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In studying the dynamics of the heart beat, the
relationship between electrical and mechanical events
in the cardiac cycle has been of fundamental im-
portance. The basic concepts of this relationship
have been defined by Lewis (1925) and Wiggers
(1923) and their co-workers. Sir Thomas Lewis
provided indirect information on these events in the
right auricle of man. Animal experiments, supple-
mented by such indirect information as could be
obtained from venous and arterial pulse wave trac-
ings, recording of heart sounds, etc., in man were
used .by Wiggers to anticipate the probable normal
sequence of events in the cardiac cycle.
More precise information may now be obtaiped

using the method of right heart catheterization.
With direct measurements from within the right
heart chambers and pulmonary artery, coupled with
peripheral arterial pulse wave and electrocardio-
graphic recordings, the nqrmal course of electrical
and mechanical events may be more clearly defined
in man and abnormalities in contraction and con-
duction of the diseased heart may be further
elucidated.
The data thus obtained will supplement the results

obtained by many other investigators and will be
analysed and discussed in the light of their studies.

METHOD OF STUDY

In this study recordings of blood pressures in the
auricle, ventricle, pulmonary artery, and brachial
artery were made simultaneously with the electro-
cardiogram. The method of catheterization of the
right heart, introduction of the indwelling arterial

needle, and recording of pressures has been pre-
viously described (Cournand and Ranges, 1941;
Cournand et al., 1944; and Bloomfield et al., 1946).
In some instances a double lumen catheter was used
(Cournand et al., 1945), permitting the simultaneous
recording of pressures in the right auricle and ven-
tricle or the right ventricle and pulmonary artery.
In order to obtain satisfactory records of these pres-
sures, manometers of varying sensitivities were used.
Only the records that permitted the exact determina-
tion of the onset of rise of pressure in the right heart
or in the arteries were used. The electrocardiograph
was of the string galvanometer type and tracings
were usually made on standard lead II. The speed
of the camera could be varied from 12-5 to 50 mm. a
second, permitting time intervals to be estimated
correctly to within 0O010 sec. It has been shown
repeatedly that no parallax exists between the light
beams of the manometers and the electrocardio-
graph. A method for determining the time lag in
mechanical transmission of an impulse through the
catheter at 370 C. has been previously described
(Cournand et al., 1946), and on repeated determina-
tions was found to be 0010 sec. This applies to the
initial pressure rise only. In analysing the records, a
correction was therefore made by subtracting 0 010
sec. from the measured values of the time intervals
between the beginning of electrical and the beginning
ofmechanical events. In the present state ofrecord-
ing blood pressures in the right heart it is possible
to determine exactly the point at which an initial
pressure rise takes place. Because there is great un-
certainty as to the accuracy of the records during the
period of decline of pressure, analysis of the pressure
curves during diastole was not attempted.
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The following measurements were made in analys- in man, " the upstroke of P precedes the upstroke
ing the records and the following symbols will be of ' a ' in the human jugular curve by from 0 100 to
used in presenting the data. 0 150 sec."

Beginning of the P wave of the electrocardiogram.. .. .. .. .. .. .. P

Beginning of the Q wave of the electrocardiogram, or R, if Q is absent .. .. .. Q
Beginning of auricular systole, marked by an ascension of the intra-auricular pressure wave

near the end of the diastolic period .. .. .. .. .. .. .. .. Ats
Beginning of right ventricular systole, occurring at the end of diastole when the curve shows

a steep rise . .. .. .. .. .. .. .. RVs
Beginning of ejection in the pulmonary artery, marked by the rise of pressure in the artery, at

the end of the descending diastolic curve .. .. .. .. .. .. .. PAs
Beginning of the systolic pressure rise in the brachial artery at the end of the descending

diastolic curve .. .. .. .. .. .. .. .. .. .. .. BAs
Beginning of the systolic pressure rise in the femoral artery at the end of the descending

diastolic curve .. .. .. .. .. .. .. .. .. .. .. FAs

The material for study was selected by analysis of
all the records that had been obtained in the course
of several years from normal subjects, children with
congenital heart disease, and a variety of patients
with cardiac or pulmonary disease.

1. RELATIONSHIP BETWEEN ELECTRICAL AND MECHA-
NICAL EVENTS IN ADULTS WITH ESSENTIALLY
NORMAL CIRCULATION

In Table I will be found the average figures
relating electrical and mechanical events in subjects
with essentially normal circulation. Representative
normal tracings are illustrated in Fig. 1 and 3.

(a) The average time interval between the begin-
ning of the P wave and the beginning of the auricular
systole (P-Ats) was 0-090 sec. in 16 cases. This
interval is somewhat less than that of 0-110 sec.,
found previously in 8 adult subjects with normal
hearts by Cournand et al. (1946). Lewis (1925) has
previously described the following relationship in
dogs: " The upstroke of P precedes the curve of
shortening in the right auricular appendage, in six
dogs, by from 0-024 to 0 043 sec." The above
values are about one third of what was found in
normal adults in this study. Lewis also states that

In order to evaluate the pulse wave velocity in the
large veins, tracings were taken in some of the present
studies as the catheter was progressively withdrawn
from the right auricle to the axillary region. Al-
though such tracings are few, figures indicate that
the pulse wave velocity in the undistended large veins
of normal man progresses at approximately 2-5
metres a second. Assuming an average distance of
10 cm. from the right auricle to the bulb of the right
jugular vein, approximately 0-040 sec. should be
added to figures obtained by the catheterization
technique in order to compare them with Lewis'
figures in man.

