in g  t h a t  th e  agreement i s  as good as i t  

i s  s in ce  the  two instrum ents  record  such w idely  d iv e r se  a c t iv ­

i t i e s  o f  the  h e a r t .  In a group not so h e a v i ly  loaded w ith  o r­

gan ic  h e a r t  d is e a se  i t  might be a n t i c ip a te d  th a t  th e  agreement 

would be co n s id e rab ly  l e s s ,  and hence th e  use  o f  b o th  in s t r u ­

ments would prove o f  cons id e rab le  v a lu e  in  th e  d e te c t io n  o f  

e a r ly  organic  d i s e a s e .  "Sven in  th e  c l i n i c  group, by employing 

bo th  tech n iq u es ,  the  inc idence  o f  one o r  both  being  abnormal 

was in c reased  by approxim ately 10%,

In t h i s  regard  a h ig h ly  s ig n i f i c a n t  study o f  the  

b a l l i s to c a rd io g ra m  and e lec tro ca rd io g ram  In coronary a r te ry  

d is e a se  has been made r e c e n t ly  by Baker, Scarborough and t h e i r  

group working a t  th e  Johns Hopkins H o s p i ta l .  These In v e s t ig a ­

to r s  c a r e fu l ly  s tu d ie d  a s e le c te d  group o f  110 p a t ie n t s  some 

o f  whom su ffe re d  from angina p e c to r i s  a lo n e .  Others in  the  

group gave a h i s to r y  o f  m yocardial i n f a r c t io n  more than s ix  

weeks o ld .  SOne had an abnormal X-ray o r  a blood p re ssu re  

over 1 7 0 / l l0  ram. Hg, Their combined d a ta  may. be seen in  Fig­

u re s  23 and 24 . Here i t  w i l l  be noted th a t  th e  d ivergence 

between the  two techn iques  i s  c o n s id e rab le  and, a lthough  th ese  

i n v e s t ig a to r s  i n t e r p r e t  t h e i r  r e s u l t s  c a u t io u s ly ,  the  b a l l i s t o ­

cardiogram  appears as an instrum ent o f  r e a l  va lue  in  supplying 

o b je c t iv e  evidence o f  ches t  p a in  when t h i s  i s  due to  a r t e r i o ­

s c l e r o s i s  o f  th e  coronary  a r t e r i e s .

Before le a v in g  the  s u b je c t  o f  coronary h e a r t  d ise a se
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F igure 23 ,

A nalysis  o f  d ia g n o s t ic  methods in  coronary a r t e r y  d i s e a s e .  
Abnormal and b o rd e r l in e  v a lu e s .  (A fte r  Baker, e t  a l . )
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Eigure 2 4 .

Analysis o f  diagnostics methods in  coronary a r t e r y  d i s e a s e .  
Abnormal v a lu e s .  (A fte r  Baker, e t  a l . )
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i t  might be w e ll  to  mention th a t  o ccas io n a lly  a p a t i e n t  i s  seen 

w ith  a normal p a t t e r n  a f t e r  a minimal myocardial i n f a r c t i o n .  

U sually  th e  e lec tro ca rd io g ram  becomes normal or n e a r ly  so . These 

p a t i e n t s  u su a lly  do w e l l .

iVith re sp e c t  to  v a lv u la r  d is e a se  i t  should  be mention­

ed th a t  t h i s  in  and o f  i t s e l f  does n o t  appreciab ly  a l t e r  the  b a l ­

l i s t i c  p a t t e r n .  Such i s  o f te n  th e  case  in  young p a t i e n t s  w ith  

m i t r a l  s te n o s is  in  whom damage to  the  h e a r t  muscle i s  sm all .

In a o r t i c  r e g u r g i t a t i o n  the  complexes a re  la rg e  b u t  not necessa ­

r i l y  deformed, Ihe only  d ia g n o s t ic  p a t t e r n ,  so f a r  as I know,

I s  t h a t  o f  c o a rc ta t io n  o f  th e  a o r t a .  Here the K wave drops out

as would be expected s in c e  i t  i s  caused by slowing o f  th e  blood

in  th e  lower a o r t i c  re g io n ;  bu t even h e re  th e  absence o f  a K 

wave must be weighed s in ce  o th e r  shunts may produce th e  same 

e f f e c t  even though they are  r a r e l y  encountered.

In summary, then , i t  would appear th a t

1 ) p a t i e n t s  w ith  m yocardial d isease  u s u a l ly  have 

an abnormal b a l l i s t i c  p a t t e r n

2 ) an abnormal b a l l i s t i c  p a t te rn  in  an o therw ise  

normal p a t ie n t  i s  a bad long term  p ro g n o stic  finding

3) an abnormal p a t t e r n  i s  an e x c e l le n t  o b je c t iv e

f in d in g  in  p a t i e n t s  s u f f e r in g  from symptoms caused by coronary

a r t e r y  s c le r o s i s

4} an absent K wave i s  almost d ia g n o s t ic  o f
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o o a ro ta t io n  of th e  a o r ta

5) v a lv u la r  d isea se  in  and o f  i t s e l f  does not 

ap p rec iab ly  a f f e c t  th e  b a l l i s t i c  p a t te r n

6 ) an abnormal p a t te r n  t e l l s  us only t h a t  we 

a re  d e a l in g  w ith abnormal mechanical fu n c tio n . This informa­

t io n  i s  va luab le  when p ro p erly  f i t t e d  in to  th e  o v e ra l l  c l i n i c a l  

p i c tu r e .
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CLINICAL SIGNIFICANCE OF THE ABNORMAL OUTPUT

The b a l l i s to c a rd io g ra m  i s  u s u a l ly  recorded -when th e

p a t i e n t  i s  r e s te d  and in  the  p o s t-a b s o rp t iv e  s t a t e .  Hence i f  

the p a t i e n t ’s h e ig h t  and -weight a re  known the c a rd ia c  index can 

be c a lc u la te d .  This i s  u s u a l ly  expressed in  l i t e r s  p e r  minute 

per square  m eter o f  body su r fa c e .  S ta r r  has pub lished  normal 

values fOr b o th  sexes, and has in v e s t ig a te d  co nd it ions  in  which 

th e  ou tpu t i s  too g r e a t  o r  too l i t t l e .  The f i r s t  he c a l l s  hyper­

k inem ia; th e  l a s t  hypokinemia. These a re  e x c e l le n t  p h y s io lo g i­

c a l  terms and a re  worthy o f  more widespread use than they  enjoy 

today . His d a ta  i s  i l l u s t r a t e d  in  F igures 25 and 26. The two 

cases  o f  b e r i - b e r i  h e a r t  d ise a se  which we have s tu d ie d  f a l l  in  

t h i s  group.