(b) The average time interval between the begin-
ning of Q and the beginning of the right ventricular
systole (Q-RV8) was 0-075 sec. in 30 cases. Lewis
(1925) states that, " the beginning of the initial
ventricular deflection usually precedes the onset of
ventricular contraction, as estimated from myo-
cardiograms from the front of the ventricle in six
dogs, by from 0-020 to 0-038 of a second." Kahn
et al. (quoted by Wiggers, 1923), recording pressures
by means of a needle in.the right ventricle of dogs
simultaneously with an electrocardiogram, found
that the time interval from Q to the rise of pressure

ILE I
RELATIONSHP BETWEEN ELECTRICAL AND MECHANICAL EVENTS IN ADULTS WITH ESSENTIALLY NORMAL

CIRCULATION

Heart rate per minute .. .. .. .. .. Average of 30 cases 80
P-R interval, sec... .. .. .. .. .. Average of 30 cases 0-160
QRS interval, sec. .. .. .. .. .. Average of 30 cases 0-080
Q-BAs interval, sec. .. .. .. .. .. Average of 30 cases 0-160 0 140-0-190
P-Ats interval, sec. .. .. .. .. .. Average of 16 cases 0 090 0 050-0-120
Q-RVs interval, sec. .. .. .. .. .. Average of 30 cases 0 075 0 060-0-100

Average of 15 cases* 0-072
Q-PAs interval, sec. .. .. .. .. .. Average of 15 cases* 0-085 0 070-0-100
End diastolic pressure in

Right ventricle, mm. Hg. .. .. .. Average of 15 cases* 3-0
Pulmonary artery, mm. Hg. .. .. .. 8-0

Duration ofisometric contraction of right ventricle, sec. Average of 15 cases* 0-013 0-010-0 020

* The same 15 cases were used to obtain these values.
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FIG. 1.-Record illustrating normal electrical-
mechanical time intervals in an adult subject.
From top to bottom, blood pressure tracings

in the brachial artery (B.A.) and the right
atrium (R.A.), and electrocardiogram lead IT.
P-Ats = 0 080 sec. Q-BAs = 0 160 sec.
In this and all other records the distance

between vertical lines is equal to 0 040 sec.

was from 0-031 to 0-035 sec. Garten (quoted by
Wiggers, 1923), using an electrical manometer, found
approximately the same interval-0 030 to 0 045 sec.
An analysis of a tracing of Wiggers (1928) shows the
same interval to be 0 040 sec. These figures in dogs
are about one half of the values found in man in the
present study. In an analysis of the time interval
between the beginning of the electrical ventricular
complex and the c wave in jugular tracings of man,
Lewis states that, " the upstroke of R precedes the
upstroke of c in the human jugular by from 0-100
to 0-150 of a second." Miller and White (1941)
found an identical value for the Q-c interval in man.
Assuming that the c wave corresponds to the begin-
ning of the mechanical contraction in the right
ventricle and subtracting 0 040 sec. for its transmis-
sion to the jugular, the figures compare well with
the Q-RVS time as measured directly.

(c) The average time interval between the begin-

FIG. 2.-Record illustrating electrical-mechanical events
in a case with auricular premature contractions.
From top to bottom, blood pressure tracings in the

brachial artery (B.A.), the right atrium (R.A.), and
electrocardiogram lead IT. P' and Q' correspond to
the premature beat.

ning of Q and the beginning of the pulmonary artery
systole (Q-PA,) was 0-085 sec. Using this time
interval, it is possible to measure the duration of the
isometric contraction of the right ventricle, i.e. the
time required to raise the pressure from the end
diastolic level in the right ventricle to the end
diastolic level in the pulmonary artery. This time
is calculated by subtracting the value of Q-RVX from
Q-PAs. In 15 cases where both right ventricle and
pulmonary artery pressures have been measured, the
value for this interval was 0-013 sec. A tracing of
simultaneous pulmonary artery and right ventricular
pressures, taken with a double lumen catheter (Fig.
3), demonstrates the short duration (0-010 sec.) of
the isometric contraction in a normal subject. In
the 15 cases studied, the average pressure values
were, respectively, 3 mm. Hg for the end diastolic
pressure in the ventricle and 8 mm. Hg for the end
diastolic pressure in the pulmonary artery. A period
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FIG. 3.-Record illustrating normal electrical-mechanical time intervals in an
adult subject.
From top to bottom, blood pressure tracings in the brachial artery (B.A.), the

pulmonary artery (P.A.), the right ventricle (R.V.), and the electrocardiogram
lead II. The intracardiac blood pressure tracings were taken simultaneously
with a double lumen catheter.
Note that the slope of the ascending pressure curves in the right ventricle and

pulmonary artery do not exactly coincide. This may represent a genuine
difference or be a manifestation of hysteresis in the recording. Regardless
of the interpretation given to this difference, it has no bearing upon the choice
of the exact site of the initial rise in pressure.
Q-RVs = 0-080 sec. Q-PAs = 0090 sec. Q-BAs = 0-160 sec.
The duration of isometric contraction is 0 010 sec.

of 0013 sec. was therefore necessary to raise the
pressure in the right ventricle 5 mm. Hg above the
initial level in order to open the pulmonary valves.

(d) The average time interval between the begin-
ning ofQ and the beginning ofbrachial artery systole
(Q-BA8) was found to be 0160 sec. in 30 cases. As-
suming that the pulse wave velocity does not vary
greatly, this time interval is probably valuable in
assessing indirectly the duration of isometric con-
traction of the left ventricle. By simultaneous
registration of heart sounds, subclavian pulse, and
the electrocardiogram in man, Wiggers (1944)
estimated the duration of isometric contraction in
the left ventricle to be from 0 040 to 0-060 sec. Katz
and Feil (1923) found figures with a somewhat
greater range, 0-024 to 0-089 sec. With an average
duration of isometric contraction of the left ven-
tricle of 0050 sec., 0 110 sec. would be required for
the pulse wave to be transmitted to the brachial
artery. This corresponds approximately to a pulse
wave velocity of 5 metres a second. Previously
published values for the time interval between the

beginning of Q and the onset of pressure rise in the
more proximal arteries will be found in Table II.

2. RELATIONSHIP BETWEEN ELECTRICAL AND MECHA-
NICAL EvENTs IN CHILDREN WITH CONGENITAL
HEART DISEASE

In Table III will be found the average figures in
children whose ages range from 5 months to 16 years.
On the whole, the intervals were shortet than in
normal adults.

(a) The average P-AT8 time interval was 0-060 sec.
in 16 cases. In a previously reported case of a
child 8 years of age with tetralogy of Fallot, a value
of 0-055 sec. was found, Cournand et al., 1946.
The question arose as to whether the P-AT8 time
varies with the age of the subjects. In general it
was found that the younger the child the shorter the
P-ATs time although the correlation did not appear
to be extremely close. In Fig..4 is illustrated the
P-AT8 time interval in a child of 3. In general, the
nature of the congenital disease did not appear to
exert a great influence on this'time interval. In two
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ELECTRICAL AND MECHANICAL EVENTS IN THE CARDIAC CYCLE OF MAN 5

TABLE II
PREVIOUSLY PUBLISHED VALUES FOR THE TIME INTERVAL BETWEEN THE BEGINNING OF Q AND THE ONSET

OF ARTERIAL PREssuRE RISE (IN SECONDS)

Author Interval studied Range Average

Nichol (1933) Q to rise of pressure in subclavian artery 0-119-0 166 0 135
Wolferth et al. (1935) .. Q to rise of pressure in carotid artery 0-090-0-150 0-111
Katz et al. (1935) .. .. .. Q to rise of pressure in subclavian artery 0100-0-160 0120
Battro et al. (1936) .. .. .. Q to rise of pressure in carotid artery 0-060-0-120
Castex et al. (1941) .. .. Q to rise of pressure in carotid artery 0-080-0-160 0-120
Kossmann et al. (1947) .. .. Q to rise of pressure in carotid artery 0-131-0-148 0-139
Present study (1948).. .... Q to rise of pressure in brachial artery 0 140-0 190 0-160

TABLE III
RELATIONSHIP BETWEEN ELECTRICAL AND MECHANICAL EVENTS IN CHILDREN WITH CONGENITAL

HEART DISEASE

Heart rate per minute .. .. .. .. .. Average of 23 cases 109
PR interval, sec. .. .. .. .. .. .. Average of 23 cases 0-140
QRS interval, sec. .. .. .. .. .. Average of 23 cases 0-060
Q-BAs interval, sec. .. .. .. .. .. Average of 23 cases 0-150 0-140-0-190
P-Ats interval, sec. .. .. .. .. .. Average of 16 cases 0-060 0-030-0-090
Q-RVs interval, sec. .. .. .. .. .. Average of 23 cases 0-058 0-040-0-100

Average of 12 cases* 0-056
Q-PAS interval, sec. .. .. .. .. .. Average of 12 cases* 0-079 0-050-0-110
End diastolic pressure in

Right ventricle, mm. Hg. .. .. .. Average of 12 cases* 50-
Pulmonary artery, mm. Hg. .. .. .. 18-0

Duration of isometric contraction of right ventricle, sec. Average of 12 cases* 0-023 0010-0030

* The same 12 cases were used to obtain these values.

RIGHT AURICLE MM. HG
A A A A 10~~~0°__,If

I 0

IHIIIIIwilillil I nifililIl .111111"1111111110-10l

FIG. 4.-Record illustrating electrical-mechanical time intervals in a child of 3 years with
congenital heart disease.
From top to bottom, blood pressure tracings in the right atrium and electro-

cardiogram lead II. The electrocardiographic standardization is 1 millivolt = 2
centimetres.

cases of interauricular septal defect the P-AT1
times in the right and in the left auricles were
identical, i.e. 0-060 sec.

(b) The average Q-RVs time interval, extending
from the initial deflection of the QRS complex to
the beginning of the right ventricular systole was
0O058 sec. in 23 cases. No significant relationship

could be found between this time interval and the
nature of the defect or the age of the subject. It is,
however, important to note that in all types of con-
genital defects, even in the cases with hypertrophy
and dilatation of the right ventricle, the duration of
Q-RVs was never greater than in normal adults.
In one case of interventricular septal defect the
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COBLENTZ, HARVEY, FERRER, COURNAND, AND RICHARDS

Q-Vs time intervals were the same in the right and
in the left ventricle, i.e. 0 070 sec. (Fig. 5).
For lack of knowledge of the exact onset of the

initial electrical deflection corresponding to activa-
tion in each of the four separate chambers of the
heart, no conclusion can be drawn from the figures
given in this and the previous section as to the spread
of excitation and beginning of contraction in each
chamber.

(c) The average Q-PAs time interval was 0 079 sec.

in 12 cases. The difference between this figure and
the Q-RV, time interval in these 12 cases, repre-
sented an average duration of isometric contraction
in the right ventricle of 0-023 sec., with a range of
0 010 to 0 030 sec. Since the average pressure
values at the end of diastole in the right ventricle
and in the pulmonary artery were 5 mm. Hg. and
18 mm. Hg. respectively, this time interval (0-023
sec.) was required to raise the pressure in the right
ventricle by 13 mm. Hg. This increase in the dura-
tion of isometric contraction was therefore due to
hypertension in the lesser circulation. In a case of
patent ductus arteriosus studied before and after
ligation a change in the duration of isometric

contraction was noted. As seen in Table IV, 0 030
sec. was required to raise the pressure in the right
ventricle 36 mm. Hg. before operation. After
ligation the duration of isometric contraction was
reduced to 0 010 sec. for a pressure rise in the right
ventricle from 1 to 5 mm. Hg.

(d) The average Q-BA, time was 0-150 sec. in 23
cases. This figure is almost identical with that found
in adults, although the distance between the heart
and the peripheral artery is obviously less. If one
assumes that the time of isometric contraction in the
left ventricle is approximately the same in children
as in adults, then the pulse wave velocity must be
much slower in children. This finding is not un-

expected because of the greater deformability of the
arterial walls in young subjects.

3. RELATIONSHIP BETWEEN ELECTRICAL AND MECHA-
NICAL EVENTS IN ADULT PATIENTS WITH CARDIO-
VASCULAR DISEASE

(a) Normal Sinus Rhythm with no Conduction
Abnormalities

In Table V will be found the average figures
Trelating electrical and mechanical events in a group

.B.A.

80~~~~~~4
-S--C2

-~ I

BA.=BRACHIAL ARTERY -P A. PULMONARY A R TERY.

L \&v
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FIG. 5.-Records illustrating electrical-mechanical events in a case with interventricular
septal defect.
Upper row from top to bottom, blood pressure tracings in the brachial artery (B.A.)

and the pulmonary artery (P.A.). Lower row: at left, blood pressure tracing in the
right ventricle (R.V.), at right, blood pressure tracing in the left ventricle (L.V.).
Note that the tracings in the ventricles may show some evidence of overshooting.
Q-RVs = 0 070 sec. Q-PAs = 0-080 sec. Q-LVs = 0 070 sec. Q-BAs = 0 150 sec.