F igure 25

Occurrence o f  Hyperkinemia

Group Frequency o f  hyper­
kinemia among a l l  
cases  in  th e  group

Healthy p e rso n s . . . . . . . .
hyperthyro id ism  w ithout

A very  few

c a rd ia c  com plications
Extreme em ac ia tion ..............
P a ten t ductus  a r t e r i o s u s .  
P e r ip h e ra l  A*-V aneurysm..
Anemia  ................
F e b r i le  d is e a se  t e s t e d

.Almost a l l

.About

.Most

.Few

.About

l a t e  in  course
h y p e r te n s io n ............
Pulmonary

A few only 
A very few

In chron ic  d ise a se  
E s s e n t ia l  hyperkinemia

A fte r  pnetamonectony .4  o r  5 oases 
.A fen 
.20 cases
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F i g u r e  2 6

Occurrence o f  Hypokinemia

Group Frequency o f  hypo­
kinemia among a l l  
oases in  th e  group

Moribund p a t i e n t s ........... ...........................................M l
Shock. .........................................   .A ll
In congestive  h e a r t

f  a i  lu re   ..........................   Mo s t
V alvu lar h e a r t  d ise a se

not In f a i l u r e . . ....................................... . . . . .A b o u t  %
Coronary h e a r t  d i s e a s e :

Chronic angina p e c t o r i s   .....................Almost a l l
Soon a f t e r  i n f a r c t i o n . . . ................. . . . . . . . A b o u t  e

H y p erten s io n .   About l / s
Endocrine d i s e a s e s :

Myxedema. ......... ................. ............................ .. All
P i tu i t a r y  o r  a d re n a l .........................................Many

Convalescence from sev ere
f e b r i l e  d i s e a s e .        About %

E s s e n t ia l  hypokinemia.................................. .26 cases

I t  w i l l  be noted th a t  in  h i s  hypokinemic group which re p re se n ts  

100 oases ,  26 showed no d is e a se  to  which i t  could be a t t r i b u t e d .  

In  th e  hyperkineraio group o f  100 cases t h i s  occurred  in  20 ca se s .  

Thus he dem onstrated o b je c t iv e ly  two d i s t i n c t  groups in  which 

th e  p h y s io lo g ic a l  response o f  th e  c i r c u la to r y  system i s  not nor­

mal, Such p a t i e n t s  a re  u s u a l ly  c l a s s i f i e d  by the c l i n i c i a n  in  

some such w astebasket as n e u ro -c i r c u la to ry  a s th e n ia ,  o r  ca rd iac  

n e u r o s i s ;  and a re  worthy o f  c a r e f u l ly  c o n t ro l le d  psycho log ica l 

s tu d y . The In s tru m e n ta tio n  fo r  I t  i s  obviously a v a i la b le  in  

the  b a l l i s to c a r d io g ra p h .  I t  I b a lso  known th a t  anx ie ty  O f  a 

c e r t a i n  type w i l l  in c re a se  the  oard iao  ou tp u t.  This has been
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■beautifu lly  shown by Hicham, C a r g i l l  and Golden who s tu d ied  a 

group o f  s e n io r  m edical studentB b e fo re  and a f t e r  an im portant 

exam ination .

U nfo rtu n a te ly  th e  c a rd ia c  output cannot be c a lc u la te d  

when the  b a l l i s t i c  p a t t e r n  i s  abnormal s in c e  no fo rsu la s  a re  

as y e t  a v a i l a b l e .  However, S t a r r  has re c e n t ly  developed a fo r ­

mula fo r  th e  c a l c u l a t i o n  o f  i n i t i a l  ca rd iac  fo rc e .  This has 

a l re a d y  been d isc u s se d .  I t  does n o t  r e q u ire  a normal p a t t e r n  

and oan be ap p lied  to a l l  r e c o rd s .  We have found the  c a lc u la ­

t i o n  mo3t v a lu a b le  in  e v a lu a t in g  b a l l is to c a rd io g ra m s  on p a t i e n t s  

whose p a t te rn s  were q u es tio n ab ly  b o rd e r l in e .  The r e s u l t s  when 

t h i s  c a lc u la t io n  was ap p lied  to  the  group o f  p a t i e n t s  from the  

Cardiac C lin ic  o f  the  C in c in n a ti  G eneral H o sp ita l  mentioned in  

th e  previous ch a p te r  a re  i l l u s t r a t e d  in  Figure 27. When tahen 

a lone i t  can be seen th a t  t h i s  c a lc u la t io n ,  when abnormal, does 

n o t appear in  as h ig h  a  percen tage  o f  th ese  p a t i e n t s  as an ab­

normal p a t t e r n .  When combined th e  percen tage  i s  in c re a se d .

The c a lc u la t io n  may w e l l  prove o f  s p e c ia l  v a lu e  in  p a t ie n t s  w ith  

d is e a s e  o f  the  ooronaiy  a r t e r i e s  s in c e  many o f  th ese  have sm all 

abnormal oomplexes from which the  ca rd iac  fo rce  oan be c a lc u la te d  

a lthough  the c a rd ia c  o u tp u t canno t.  For example, Ur. Bernard 

Berman and I s e v e ra l  y ea rs  ago c o l le c te d  d a ta  on a s e r i e s  o f  

p a t i e n t s  w ith  angina p e c to r i s  b e fo re  and a f t e r  a l a r g e  meal.

V7e c o l le c te d  both  b a l l i s to c a rd io g ra m s  and e le c tro c a rd io g ra m s.
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F igure  27 .

Frequency o f  abn o rm alit ie s  i n  e lec tro ca rd io g ram , b a l l i s t i c  
p a t t e r n  and i n i t i a l  c a rd ia c  fo rc e .
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Since most Of the 'b a ll is to ca rd io g ram s  were o f  abnormal p a t t e r n  

the  c a rd iac  output could not be ob ta ined .

I t  was in te r e s t in g  to  n o te ,  however, th a t  in  the few 

which could , the  expected in c re a se  o f  about 25 > did  n o t o ccu r .

This experiment was, in  essence , an e x e rc ise  to le ra n c e  t e s t ;  

and th e re  w i l l  undoubtedly be much work o f  t h i s  type done in  

th e  fu tu re ,  Ilakinson has r e c e n t ly  pub lished  an a r t i c l e  in  

which he recorded  b a l l i s to c a rd io g ra m s  befo re  and a f t e r  the  

tw o-step  t e s t ,  This t e s t  g iv e s ,  as he p o in ts  o u t ,  a d d i t io n a l  

in fo rm ation  in  th re e  waysj 1 } th e  normal in c re a se  in  ca rd iac  

ou tpu t may not take  p la c e ;  2 ) th e  response may be excess ive ; 

o r  3) the form o f  the  record  may become abnormal a f t e r  exer­

c i s e .

Brown, Hofftoan, and De L a l la ,  no tin g  a la rg e  r e s p i ­

r a to ry  v a r i a t io n  i n  p a t ie n t s  w i th  angina p e c to r i s ,  have ca lcu ­

l a t e d  th e  ca rd iac  ou tpu t fo r  each phase o f  r e s p i r a t i o n  and have 

developed a formula fo r  exp ress ing  i t .  This i s  as fo llow s:

H. V. I . (H espiratory  V a r ia t io n  Index) s

L argest In sp ira to r : /  IJinute Volume -  Sm allest Stgplratoxy Minute Volume
Surface ±urea i n  Square U eters

All o f  t h e i r  normal c o n tro ls  were fbund to  have an R. V. I .  

between zero and 4-50 c c .  p e r  minute per square m eter o f  s u r ­

f a c e .  In a s e r ie s  o f  21 p a t i e n t s  w ith  ty p ic a l  angina a l l  had 

R. V. I . ' s  i n  excess o f  t h i s  f ig u r e .  Like Baker and Scarborough 

in  t h e i r  study o f  abnormal p a t t e r n s ,  i t  should be noted th a t
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Brown and h is  a s s o c ia te s  may w ell  foe developing a valunfole 

approach, in  th e  study o f  coronary a r te ry  d i s e a s e .  I t  should 

a lso  foe no ted  th a t  they  have taken  advantage o f  the s e n s i t i v i ­

ty  o f  a techn ique which reco rd s  changes w ith  each h e a r t  h e a t ,  

a c h a r a c t e r i s t i c  which has y e t  to  foe fu l ly  e x p lo i te d  in  the 

s tudy  o f  c a rd iac  phys io logy , This p re se n ts  no t h r e a t  to  the  

p a t i e n t ,  and re q u ire s  only th a t  he l i e  q u ie t ly  on the  tafole. 