R.V. = Right ventricle. L.V. = Left ventricle.
All pressures in mm. Hg. Electrocardiogram, lead II.
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ELECTRICAL AND MECHANICAL EVENTS IN THE CARDIAC CYCLE OF MAN 7

TABLE IV
RELATIONSHIP BETWEEN ELECTRICAL AND MECHANICAL EVENTS BEFORE AND AFTER LIGATION IN A CASE

OF PATENT DUCTUS ARTERIOSUS

Before ligation After ligation

Q-RVs interval, sec. .. .. .. .. . . 0-060 0-050
Q-PAs interval, sec... .. .. .. .. .... 0-090 0-060
Duration of isometric contraction of right ventricle, sec. .. 0030 0-010
End diastolic pressure in

Right ventricle, mm. Hg. .. .. .. .. .. 0 1-0
Pulmonary artery, mm. Hg. .. .. .. .. .. 36-0 5 0

TABLE V
RELATIONSHIP BETWEEN ELECTRICAL AND MECHANICAL EVENTS IN ADULTS WITH CARDIOVASCULAR DISEASE

Heart rate per minute .. .. .. .. .. Average of 21 cases 85
PR interval, sec. .. .. .. .. .. Average of 21 cases 0-180
QRS interval, sec. .. .. .. .. .. Average of 21 cases 0-080
Q-BAs interval, sec. .. .. .. .. .. Average of 21 cases 0-170 0-140-0-210
P-Ats interval, sec. .. .. .. .. .. Average of 21 cases 0-083 0-050-0-100

With normal right heart pressures
Q-RVs interval, sec. .. .. .. .. .. Average of 8 cases 0-074 0-070-0-090
Q-PAs interval, sec. .. .. .. .. .. Average of 8 cases 0-088 0-080-0-110
End diastolic pressure in

Right ventricle, mm. Hg. .. .. .. Average of 8 cases 3-0
Pulmonary artery, mm. Hg. .. .. .. Average of 8 cases 7 0

Duration of isometric contraction of right ventricle, sec. Average of 8 cases 0-014 0-010-0020

With elevated right heart pressures
Q-RVS interval, sec. .. .. .. .. .. Average of 13 cases 0-073 0-060-0 090
Q-PAs interval, sec. .. .. .. .. .. Average of 13 cases 0-096 0-080-0-120
End diastolic pressure in

Right ventricle, mm. Hg. .. .. .. . Average of 13 cases 7 0
Pulmonary artery, mm. Hg. .. .. .. Average of 13 cases 32-0

Duration of isometric contraction of right ventricle, sec. Average of 13 cases 0-023 0010-0050

of 21 patients with various types of cardiovascular
disease including congenital, rheumatic, hyperten-
sive, arteriosclerotic, and cor pulmonale.

In all these patients the P-Ats, Q-RV5, and Q-BAs
time intervals were approximately the same as in
normal adults regardless of the presence or absence
of cardiac failure.
The Q-PAS time interval studied in 8 cases of

heart disease with normal right heart and pulmonary
artery pressures (without evidence of congestive
failure) was identical with the figure found in normal
adults. In 13 patients with elevated right heart and
pulmonary artery pressures and evidence of conges-
tive failure, the average Q-PA, time interval was
slightly prolonged although the range did not differ
greatly from the normals.
The average duration of the isometric contraction

of the right ventricle in cardiacs with normal right
heart pressures was 0-014 sec., essentially a normal
figure. This interval was required to raise the pres-

sure in the right ventricle from an average of 3 to 7
mm. Hg. In the patients with congestive failure an
average of 0-023 sec. was required to raise the pres-
sure from 7 to 32 mm. Hg. a difference of 25 mm.
This figure falls within the normal variation but the
range was greater, and in some cases with hyperten-
sion of the lesser circulation, isometric contraction
was markedly prolonged. As can be seen in Fig. 10
(see p. 12), there appears to be a trend of correlation
between the duration of isometric contraction of the
right ventricle and the magnitude of the pressure
difference between the end diastolic levels of the
right ventricle and the pulmonary artery.

(b) Abnormalities of Rhythmn, Conduction, and
'Contraction. (1) Auricular premature contractions
Auricular premature beats were observed in three

patients. In two, pressures were recorded in the
right auricle, and in the third in the right auricle and
right- ventricle. A representative tracing is seen in
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COBLENTZ, HARVEY, FERRER, COURNAND, AND RICHARDS

Fig. 2 (see p. 3). There was no demonstrable
difference in the P-At,, Q-RV8, and Q-BAS time
intervals in the premature beat as compared to the
sinus beat. It should be noted that in all these
cases the degree of prematurity was not marked.

(2) Ventricular premature contractions
The data that form the basis of this analysis

were accumulated at random. It is therefore obvious
that a systematic study, using more complete electro-
cardiographic data (conventional and endocardial
leads), is required to confirm and amplify the findings
reported here. In particular the problem of induced
right ventricular premature contractions should be
greatly clarified by a well planned study.

In this report emphasis will be placed only upon
the following points: (a) asynchronism of the two

ventricles, (b) nature and character of auricular
events-during the premature ventricular contractions,
(c) relationship between premature contraction and
arterial systolic rise.

(a) Ventricular asynchronism and its relationship to
the site of origin of the premature ventricular con-
tractions. The type of ventricular asynchronism
produced by premature ventricular contractions can
be identified by examination of mechanical events
recorded simultaneously on both sides of the heart.
A prolongation of the Q-RVs time alone suggests a
delay in contraction of the right ventricle, while
prolongation of the Q-BAs time points to a delay in
left ventricular contraction.
However, in order to compare the Q-BAs -time

interval of the normal beat and the premature con-
traction, it was necessary to read the Q-BAs times
at the same pressure levels. Since the diastolic

BA

FIG. 6.-Record illustrating electrical-mechanical events in a case with ventricular prem-
ature contractions.
From top to bottom, blood pressure tracings in the brachial artery (B.A.), the right

ventricle (R.V.), and electrocatdiogram lead II. Q' and Q" correspond to premature
contractions.
Q-BAs = 0-130sec. Q-RVs = 0060sec. Q'-BAs= 0-210sec. Q'-RV,= 0-060sec.

Q-Q'= 44sec. Q-Q"= 0-38 sec.
Note that Q" is not followed by demonstrable pulse wave in the brachial artery

and corresponds to a low pressure rise in the right ventricle.