The b a l l i s to c a rd io g ra m  has muoh to o f f e r  today . When i t  i s  

b e t t e r  unders tood , i t  w i l l  o f f e r  a g re a t  dea l  more.
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APPENDIX

As Dr. Hamilton has so d r i l y  and a p t ly  put i t ,  "The 

forms which th e  appara tus  tak es  a re  as d iv e rse  as the  minds o f  

th e  men who c o n s tru c t  then" .  Hence i t  may he w orth  w hile  to 

review a few o f  th e  fundamentals o f  v ib ra t in g  systems i f  we 

w ish to  e v a lu a te  a g iven in s tru m en t.

N atura l Frequency; Let us f i r s t  take  a simple sp rin g  

fas tened  se c u re ly  a t  one end. I f  the  o th e r  end i s  then plucked 

w ith  the  f in g e r  (or s t ru c k  w ith  a m a lle t  i f  i t  i s  s t i f f ) ,  and 

then  allowed to  v ib r a te  f r e e ly ,  a photograph o f  i t s  motion t a ­

ken a t  r i g h t  ang les  on a moving film (assuming no lo s s  o f  en­

ergy) w i l l  appear as i n  F igure 2 8 . You w i l l  n o t ic e  th a t  the 

d is ta n c e  between any two peaks i s  the  same. In t h i s  observa­

t io n  you have d iscovered  a fundamental p ro p e r ty  o f  th e  s p r in g ,  

i t s  n a tu r a l  frequency (fn )* In Figure 28, s ix  peaks ( f iv e  in ­

t e r v a l s  o f  time) a re  counted out fb r  0.10 seconds. Hence the  

n a tu r a l  frequency fo r  t h i s  p a r t i c u l a r  sp rin g  i s  50 cy c les  p e r  

second ( c . p . s .  ) and once determined w i l l  remain c o n s ta n t .  I f  

you wish to  make th e  n a tu r a l  frequency h ig h e r ,  you may make the 

sp ring  th io k e r  o r  s h o r t e r .  I f  you wish to make i t  lower, then 

you may make i t  lo n g e r ,  th in n e r  o r  weight th e  end. This l a s t  

dev ice  i s  o f te n  used in  the  des ig n  o f  tuning  fo rk s .

Damning t Let us look again  a t  Figure 28. A fter  the  

sp r in g  i s  p lucked , the am plitude o f  succeeding v ib ra t io n s  remains
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Figure 28. 

Undamped s in e  wave.
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the  same since  no energy i s  removed. This i s  an Id e a l  case .  

A ctua lly ,  however, th e  am plitude o f  the succeeding v ib ra t io n s  

w i l l  d im in ish  as in  F igure 29, lower r i g h t .  This phenomenon 

i s  known as damping. By means o f  various  m echanical and e le c ­

t r i c a l  dev ices  energy can be removed from th e  system more qu ick­

l y ,  and the amount o f  damping in c re a se d .  I f  t h i s  i s  in c reased  

to  the  p o in t  where th e  sp ring  r e tu rn s  promptly to the  base l i n e  

w ithou t o s c i l l a t i n g  (Figure 29, upper l e f t ) ,  i t  i s  known as 

c r i t i c a l  damping. I f ,  on the  o th e r  hand, th e  sp r in g  re tu rn s  

s low ly  to the  base  l i n e  as in  Figure 29, lower l e f t ,  i t  i s  

s a id  to be overdamped.

The concept o f  damping i s  an im portant one, s ince  

th e  body alone adds about 50% o f  c r i t i c a l  damping to  the  b a l ­

l i s t i c  system, a po in t  to be d isc u sse d  l a t e r .  Furthermore, 

some instrum ents  have mechanical o r  e l e c t r i c a l  dev ices  a t ta c h ­

ed to  th e  moving to p  i n  order to o b ta in  added damping. Any 

damping so added must be p ro p o r t io n a l  to the  v e lo c i ty  (so c a l ­

l e d  v iscous damping) in  order to  y i e l d  to convenient mathema­

t i c a l  a n a ly s is .  For th e  c o e f f i c i e n t  o f  t h i s  p ro p e r ty  we s h a l l

use the  symbol G and fo r  c r i t i c a l  damping the  symbol C„•c

Spring C ons tan t; Let us now take a mass SI (Figure 29, 

upper r ig h t )  which is  f ree  to  move up and down on ly .  The fb rce  

req u ired  to d isp la c e  Id one u n i t  o f  len g th  i s  known as the  sp r in g  

constan t for  which we s h a l l  u se  the  symbol K.
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Figure 29 ,

Upper l e f t s  C ritica l damping lower right* tJhderdampirsg
Lower le ft*  Overdamping Upper right* Simple mass suspended

by a  sp ring
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Impressed Frequency: I f  the  mass in  Figure 29, upper 

r i g h t ,  ia  shaken up and down by an e x te rn a l  fo rce ,  a l i t t l e  

r e f l e c t i o n  w i l l  make i t  apparen t th a t  the am plitude o f  the 

response w i l l  depend on t h i s  fo rc e .  Now i t  so happens th a t  

th e  frequency o f  th e  forced  v ib ra t io n  depends only on the  f r e ­

quency o f  th e  shaking fo rce  ( fo r  t h i s  we s h a l l  use th e  symbol 

F ) ,  The am plitude A, however, depends no t only on th e  magni­

tude  o f  th e  shaking fb rce ,  but a lso  on th e  r a t i o  o f  i t s  frequen­

cy to  the  n a tu r a l  frequency o f  th e  system. Hence i t  becomes 

unm istakably ev iden t t h a t ,  i f  th e  b a l l i s to c a rd io g ra p h  i s  to  r e ­

produce a c c u ra te ly  th e  fo rces  a c t in g  upon i t ,  t h i s  r a t io  w i l l  

have to be c a r e f u l ly  i n v e s t ig a te d .

Resonance: TChen th e  r a t i o  o f  th e  frequency o f  the  

shaking force  to  th e  n a tu r a l  frequency becomes 1, resonance I s  

s a id  to e x i s t ,  the  am plitude o f  su ccess iv e  v ib r a t io n s  b u ild s  

up r a p id ly ,  and hence i s  most u n d e s i r a b le ,  t h i s  i s  the  reason 

why s o ld ie r s  break  s te p  when c ro s s in g  a b r id g e ;  fb r ,  i f  the 

frequency o f  th e  maroh s te p  should  happen to  co in c id e  w ith  the  

n a tu r a l  frequency o f  th e  b r id g e ,  th e  s t r u c tu r e  might w ell  c o l ­

l a p s e ,  In our case we a re  not p a r t i c u la r ly  w o rried  about th e  

b a l l i s to c a rd io g ra p h  d i s i n t e g r a t i n g  because o f  the p a t i e n t ' s  

h e a r t  beat (a lthough t h i s  i s  t h e o r e t i c a l l y  p o s s ib le )  b u t ,  as 

s t a t e d  above, we a re  I n te r e s te d  i n  a measuring instrum ent th a t  

w i l l  a c cu ra te ly  reproduce the  fo rces  a c t in g  upon i t .
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Phase Angle: Harmonic motion i s  the s im p les t  form o f  

p e r io d ic  motion, and most v ib r a t in g  systems move in  approximate­

ly  t h i s  fa sh io n .  Hem harmonic motion i s  a s in e  o r  co s in e  ftmc- 

t l o n ,  and may he w r i t t e n  as x -  X cos t  when the angu lar  ve­

l o c i t y . , ^  i 8 a c o n s ta n t  (2 TTf), and w t  an angle measured in  

r a d ia n s .  Consider the  curves in  F igure 30.

She an g u la r  p e r io d  fOr b o th  o f  these  curves i s  £ 5  o r
u>

360°. How, i f  we take

(1) x = X 003 u>t

as the  re fe re n c e  curve , then

(2) x -  X s in  u )t  -  X 00s ( uit -  -~ )

Curve 2 i s  ^  rad ian s  o r  90° out o f  phase. I t  can a lso  be seen 

from in sp e c tio n ,  t h a t  th e  maximum o f  curve 2 occurs one q u a r te r  

o f  th e  le n g th  o f  th e  base  l i n e  (90° o r  ~) l a t e r  than in  curve 1 .

Equation Of M otion» We a re  now ready to co n s id e r  th e  

b a l l i s to c a r d io g ra p h  as a v ib r a t in g  system* This ha3 a mass M 

(which may inc lude  the  mass o f  the body), a o o n s tra in in g  spring  

oonstant 2, and a  v isoous damping fo rce  whose c o e f f i c i e n t  i s  C» 

Upon t h i s  system i s  Impressed a shaking force which i s  a func­

t i o n  o f  time F ( t ) .  Ebr F ( t ) we can f in d  two v a lu e s ,  one by 

lO u r ie r ’s expansion, and th e  o th e r  from JTewton’s second law.

When these  a re  equated each to  th e  o th e r  we get an express ion  

fo r  a s in g le  term which looks l i k e  t h i s

(1 ) Hxw Gb* + Ex “ A s in (  « t  + f  )
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Figure 30«

Fhase relationsh ips o f  the sine and cosine functions.
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In  tM s  eq u a tio n  z" Is  the a c c e le ra t io n , x* th e  v e lo c i ty ,  x the  

d isp lacem en t, and $ the  phase angle  in  th e  SOurier expansion.

We a re  f a m il ia r  w ith  the r e s t  o f  th e  te rm s. This exp ression  is  

a l i n e a r  d i f f e r e n t i a l  eq u a tio n  and i t s  s o lu t io n  i s  known. I t  

may he w r i t te n

(2) x -  *' *"—•*■&'— A '------"=-g s in ( uj t  £ n- <f> )
y(Cu»r+ {a_ aim r

in  w hich <j> i s  the  phase angle between th e  fo rce  and d isp lacem en t.

I f  th e  m otion o f  th e  t a b le  were uncom plicated by th e  

i n e r t i a  o f  the  ta b le  and by the damping, th en  (p u ttin g  M ~ 0 -  0 

in  E quation 2) we would have

x = ■— a in  ( uj t  H- £ )
A

s in c e  in  th i s  case  th e  angle by which th e  disp lacem ent la g s  

behind th e  fo rce  a lso  becomes z e ro . In t h i s  c a se , th e  d is p la c e ­

ment would be p ro p o rtio n a l to  th e  fo rce , w ith  th e  same co n s ta n t 

o f  p ro p o r t io n a li ty  l / S  fOr a l l  freq u en c ies  o f  the shaking fo rce  

F ( t ) ,  This i s  an id e a l  ca se , u n a tta in a b le  In  p r a c t ic e .  I f  we 

put xd = A/Z s  the  am plitude o f  t h i s  id e a l  resp o n se , we can 

co n s id e r  x^ as th e  "d esired "  am plitude .

The am plitude o f  th e  a c tu a l  v ib ra t io n  o f  the ta b le  

i s  th e  c o e f f ic ie n t  in  fro n t o f  s in  ( Lot-t- S -  $ ) in  E quation 2 .

I f  we d e s ig n a te  th i s  c o e f f ic ie n t ,  which i s  a lso  th e  maximum v a l­

ue o f  x , by then
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fin « ________ JL_________
V  #uZ -f- (K -  MW2  }2

For f re e  v ib ra tio n s  o f  our system , th e  n a tu ra l  frequency, f^ , 

i s  g iven  by th e  r e la t io n

and th e  c r i t i c a l  damping, C0# by th e  equation

C0  =  2 V  M E

Using th ese  eq u a tio n s  we can exp ress  th e  r a t io  a s  fo llow s
xd

f  2
-  ______ *n_________________

xd V  2 / f / (  i ) 2
Gc

F igure 31 is  p lo t te d  from t h i s  eq u a tio n , except th a t  th e  sub­

s c r i p t  m has been dropped and x has been w r i t te n  in s te a d  o f  xm.

For c r i t i c a l  damping 2— * 1 and the equation ao-
®c

q u ire s  a p a r t ic u la r ly  sim ple form

(s i  f° - •  r  
%  ^ 2 + < - 2

Let u s  lo o k  a t  th e se  c u rv e s . We f i r s t  n o tio e  th a t

when — = 1 ,  snd th e re  i s  no damping, th e  curve f l i e s  o f f  to
%

i n f i n i t y .  Since x^ i s  f ix e d , x has beoome la r g e .  Here we have 

reso n an ce , . V arious degrees o f  added damping ten d  to  p u ll  th e
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F igure  31 .

B atio  o f  th e  r e s u l ta n t  d e f le c t io n ,  x , to  th e  d e s ire d  d e f le c ­
t i o n ,  xd , v s .  th e  r a t io  o f  th e  im pressed frequency, f ,  to  the  
n a tu r a l  frequency, fn , fb r  v a r io u s  v a lu es  o f  th e  damping r a t i o .
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curve down, t u t  s in c e  -we may "be d e a lin g  w ith  some unknown fac ­

to r s  th is  r a t io  i s  obv iously  a good one to  s ta y  away from. Let 

us look  a t  th e  curve a g a in . Since we a re  in te r e s te d  in  the  ac­

c u ra te  rep ro d u c tio n  th a t  th e  shaking  fo rce  im presses on th e  t a -

In sp ec tio n  shows th a t t h is  can he Obtained by keeping f / f n sm a ll. 