8
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ELECTRICAL AND MECHANICAL EVENTS IN THE CARDIAC CYCLE OF MAN 9

pressure in the aorta will be higher the earlier the
premature contraction, it was arbitrarily decided
to read the Q-BA, time for the normal beat at the
initial pressure level of the premature beat.
The majority of ventricular premature beats

studied, showed as the striking characteristic, a
lengthening of the Q-BA, time (average of 9 cases,
0-227 sec., range 0-180 to 0-270 sec.) while the Q-RV,
time remained normal (average of 9 cases, 0 074 sec.,
range 0 060 to 0 100 sec.). An illustrative example is
shown.in Fig. 6.
However, in one patient in whom numerous pre-

mature beats were observed, the Q-BAs time inter-
vals in the sinus and premature beats wererespectively
0140 and 0-150 sec. In contrast, the Q-RVs time
of the sinus beats varied from 0-060 to 0 070 sec.
while the Q-RVS times of the premature beats were
0 070 to 0 100 sec.

In summary, the ventricular asynchronism found
suggests that there was a delay in left ventricular con-
traction in the first group of 9 patients, whereas in
one case the observations point to a delay in right
ventricular contraction. Whether the delay was due
to abnormalities of contraction or spread of excita-
tion or both, is a matter of conjecture.
The relationship between the type of ventricular

asynchronism and the site of origin of the ventricular
premature beats is of considerable interest. In the
first group of 9 patients the site of origin of most of
these spontaneous premature contractions could not
be identified since the majority of pressure recordings

were made simultaneously with lead II of the electro-
cardiograph. However, the type of ventricular
asynchronism suggests a right ventricular origin for
these beats.

In the single patient previously discussed, the type
ofventricular asynchronism suggests a left ventricular
origin for all the premature beats. However, the
successive premature contractions as recorded on
lead I were of such different electrical configurations
as to suggest both right and left ventricular origins.
In addition, in a second case a similar situation was
found. In this instance two isolated premature
beats with QRS deflections in opposite directions
were recorded in lead I (Fig. 7). It is seen that while
the normal beat shows a Q-RVs time interval of
0 070 sec. the same interval measures 0-170 sec. in
the first premature beat and 0 150 sec. in the second.
There was no pressure wave in the brachial artery
tracing corresponding to the ectopic beats, indicating
absence of ejection into the aorta and, therefore, no
information as to the events in the left ventricle
co4ld be obtained.

It is obvious from the two cases just cited that it
is difficult to interpret the relationship between
electrical configuration of the premature contrac-
tions and the mechanical events, since different
electrical patterns gave the same type of ventricular
asynchronism.

In the only investigations so far reported in man
relating to this type of asynchronism, Castex, Battro,
and CGonzales (1941) have shown that in premature

MA. ~~~~~~BA

A ~~~~~~~~~BAS

___|1~~~Iil *Mm_-

FIG. 7.-Records illustrating electrical-mechanical events in a case with ventricular premature
contractions characterized by different electrical patterns.
From top to bottom, blood pressure tracings in the brachial artery (B.A.), the right ventricle

(R.V.), and electrocardiogram lead I.
In the electrocardiogiarn to the right an S wave has appeared, indicating right bundle branch

block induced by quinidine. Ventricular tracings show many artifacts, but the early systolic
pressure rise can be defined.
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beats there is a very significant increase in the time
interval between the onset of the QRS complex and
the beginning of pressure rise in the subclavian
artery. In 76 normal subjects the time interval
averaged 0120 sec., while in 10 cases of right ven-
tricular premature contractions, it averaged 0-220
sec. An unexpected finding was the prolongation
of the time interval between Q and the pressure rise
in the subclavian artery in 13 cases of left ventricular
premature contractions.

(b) Nature and character ofauricular events during
the premature ventricular contractions. In 6 cases
of ventricular premature beats, tracings of right
auricular pressure waves showed a rise in pressure,
A', occurring during and immediately following
ectopic ventricular complexes. This is in contrast
to the usual drop in pressure accompanying the
descent of the base at the onset of ventricular systole.
Examples of such tracings are seen in Fig. 8 and 9.
The question arises as to whether these pressure
waves, A', were related to tricuspid insufficiency,
bulging of the valve during ventricular isometric
contraction, or to auricular systole of sinus or retro-
grade origin. In some instances a P wave could be
detected in the S-T segment of the premature beats.
These P waves preceded by the usual P-ATs time
interval, the auricular pressure rise, A'. In other
instances no auricular deflection could be identified
within the QRS complex or S-T segment. In both
instances the time interval separating the previous
auricular systole and A'was identical with the distance

between the normal auricular systoles regardless of
the time at which the ventricular premature con-
traction appeared. This indicates that A' in these
instances is the result of a normal auricular systole.

These findings are in agreement with observations
of Lewis (1925) on premature beats as illustrated in
his monograph (Fig. 182, page 212). In summary,
it can be assumed that even when a premature ven-
tricular beat occurs, the spread of stimulation from
the sinus node may take place undisturbed and
initiate a normal auricular contraction.

(c) Relationship between ventricular ejection and
degree ofprematurity. It is a clinically established
fact that some premature beats are followed by
ejection of blood into the aorta, while some are not.
With simultaneous recordings of the electrocardio-
gram and pulse waves in brachial artery and pul-
monary artery, it is possible to obtain information
concerning the shortest time interval between a
normal sinus and a premature beat (Q-Q' interval)
that gives rise to ejection of blood from the right
and left ventricles, and the relation between this time
interval and the heart rate. Table VI and Fig. 11
give data obtained in 9 patients concerning these
problems. All the tracings showed several prema-
ture contractions occurring at various intervals after
the sinus beats. In three of these cases pulmonary
artery tracings were also available. It is seen that
the shortest time interval between a sinus beat and
a premature beat followed by left or right ventricular
ejection varied with the rate and ranged between

Mm.

HG.