I f  th e . r a t io  f /f j j  i s  to  be sm a ll, s in c e  we can do noth ing about

Bince th e  squares o f  th e se  q u a n t i t i e s  a re  invo lved  th e  d iffe re n c e

and a s t r a ig h t  l in e  r e la t io n s h ip  i s  m ain ta in ed . I f t co n v erse ly ,

we re v e rse  th e  r a t io  and make f  sm a lle r  than  f  then again  th en
squares o f  th e  q u a n t i t ie s  w i l l  in c re a s e ,  th e  d if fe re n c e  and f  

w i l l  become n e g l ig ib le .  In  t h i s  case  ac/x^ i s  approxim ately 

equal to

b le  we should t r y  to  f in d  a range where 18 a c o n s ta n t.

f , th en  f  must be made la r g e .  In th e  eq u a tio n

between f  ^  and I2  w i l l  become even g r e a te r .  In th is  case f  be­

comes n e g lig ib le  and

which i s  approx im ate ly  equal to

-7 1 -
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an ex p ress io n  which v a r ie s  ra p id ly  in  magnitude w ith  changes 

in  f .  Since f  fo r  th e  l iv in g  su b je c t cannot be c o n tro lle d , the 

in fe re n c e  can be drawn th a t  th e  n a tu r a l  frequency should be as 

high  as p o s s ib le ,  i f  th e  system  is  to  reproduce the fo rces  a c t ­

ing upon i t  as a c c u ra te ly  as p o s s ib le .  This may a lso  be seen 

by in sp e c tio n  from F igure 32.

In F igure 33 th e  phase ang le  between th e  fo rce  and 

the  d isp lacem ent I s  p lo t te d  on th e  y a x is .  On th e  x ax is  is  

p lo t te d  th e  r a t io  o f  th e  im pressed frequency to  th e  n a tu ra l  

frequency . Some f iv e  curves a re  shown fo r  v a rio u s  v a lu es  o f  

the  damping r a t i o .  When f / f n  i s  1, resonance i s  seen to  occur.

I t  i s  a lso  seen th a t  th e  only o p p o rtu n ity  o f  o b ta in in g  a  s t r a ig h t  

l i n e  r e la t io n s h ip  i s  to  move as f a r  to  th e  l e f t  on th e  x ax is  as 

p o s s ib le .  Since we have no way o f  c o n tro l l in g  f ,  then  ^  must 

be made la rg e ,  and h e re  th e  in fe re n c e  becomes in escap ab le  th a t 

only  a h ig h  frequency in strum en t w i l l  a c c u ra te ly  reproduce the 

fo rces  a c tin g  upon i t .

N ickerson and C u rtis  in  co n s id e rin g  th e  desig n  o f 

t h e i r  in stru m en t took a d i f f e r e n t  th e o r e t ic a l  approach. They 

co n s id e red  as an id e a l  case  a s i tu a t io n  in  which the  body f lo a ts  

f re e ly  In  space much as th e  b e a u t i fu l  lady  on th e  s tag e  appears 

to f lo a t  under th e  magic wand o f  th e  m ag ic ian . They then  took 

as t h e i r  c r i t e r io n  th e  r a t io  o f  th e  am plitude o f  ta b le  m otion to  

th i s  id e a l  c a se . Here, th e  system  la  taken  as being w ithou t oon-

-7 2 -
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F igure  32*

E atio  o f  th e  r e s u l ta n t  d e f le c t io n  to  th e  d e s ire d  d e f le c t io n  
v s .  th e  n a tu r a l  frequency, o f  th e  ta b le  fb r  v a r io u s  im­
p re sse d  fre q u en c ie s , f ,
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F igure  3 3 .

For various values o f  the damping ra tio , the phase angle 
hetrween the impressed fOroe and the ta t le  motion i s  p lotted  
against the ratio  o f  the impressed frequency,f, to the na­
tural frequency, fn*
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s t r a i n t  op damping, th a t  i s ,  i f  we apply equation  (1 ), C and K 

a re  "both zero and drop o u t. Then fo r  t h i s  id e a l  case

x = =̂ rr{ s in  & )
Mar

Since 2 TT f  by d e f in i t io n ,  th e  am plitude o f  t h i s  motion is  

not c o n s ta n t fo r  a co n s tan t am plitude in p u t, hu t w i l l  vary  w ith  

f ,  3inoe th e  shading fu n c tio n  w i l l  no t only' change w ith  the 

h e a r t  r a t e ,  hut probably  co n ta in s  o th e r  freq u en c ies  to o , i t  

would seem th a t  th i s  d e fec t may w e ll he a  se rio u s  One.

In th e  Dock in s tru m en t, co n d itio n s  a re  somewhat, r e ­

v e rsed . Here th e  mass to  he co n sid e red  i s  not th a t  o f th e  ta ­

b le ,  hu t o f  th e  in strum en t i t s e l f .  The sp rin g  co n s tan t and 

damping c o e f f ic ie n t  depend upon th e  p h y s ica l p ro p e r t ie s  o f  the 

t i s s u e s  o v erly in g  th e  sh in s  and on which the in stru m en t r e s t s .  

These w i l l  have to  he in v e s t ig a te d  b e fo re  th i s  instrum ent can 

he e v a lu a te d .

-?!>•
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-ADDENDUM

The p o s s ib le  s ig n if ic a n c e  o f  the  d a ta  from the  Cardiac C lin - 

io  o f  th e  C in c in n a ti G eneral H o sp ita l p resen ted  h ere  was te s te d  in  a 

number o f  d i f f e r e n t  ways. C o rre la tio n  between th e  age o f  th e  p a t ie n t  

and th e  d e v ia tio n  from normal c a rd ia c  fo rce was attem pted  by means o f  

th e  Pearson Product-Moment C o e ff ic ie n t o f  C o rre la tio n  and th e  Corre­

la t io n  R atio (E ta ) .  The r e s u l ts  were in c o n c lu s iv e . A re g re ss io n  

equation  between th e  re c ip ro c a l o f  the  age o f  th e  p a t ie n t  and the  

fo rce  was c a lc u la te d .  The r e s u l t s  f a i le d  to  show any c o r re la t io n  

between th e  two v a r ia b le s .  An a n a ly s is  o f  v a r ia n c e  to t e s t  th e  s ig ­

n if ic a n c e  o f  th e  d if fe re n c e s  between th e  c a rd ia c  fo rce  o f  various 

d isea se  groups was contem plated , but abandoned, s in ce  the norm ality  

o f  the d i s t r ib u t io n  o f  the  d a ta  and the  sam pling techn ique employed 

to  o o lle c t  i t  were q u e s tio n a b le . I t  i s  b e lie v e d  th a t  the  l a s t  two 

reasons a lso  in flu en ced  the c o r re la t io n  r e s u l t s .  Another reason might 

be th a t th e  sample (240 ca ses) was too sm all in  view o f  the wide range 

o f  bo th  v a r ia b le s .

A r e la t io n s h ip  between i n i t i a l  ca rd iac  fo rce  and th e  tra n sv e rse  

d iam eter o f  the h e a r t  as seen on PA Teleo Roentgenogram was sought by 

T e trach o ric  C o rre la tio n , Again th e  r e la t io n s h ip  appeared to  be n e g l i ­

g ib le .

The g ra p h ic a l re p re s e n ta tio n  o f  th e  d a ta  used in  t h i s  th e s is

was adopted s in c e  i t  was f e l t  to  be b es t s u i te d  to  th e  m a te r ia l .

S e U re n c e : J .  P. G u ilfo rd  '’Fundamental S t a t i s t i c s  in  Psychology and 
E ducation” , McGraw-Hill Book C o., I n c . ,  New York and London, 1942.
F i r s t  E d itio n , S ix th  Im pression.
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INTRODUCTION

When Y andell Henderson o b ta in ed  h is  f i r s t  records 

some fo r ty  f iv e  y ea rs  ago, he used a p lank  suspended by w ires 

from a h ig h  c o il in g  (1 ), "With such a t a b l e ,"  he n o ted , " th e  

h e a r t  bea t causes no t only lo n g itu d in a l  b u t a lso  l a t e r a l  move­

m ents, The l a t t e r  have not y e t  been examined in  d e t a i l .  In 

fa c t  i t  i s  n ecessa ry , in  o rd e r to  reco rd  th e  lo n g itu d in a l move­

ments w ith  accuracy , th a t  th e  l a t e r a l  movements should  be p re ­

v e n ted " , How he accom plished th i s  i s  shown in  F igure 1 , At 

each  end o f  the  ta b le  he p laced  a sh a rp -p o in ted  s te e l  p in  r e s t ­

ed in  a case  hardened s te e l  cup sunk in  th e  s id e  o f  the  ta b le .  

She o th e r  end r e s te d  in  a s im ila r  cup p laced  in  th e  post o f  the  

fram e. As can be seen  from th e  f ig u re ,  th e  appara tus was so 

arranged  th a t  th e  ta b le  was s l i g h t ly  o f f  c e n te r  a lthough  th i s  

i s  no doubt exagera ted  in  th e  draw ing.

In th e  yearB which fo llow ed , reco rd s  were taken  w ith  

th e  su b je c t su p in e , s tan d in g  o r even t i l t e d ,  but a l l  o f  th e se  

recorded  th e  h e a d - to -fo o t d isp lacem ent a lo n e . These a re  d isc u s­

sed elsew here (2 ). I t  i s  only  q u i te  re c e n t ly ,  however, th a t  

i n t e r e s t  has begun to  develop in  o th e r  degrees o f  freedom o f  

th e  b a l l i s t i c  system . In 1945, Ham ilton p ub lished  a s in g le  

t r a c e  in  w hich th e  h ead ~ to -fo o t, s id e - to -B id e , and f ro n t- to -b a c k  

d isp lacem ents were recorded s im u ltan eo u sly  (3 ), He has p u b lish ­

ed no reco rd s  s in c e , and i t  can be in fe r r e d  from a c a re fh l  read -
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in g  o f  h is  a r t i c l e  th a t  t h i s  t r a c e  was ob ta ined  on a temporary 

in strum en t c o n s tru c ted  to  e lu c id a te  a s in g le  p o in t ,  i . e .  the  

d ia s to l i c  waves o f  the  h ead -to ~ fb o t component a re  r e la te d  to 

th e  s tan d in g  wave system  o f th e  a o r ta

H am ilton’s paper escaped our n o tic e  for  some tim e, 

h u t s h o r tly  a f t e r  th e  c o n s tru c tio n  o f  our f i r s t  in strum ent in  

1946, we began to  sp e c u la te  aa to  th e  magnitude o f  th e  rem ain­

in g  t r a n s la t io n s .  P i lo t  work was accom plished by means o f  a 

s u i ta b le  p lank  which was p laced  croBSwaya on th e  b a l l i s t i c  t a b le .  

The su b je c t la y  on t h i s ,  f i r s t  on h i s  back to  produce th e  s id e -  

to - s id e  d e f le c tio n ?  and then  on h i s  a id e  to  produce th e  b ack -to - 

f ro n t d e f le c t io n .  In t h i s  s e t  o f  experim ents a lthough  th e  t r a n s ­

la t io n s  were n o t sim ultaneous (tim ing was accom plished w ith  an 

e le c tro c a rd io g ra p h )  no d is to r t io n  was in tro d u ced  by r o ta t io n ;  

and we were a b le  to  dem onstrate th a t  we were d e a lin g  w ith  fo rces 

which were by no means o f  n e g l ig ib le  m agnitude. Scarborough and 

h i s  co-w orkers have sinoe employed th e  same tech n iq u e  and have 

p u b lish ed  a p re lim in ary  re p o rt on t h e i r  work (4 ).

D esign and c o n s tru c tio n  o f  th e  tw o-dim ensional b a l l i s ­

to c a rd io g rap h  nex t follow ed (2 ). fflie f ro n t- to -b a o k  t r a n s la t io n  

was e lim in a te d  as a sim ultaneous, reco rd in g  w ith  th e  o th e r  two 

s in c e  we could fin d  no way o f  c o n s tru c tin g  a  th ree -d im en sio n a l 

in stru m en t w ithout, in tro d u c in g  d i s to r t io n  due to  r o ta t io n .  We 

have found none s in o e . n e v e r th e le s s  th e  h e a d - to -fo o t and back-
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to - f r o n t  d isp lacem ents can be recorded  sim u ltaneously  with, i t  

i f  th e  su b jec t l i e s  on h is  s id e .

The m echanical c h a r a c te r i s t i c s  o f  th i s  in strum ent on 

rep ea ted  check in  a v a r ie ty  o f  ways have proved to be s a t i s f a c t o ­

r y .

I t  soon became ap p aren t, however, th a t  th e  d a ta  o b ta in ­

ed, e x c e lle n t though they  appeared to  be , were d i f f i c u l t  to h an d le . 

The b a l l i s t i c  fbrm v a r ie s  co n s id e rab ly  from b e a t to  b e a t,  and the  

a n a ly s is  o f  a s in g le  complex re q u ire s  p o in t by p o in t g ra p h ic a l 

c o n s tru c tio n  from each reco rd . Furtherm ore a f a s t  paper speed i s  

re q u ire d  i f  any degree o f  aocuracy i s  to  be a n t ic ip a te d .  In th is  

sen se , th e  sy n th e s is  suggested  an analogy w ith  the monocardiogram 

o f  Mann, and W ilson 's  p r a c t io a l  s o lu tio n  employing a cathode ray 

o s c il lo s c o p e . Our own s o lu t io n , which i t  i s  th e  purpose o f  th is  

t h e s i s  to  p re sen t i s  s im ila r ,  W ilson su ita b ly  named h is  record  

th e  v ec to rcard io g ram ; t h i s  we c a l l  the  v e c to rb a llis to c a rd io g ra m .

- 4 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



THEOHY

A r ig id  cube o f  . iro n  f re e  to move in  spaoe i s  sa id  

to  have s ix  degrees o f  freedom, i . e .  s ix  axes o f re fe re n c e  are 

re q u ire d  to  d e sc rib e  i t s  p o s s ib le  m otion. (She cube may bs t r a n s ­

la te d  in  any o f  th re e  p la n es , o r  ro ta te d  about any o f  th re e 'a x e s .

A s im ila r  cube o f  g e la t in ,  however, i s  no t a r ig id  s tru c tu re  and 

has an i n f i n i t e  number o f  d eg rees o f  freedom. The animal body 

more n e a rly  approxim ates th e  l a t t e r ;  but i f  the  s ix  axes ju s t  

m entioned could  be recorded  s im ultaneously  as a b a l l i s to c a r d io ­

gram (see F igure 2) no doubt much v a lu ab le  in fo rm atio n  would be 

o b ta in ed , s in c e  a t  th e  p re sen t tim e only one component i s  u s u a l­

ly  recorded (head-to -fO ot m o tion ).