R.A.A
h0\ \ >

_50

FIG. 8.-Record illustrating electrical-mechanical events in the atrium in a case with ventricular prem-
ature contractions.
From top to bottom, blood pressure tracings in the brachial artery (B.A.), right atrium (R.A.),and electrocardiogram lead II.
Note that the interval A-A' is equal to the normal auricular cycle time indicating that the sinus

rhythm is undisturbed by premature contractions.
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F. A.
R.-A. A

R.V.
-440

30

0O2

1

0

FIG. 9.-Record illustrating electrical-mechanical events in a case with ventricular premature
contractions.
From top to bottom, blood pressure tracings from the right atrium (R.A.), the femoral

artery (F.A.), the right ventricle (R.V.), and electrocardiogram lead II. For discussion see text.
The blood pressure tracings in the right atrium and right ventricle were taken with a double
lumen catheter.
Note that the brachial artery tracing shows left ventricular output following the premature

contraction and that the corresponding right ventricular pressure curve starts during isometric
relaxation. This is strong evidence in favour of the presence of residual blood at the time of
the premature contraction.
F.A. = Femoral artery. R.V. = Right ventricle. R.A. = Right auricle. Electrocardiogram,

lead HI. A-C-V waves marked on R. Aur. All pressures in mm. Hg.

TABLE VI
RELATIONSHIP BETWEEN HEART RATE AND THE MINIMUM EJECTION TIME IN THE BRACHIAL AND PULMONARY

ARTERIES IN NINE CASES WITH VENTRICULAR PREMATURE BEATS

Case Duration of the normal Heart rate Shortest Q-Q'* interval followed by ejection in the:
no. cycle, sec. per minute

Brachial artery, sec. Pulmonary artery, sec.

317 0-460 130 0-340 0-340
315. 0-540 111 0-400
348 0-680 88 0-440 0-440
345 0-720 83 0-410
316 0-760 79 0-510 0-480
350 0-780 78 0-480
306 0-780 78 0 450
313 0 920 65 0-500
320 t 1'040 58 0 640 -

* Q-Q' interval is the time interval between the beginning of the QRS of the sinus beat and the beginning of the
QRS ofdthe ventricular premature beat.

0 340 sec. at 130 beats a minute and 0 640 sec. at 58 and pulmonary artery; whereas, at a slower rate, a
beats a minute. The remarkable straight line ventricular contraction with the same degree of
relationship of all intermediate points is,well illus- prematurity did not produce a pressure rise in the
trated in the graph (Fig. 11). arterial tracings. These observations can best be

In summary, at a rapid rate an early premature explained by the more rapid early diastolic filling of
beat was followed by ejection of blood into the aorta the heart at faster rates.
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FIG. 10.-Correlation between the duration of

isometric contraction and the corresponding
pressure rise in the right ventricle in thirteen
subjects including normal cases and cases
with cardiac failure. The vertical scale
shows the end diastolic pressure difference
between the right ventricle and the pulmonary
artery. The horizontal scale shows the
isometric contraction time in seconds. For
discussion see text.

BRACHIAL ARTERY *

PLLMONARY ARTERY 0

eo

0.40 , , I ,
030 035 040 0.45 0.50 0.55 060 065

FIG. 11.-Correlation between heart rate and the shortest
time interval between a normal beat and a premature
contraction resulting in ejection of blood into the
aorta or pulmonary artery. The horizontal scale
shows the Q-Q' interval in seconds: the vertical
scale shows the duration of the normal cycle in
seconds.

(3) Auricular Fibrillation
A study of the relationship between cycle length

and Q-RV, and Q-BA, time intervals was made in
three cases of arteriosclerotic heart disease with
chronic auricular fibrillation. Significant variations
as large as 0 070 sec. were found in the Q-RV, and
Q-BA, intervals of successive beats, although the
QRS complexes had essentially the same configura-
tion and duration. No constant relationship was
found between cycle length and these variations in
the electrical-mechanical time intervals. In addition,
the Q-RVs and Q-BA, intervals of the same beat
did not vary to the same degree, as illustrated in
Fig. 12. These findings suggest that, besides the
complete arrhythmia, disturbances of the con-
traction mechanism of both ventricles were present.

(4) Auricular Flutter
Two cases of auricular flutter were studied. In

one of the cases observations were made on the
P-ATs time during a period with pure flutter and a
4: 1 A-V response. The electrocardiogram and
right auricular tracings are shown in Fig. 13 and
demonstrate the regular sequence of electrical and
mechanical events. The duration of the P-ATs time
of each auricular systole was 0 070 sec., a figure
slightly lower than the normal mean, but within the

normal range ofvariation. In this and a second case,
varying degrees of block were also observed. Pres-
sure tracings in the right auricle, right ventricle, and
brachial artery were recorded and are illustrated in
Fig. 14. It is seen that the 3: 1 cycle -with its longer
ventricular diastolic filling period was followed by
a larger pressure rise in the brachial artery and right
ventricle than was the 2: 1 cycle with its shorter
filling period. The auricular pressure tracings were
not influenced by the degree of block, while the
brachial artery and right ventricular pressures were
dependent on the time at which the QRS fell in
relation to isometric relaxation. In addition, it was
found that the Q-BAs time of the weak beat was
longer by 0X020 sec. than the Q-BAs time of the
strong beat, if both beats were read at the same pres-
sure levels. This suggests that the duration of iso-
metric contraction was prolonged following poor
filling ofthe ventricles. Similar observations regard-
ing the influence of the varying A-V response upon
the brachial artery pressure are seen in Fig. 15 which
illustrates a case of auricular flutter with successive
3:1, 2:1, 1: 1 A-V ratio.

(5) Heart Block
Nine cases with different types of heart block were

studied; two cases of complete heart block with idio-

.12
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ELECTRICAL AND MECHANICAL EVENTS IN THE CARDIAC CYCLE OF MAN 13

FIG. 12.-Record illustrating electrical-mechanical events in a case of auricular fibrillation.
From top to bottom, blood pressure tracings in the brachial artery (B.A.), right ventricle

(R.V.), and electrocardiogram lead II.
In the three beats indicated by arrows the successive Q-RVs and Q-BAs times were: first

beat, Q-RVs= 0-110 sec. and Q-BAs = 0-190 sec.; second beat, Q-RVs = 0110 sec. and
Q-BAs not measurable; third beat, Q-RVs = 0-070 sec. and Q-BAs = 0-170 sec.

AAAAAAAAA
i -s rF%

FIG. 13.-Auricular flutter. Record illustrating electrical-mechanical events in a case with
a 4: 1 A-V response.
From top to bottom, right atrial blood pressure tracings and electrocardiogram

lead II. For discussion see text.

ventricular rhythm originating in the His bundle,
one case of incomplete A-V heart block, two cases
of left bundle branch block, two cases of right bundle
branch block, and two cases of right bundle branch
block with 2: 1 A-V heart block, one of which
showed runs of complete heart block.

(a) Complete heart block. The two cases with
complete heart block had P waves and QRS com-
plexes of normal duration. The data relating to the
duration of the time intervals between electrical and
mechanical events will be found in Table VII. As
was to be expected, the P-AT,, the Q-RVs, and the
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FIG. 14.-Auricular flutter. Record illustrating electrical-mechanical events in a caseo with
3: 1,2: 1 A-V response.
From top to bottom, blood pressure tracings in the brachial artery (B.A.), the right

atrium (R.A.), the right ventricle (R.V.), and electrocardiogram lead II.

FIG. 15.-Auricular flutter. Record illustrating electrical-mechanical
events in a case with 3: 1,2: 1, 1: 1 A-V ratio.
From top to bottom, blood pressure tracings in the brachial artery

(B.A.), the right atrium (R.A.), and electrocardiogram lead II. For
discussion see text.

14
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ELECTRICAL AND MECHANICAL EVENTS IN THE CARDIAC CYCLE OF MAN 15

TABLE VII
RELATIONSHIP BETWEEN ELECTRICAL AND MECHANICAL EVENTS IN Two CASES OF COMPLETE HEART BLOCK

Case 254 Case 341

Auricular rate per minute .. .. .. .. .. .. 94 86
Ventricular rate per minute .. .. .. .. .. .. 33 33
QRS interval, sec. .. .. .. .. . .. .. 0-080 0 090
P-Ats interval, sec. .. .. .. .. .. .. .. 0090 0090
Q-RVs interval, sec. .. .. .. .. .. .. .. 0070 0-070
Q-BAs interval, sec. .. .. .. .. .. .. .. 0140 0150

B.A.

IBASk

R.V
* ~~.

LDJM

...,. 8 ,,@,,, sj

RV5

i k
I I

- v s1

FIG. 16.-Record illustrating electrical-mechanical events in a case with
left bundle branch block.
To the left, are the standard leads of the electrocardiogram

demonstrating left bundle branch block. Prrcordial leads showed
delayed peak of R in V5 and V6. To the right, from top to
bottom, are blood pressure tracings in the brachial artery (B.A.),
the right ventricle (R.V.), and electrocardiogram lead IT. For time
intervals see Table VIII, Case 416, and for discussion see text.

Q-BA8 times were normal. There was, therefore,
no delay and no asynchronism in the pressure build-
up of either ventricle. A characteristic tracing of
pressure in the right auricle may be seen in Fig. 17.
The striking feature was the regular sequence of
auricular systoles which occurred at various times
in relation to the ventricular cycles. It is seen that
the characteristic drop of auricular pressure during
ventricular ejection took place at the expected time
after the QRS complex. The height of the A wave

corresponding to auricular systole was variable,
depending on whether or not the ventricle was in
systole or diastole, i.e. the tricuspid valve was opened
or closed, the largest deflection occurring when the
tricuspid- valve was closed. (See the first and the
last A in lower section of Fig. 17.) In the few
instances where a P wave fell approximately 0-12 to
0-20 sec. before the QRS complex, the auricular pres-
sure tracing showed the characteristic deflection of
an a wave followed by a c wave preceding the descent
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B.A.R.H. 21 MAR.'47.
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B.A. = BRACH IAL ARTERY. R.A.-RIGHT AURICLE.

ECG. =LEADI. ALL PRESSURES IN MM. HG.

COMPLETE HEART BLOCK.

A A
A

- 1w
A-5

Ho

FIG. 17.-Complete heart block. Records illustrating electrical-mechanical,events in such
a case.

In the upper section from top to bottom, blood pressure tracings in the brachial
artery (B.A.), the right atrium (R.A.), and electrocardiogram lead II. In the lower
section, blood pressure tracings in the right atrium (R.A.) and electrocardiogram
lead II.

of the base. (See the third A from the left in lower
section of Fig. 17.)

(b) Incomplete A-V heart block. Incomplete A-V
heart block with prolongation of the PR interval
was observed in a patient with generalized sclero-
derma involving the heart and lungs (Fig. 18). The
duration of the P wave was normal and the P-R
interval was prolonged to 0O25 sec. The P-ATs
time was lengthened to 0-16 sec., whereas the Q-RVs
and Q-BA8 times were normal, 0O08 sec. and 0-14 tp
016 sec. respectively. The lengthening of the P-ATs
time suggests that there was abnormality in con-

traction of the auricle and apparently no difficulty
in conduction within the auricular muscle as

evidenced by the normal width of the P wave. In a
previous publication, Cournand et al. (1946), the
prolonged Q-RV8 time reported was incorrect as
subsequent examination revealed the portion of the
tracing read to be damped.

(c) Bundle branch block. Ventricular asynchron.
ism in the presence of bundle branch block has been
demonstrated by several authors, using the peripheral
arterial pulse wave or stethogram recorded simul-
taneously with the electrocardiogram. More com-
plete data pertaining to this type of asynchronism
can be added by comparison of the Q-RV, and
Q-BAs times, since the former gives direct informa-
tion concerning contraction of the right ventricle and

16
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FIG. 18.-Record illustrating electrical-mechanical events in a case with incomplete
A-V block (prolonged P-R interval) associated with generalized scleroderma
involving the heart and lungs. In the section to the left, from top to bottom,
pneumogram, blood pressure tracings from the brachial artery (B.A.), the right
atrium (R.A.), and electrocardiogram lead II. In the section to the right,
pneumogram, blood pressure tracings from the brachial artery (B.A.), the right
ventricle (R.V,), and electrocardiogram lead II. For discussion see text.

the latter indirect information concerning left
ventricular contraction.

(i) Left bundle branch block. Three patients with
hypertensive and arteriosclerotic heart disease, con-
gestive heart failure, and left bundle branch block
were studied and the data is presented in Table VIII
and one case (416) is illustrated in Fig. 16. The
time intervals in the three cases suggest a normal
contraction time of the right ventricle and delayed
contraction of the left ventricle, consistent with the

ventricular asynchronism expected with left bundle
branch block.