N ickerson in  a th e o r e t ic a l  d isc u ss io n  considered  the  

body as f re e ly  f lo a tin g  in  space, and hence w ithout c o n s tra in t  

and damping {K = 0 = 0 ) .  in  such a co n d itio n  the  id e a l  d e f le c ­

t io n  becomes

x s  - "A,, Bin ( w t  + J  )
M UJ

C learly  the  am plitude o f  th is  m otion i s  not .co n stan t fb r a constan t 

am plitude in p u t (s in ce  co- 2 v F) but depends upon th e  frequency o f  

th e  im pressed fo rce  which in  th i s  system  v a r ie s  w idely  s in ce  th e  

fundamental frequency i s  th a t  o f  th e  h e a r t  b e a t. The s o lu tio n  o f  

th e  problem l i e s  as we have shown in  th e  h ig h  frequency b a l l i s t o -

- 5 -
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F igure  2 .

2 ra n s le tio n s  and B o ta tio n s .
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card iog raph  (2 ), In F igu re  2 s ix  degrees o f  freedom fo r  the  

■ b a llis tic  bed a re  diagrammed and arranged  in  such a way as to  

o o n s ti tu te  a  rig h t-h an d ed  o rthogona l frame. F igure 3 re p re se n ts  

a c o n s tru c tio n  which i l l u s t r a t e s  th e  p la n e s , r o ta t io n s ,  and oc­

t a n t s .  The purpose o f  th i s  in v e s t ig a t io n  is  to provide a method 

ft>r reoo rd ing  as a c c u ra te ly  as p o s s ib le  the v e c to rb a llis to c & rd ie -  

gram in  th e  xy and xz p la n e s . I t  must be adm itted  th a t th e  te c h ­

niques employed a re  no t s t r i c t l y  com parables when the su b je c t 

l i e s  on h i s  s id e ,  th e  coupling  between th e  body and the ta b le  

a re  a l te r e d ,  and some s h i f t  o f  the  m ediastinum  undoubtedly oc­

c u r s ;  This d if fe re n c e , however, should be a constan t one,

S ta r r  and F r ie d la n d , in  s tu d y in g  th e  r e s p ir a to ry  va­

r ia t i o n ,  tu rn ed  th e  sup ine  su b je c t on th e  b a l l i s t i c  bed and were 

n o t ab le  to  rev e rse  th e  r e s p ir a to ry  v a r ia t io n  (5 ) . On th i s  e v i­

dence they concluded th a t  th e  v a r ia t io n  was no t due to change 

in  th e  anatom ical p o s i t io n  o f  th e  h e a r t ,  bu t was more l ik e ly  due 

to  th e  p re ssu re  changes w ith in  the  th o ra x . They in v e s tig a te d , 

however, only  one r o ta t io n  and no p re s s u re s .  With the in s t r u ­

m en tation  now a t  hand we a re  in  a  p o s i t io n  to  s e t  up a  program 

fo r th e  fu tu re  in  which th e  v e c to rb a llis to c a rd io g ra m  can be 

reco rded  sim ultaneously  w ith  p re ssu re s  in  th e  b ra c h ia l  and p u l­

monary a r t e r y .  In th e  meantime we can In v e s t ig a te  the  normal 

and abnormal loops, and ex p lo re  th e  p h y s io lo g ic a l changes behind 

them a t  a l a t e r  d a te ,

-7 -
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Figure 3. 

O ctan ts .
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DESIGN AND CONSTRUCTION

In co n s id e rin g  th e  n ece ssa ry  in s tru m en ta tio n  fo r  

sy n th e s is  o f  the v e c to r  loop , the  p o s s ib i l i ty  o f  u t i l i z i n g  

a v a ila b le  equipment was f i r s t  ex p lo red . None o f  th e  am pli­

f ie r s  on hand, sven i f  m odified , was capable o f  p i t t i n g  out 

a s ig n a l o f  s u f f ic ie n t  .s tre n g th , Fhrthermore no a v a ila b le  

commercial equipment appeared s u i t a b le ,  We then  co n sid e red  

th e  u se  o f  th e  R* C, A. M eohano-transducer tube (which p u ts  

out a la rg e  s ig n a l ) in  p la ce  o f  th e  Statham tra n sd u c e r , bu t 

abandoned the  id ea  though tem pting s in c e  th is  tube is  as y e t 

im p erfec tly  worked out and not too r e l ia b le  fo r  q u a n t i ta t iv e  

work.

The schem atic diagram  fo r  th e  b a ll is to v e c to rso o p e  

i s  shown in  F igure 4 .  A 2000 o .p . s .  o s c i l l a to r  p ro v id es  the  

inpu t to  the lo n g itu d in a l  s t r a in  gauge tra n sd u c e r . This source 

i s  used  ra th e r  th an  a D. C, supply in  o rd e r to  e lim in a te  th e  need 

fo r  a  h igh  g a in  D, C. a m p lif ie r  w ith  i t s  in h eren t i n s t a b i l i t y .  

Means a re  p rovided fo r  b a lan c in g  th e  s t r a in  gauge so no d e f le c ­

t io n  o f  the ta b le  g iv es  zero o u tp u t.

The ou tpu t o f  th e  s t r a i n  gauge i s  fed in to  a phase 

s e n s i t iv e  A, C. a m p lif ie r ,  dem odulated, and then  fed to  a push- 

p u ll  D. Ci a m p lif ie r .  The ou tpu t o f  th i s  a m p lif ie r  i s  then  ap­

p l ie d  to  the v e r t i c a l  d e f le c t io n  p la te s  o f  the  o s c il lo s c o p e  tu b e .

-9 -
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figure 4 .  

Schematic Diagram*
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A tw in C irc u it.p ro d u c e s  th e  s ig n a l from the  tra n s v e rs e  s t r a in  

gauge fo r  the h o r iz o n ta l  d e f le c t io n  p la te s .

In o rd e r  to  reco rd  p h o to g rap h ica lly  the p a t te r n  fo r 

a s in g le  h e a r t  b ea t from th e  face o f  the  o s c il lo s c o p e , a s in g le  

cy c le  c i r c u i t  was Inc luded . A s e le c to r  sw itch on th e  f ro n t pa­

n e l o f  th e  scope allow s th e  cho ice o f  a s in g le  c y c le , o r c o n tin ­

uous o p e ra tio n . Y/ith th e  sw itch  in  the  s in g le  cy c le  p o s it io n , 

th e  in te n s i ty  c o n tro l  g r id  i s  made n eg a tiv e  w ith  re sp e c t to th e  

ca thode, thus b lan k in g  out th e  o sc illo sc o p e  beam, The o p e ra tio n  

Of th e  s in g le  cy c le  push b u tto n  s e ts  up a c i r c u i t  to  which i s  

fed th e  ou tput o f  the e le c tro c a rd io g ra p h  and p e rm its  th e  next r  

wave from th e  e lec tro ca rd io g ram  to unblahk th e  o s c il lo s c o p e  beam 

and beg in  p ro d u ctio n  o f  th e  v eo to r p a t te r n .  The beam is  again  

cu t o f f  e i th e r  by th e  n ex t E . K. G. pu lse  o r  a f t e r  a known i n t e r ­

v a l  ob ta ined  from a m u lt iv ib ra to r .

To f a c i l i t a t e  b a lan c in g , a l im i te r  c i r c u i t  which l im i ts

th e  beam d e f le c t io n  to approxim ately  2" i s  p ro v id ed . V7ith th i s

in  o p e ra tio n  i t  i s  always p o s s ib le  to see th e  d i r e c t io n  in  w hich 

th e  b a lan c in g  c o n tro ls  must be ro ta te d  to  g ive  zero  d e f le c t io n .

To p ro v id e  dynamic b a lan c in g  ( th a t i s ,  b a lan c in g  o f  

th e  s t r a in  gauge b rid g e  w ith  a su b je c t on th e  ta b le )  a f i l t e r  

c i r c u i t  may b e  sw itched in ,  which removes th e  b a l l i s to c a r d io g ra ­

phic 3 ig n a l and allow s one to b alance the beam to  zero on th e  

o sc illo sc o p e  tu b e .
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Figure 5. 

Layout Diagram*
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Figure 6 .

Front View o f  One -Amplifier and O scilloscope,
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F igure  7*

O scilloscope and One .Amplifier w ith Covers Bemoved0
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F igaro  8«

Bottom View o f  Osoilloacope and. One to p lif le r#
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RESULTS AND CONCLUSIONS

Figure 9 i l l u s t r a t e s  th e  v e c to rb a llis to o a rd io g ra m  

tak en  in  the ay p lan e  on a 28 y e a rs  o ld  male (E. 0 . ) in  ro b u st 

h e a l th .  The upper photograph ia  taken  in  in s p i r a t io n  and th e  

low er in  e x p ira t io n . The H wave in  "both in s ta n c e s  I s  in sc r ib e d  

as a t r a n s la t io n  headward and to  th e  l e f t ,  th e  I wave footward 

and to  th e  r ig h t ,  and th e  J  wave as headward and to th e  r ig h t ,  

The Increased  m agnitude o f  the  HI and I J  loops du ring  in s p ir a ­

t io n  i s  apparen t aa w ell as th e  concu rren t change o f  shape.

F igure 10 i l l u s t r a t e s  a s im ila r  v e c to rb a l l is to c a rd io -  

grara on a 28 y ea rs  o ld  f e ra le  (G. H .) w ith  a h e a r t somewhat 

more v e r t ic a l  th an  in  th e  p reced in g  s u b je c t.  Here th e  same 

g e n e ra l comments apply  except in  t h i s  oase both loops a re  more 

n e a r ly  v e r t io a l  as m ight be expected . F igure 11 re p re se n ts  th e  

v e c to rb a llis to o a rd io g ra m  on th e  same su b je c t taken  in  th e  xz 

p la n e . Hence i t  can be seen  th a t  th e  I  wave re p re se n ts  a  mo­

t io n  which i s  footw ard to  th e  r ig h t  and frontw ard; and th e  J  

wave re p re se n ts  a m otion which i s  headward, to  the l e f t  and 

backward.

F igure 12 re p re s e n ts  th e  v e c to rb a llis to o a rd io g ra m  

in  th e  p lane on a 22 y e a rs  o ld  h ea lth y  female (M. J ,  T .) 

w ith  an in te rm ed ia te  h e a r t .  F igure  13 re p re se n ts  th e  xz t r a n s ­

l a t i o n  in  th e  same s u b je c t .  Here even more marked change w ith  

r e s p i r a t io n  ia  en co u n te red . F igure  14 i l l u s t r a t e s  th e  v e c to rb a l-

-17 -
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F igure  9 .

V ea to rb aU isto can lio g ram  in  th e  xy P lan e ,
upper t r a o e  — in s p ir a t io n
low er t r a c e  -  e x p ira tio n
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I ' i g s x ©  1 0 *

Normal Y ac to rb a llia to ca rd io g ra m  in  th e  x& ELnue.
upper t r a c e  -  in s p i r a t io n
low er t r a c e  -  e x p ira tio n

-1 9 -
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F igure 11.

Bbrmal Yectorballistocardiogram in  the xz Plane, 
(same subject as in  Figure 10) 
upper trace -  insp iration  
lower trace -  expiration

- 20-
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Figure 12.

normal V eo to rb a llis to ca r& io g ran  in  th e  sy  P lan e ,
upper t r a c e  -  in s p i r a t io n
low er t r a c e  -  e x p ira tio n

- 21-
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Figure 15.

Normal Vectorballlatocardiogram in  the xz  Plane, 
(same subject as in  Figure 12 .)  
upper trace -  insp iration  
lover  trace -  expiration

- 22 -
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F igu re  14 .

Horizontal Heart -  E ssen tia l Hypertension, 
upper trace -  insp iration  
lower trace -  expiration

-2 3 -
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lis to c a rd io g ra m  on a 45 years  o ld  p h y sic ian  ( J .  B. B .) w ith  

e s s e n t ia l  h y p e rten s io n  and a h o r iz o n ta l  h e a r t .  Conspicuous 

fe a tu re s  a re  th e  sm all HI loop  and th e  marked change o f  d ire c ­

t io n  in  the  I J  loop  w ith  e x p ira t io n . F igure 15 i s  a record  

taken  on a 36 y ea rs  o ld  man-with scleroderm a ( J .  S . ) .  Here i t  

i s  n o tic e d  th a t the  loops "become la r g e r  w ith  e x p ira t io n , pro­

bably  an abnormal f in d in g . They a lso  tend  to re v e rs e .

F igure 16 i l l u s t r a t e s  th e  xy v e c to rb a llis to c a rd io g ra m  

on a -70 y e a rs  o ld  man w ith  en la rg ed  and h o r iz o n ta l  h e a r t ,  a n o r­

mal -e lec tro card io g ram , m ild pulmonary congestion  and a c l in io a l  

d ia g n o s is  o f  a r t e r io s o le r o t i c  h e a r t  d is e a s e . Here th e  I wave 

i s  rep re sen te d  alm ost e n t i r e ly  as a righ tw ard  d e f le c t io n .  The 

J  loop i s  w ider th an  i t  i s  t a l l ,  a fin d in g  which we know from 

prev ious sy n th e tic  s tu d ie s  i s  never found w ith  a normal h e a r t .

These photographs &r® re p re s e n ta t iv e  o f  th e  v e c to r  

loops taken  to  d a te . So f a r  i t  i s  apparent th a t  th e  f ig u re s  

recorded  on th e  sc reen  o f  th e  o so illo so o p e  vary conspicuously  

w ith  r e s p i r a t io n ,  and a re  much a l te r e d  in  d is e a s e .  The d a ta  

th a t  we have c o l le c te d  so f a r  a lso  suggests  th a t  p re ssu re  

changes w ith in  the th o rax  as w e ll as th e  anatom ical p o s i t io n  

o f  th e  h e a r t  i t 3 e l f  a re  re sp o n s ib le  fo r th e  c o n fig u ra tio n  pro­

duced.
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F igure  15.

Soleroderma 
upper trace -  inspiration  
lower trace -  expiration
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F igu re  16*

Coronary Heart D isease, 
tipper trace -  insp iration  
lower trace -  expiration
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