(ii) Right bundle branch block. In two cases,
right bundle branch block was induced following the
oral administration of 0'80 g. of quinidine sulphate.
The electrocardiogram and blood pressure tracings,
therefore, could be compared before and after the
appearance of the bundle branch block. The data
may be found in Table IX. In the first case, a 21
year old girl with an interventricular septal defect,

TABLE VIII
RELATIONSHIP BETWEEN ELECTRICAL AND MECHANICAL EVENTS IN THREE CASES OF LEFT BUNDLE BRANCH

BLOCK

Case 306* Case 261 Case 416

QRS interval, sec. .. .. .. .. 0120 0-160 0-120
Q-RVs interval, sec. .. 0070 0 090 0-090
QBAs interval, sec. .. .. .. 0220 0-240
Q-FAs interval, sec. .. .. 0-200t and 0-230t

* A case with pulsus alternans.
t Time interval variation corresponding to strong and weak beats of pulsus alternans (see text).
c
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18 COBLENTZ, HARVEY, FERRER, COURNAND, AND RICHARDS

TABLE IX
RELATIONSHIP BETWEEN ELECTRICAL AND MECHANICAL EVENTS IN RIGHT BUNDLE BRANCH BLOCK

Right Bundle Branch Block induced by Quinidine

Case 333 Case 351

Control R.B.B.Bl. Control R.B.B.BI.

QRS interval, sec. .. .. .. 0-060 0-120 0-105 0 120
Q-RVs interval, sec. .. .. .. 0-070 0-110 0-070 0-110
QBAs interval, sec. .. .. .. 0170 - 0190 0190

Right Bundle Branch Block in Cases with Arteriosclerotic Heart Disease and Cor Pulmonale (Case 440) and with 2: 1
A-V Block (Cases 302 and 268)

Case 440 Case 302 Case 268

QRS interval, sec. .. .. .. .. 0140 0160 0170
Q-RVs interval, sec. .. .. .. .. 0-130 0-120 0-105
Q-PAS Interval, sec. .. .. .. 0 150
Q-BAs interval, sec. .. .. .. .. 0130 0170 0 240

the control tracings showed normal electrical com-
plexes and time intervals. After quinidine, a right
bundle branch block developed and the normal
Q-RV, time of 0 070 sec. was prolonged to 0 110
sec. In the second case, a 60 year old man with
arteriosclerosis and an old myocardial infarct, the
control electrocardiogram showed evidence of myo-
cardial damage and early incomplete bundle branch
block, characterized by a QRS of 0-105 sec. in lead II
and a delayed peak of the R wave over the left
praecordium. Before administration of quinidine,
the Q-RV, time was normal but the Q-BA, time was
slightly prolonged, confirming the electrocardio-
graphic diagnosis of early incomplete left bundle
branch block. After quinidine, an S wave appeared
in lead I and the QRS complex increased in that lead
to 0120 sec. The Q-BAs time remained unchanged
but the Q-RVs time increased from 0 070 sec. to
0 110 sec. (Fig. 7). In Fig. 19 (Table IX, Case 440)
is illustrated an additional case of right bundle
branch block observed in a patient with arterio-
sclerotic heart disease and cor pulmonale, in which
a markedly prolonged Q-RV1 time is seen.

In summary, intracardiac and intra-arterial blood
pressure tracings recorded simultaneously with the
electrocardiogram demonstrated clearly the presence
of ventricular asynchronism in bundle branch block.
These findings confirm and add to the observations

of various authors (Castex et al., 1941; Battro et al.,
1936; Katz et al., 1927 and 1935; Kossman et al.,
1947; Nichol, 1933; and Wolferth et at., 1935) who
have studied mechanical and electrical relationships
in bundle branch block. Various types of simul-
taneous tracings were employed by these authors

and include electrocardiograms, peripheral artery
blood pressure tracings, and in a few instances stetho-
grams, phlebograms, and apical cardiograms. They
found that in left bundle branch block there was a
prolongation of the " ejection time " which corre-
sponded to the prolongation of the Q-BAs time
found in the present study. In right bundle branch
block the " ejection time " remained essentially
normal. Data concerning the events in the right
ventricle was obtained by indirect means and is
subject to interpretation.
(d) Right bundle branch block with incomplete 2: 1
A-V block. In 2 patients a 2: 1 A-V block was
associated with right bundle branch block. In
addition, one of these patients had short periods of
complete heart block. The data in these two cases
may be found in Table IX. In the first case the
duration of the QRS complex was 0-160 sec., the
ventricular complexes were of the aberrant type with
downward deflection in lead I and upward deflection
in lead III, suggesting that the stimulation arrived
first in the left ventricle. The Q-RVs time was
significantly prolonged to 0120 sec. while the Q-BAs
time was normal (0'170 sec.).

In the second case (Fig. 20 and 21 and Table IX,
Case 268) during the periods of incomplete 2: 1
heart block the P-R interval was markedly prolonged
to 0-310 sec. The Q-RVs and Q-BAs times were
both lengthened to 0 105 and 0-240 sec., respectively.
During the period of complete heart block with an
auricular rate of 71 and a ventricular rate of 27, the
ventricular complexes were of the same aberrant
configuration and the same duration, again with
downward deflection in lead I, upward in lead III.

)
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ELECTRICAL AND MECHANICAL EVENTS IN THE CARDIAC CYCLE OF MAN 19

FIG. 19.-Records illustrating electrical-mechanical events in a case with right bundle branch block.
'To the right, are the standard leads of the electrocardiogram demonstrating right bundle branch

block. In the centre, are blood pressure tracings in the brachial artery (B.A.), the right ventricle
(R.V.), and electrocardiogram lead II. To the left, are blood pressure tracings in the brachial
artery (B.A.), the pulmonary artery (P.A.), and electrocardiogram lead II.
Note, as in Fig. 3, the ascending slopes of the right ventricle and pulmonary artery do not

coincide. For figures see Table IX, Case 440. For dfscussion see text.

*44

AL aLA A

FIG. 20.-Records illustrating electrical-mechanical events in a case with right bundle branch
block and 2: 1 A-V block.
From top to bottom, blood pressure tracings in the brachial artery (B.A.), the right

atrium (R.A.), and electrocardiogram lead II.
For data see Table IX, Case 268, and for discussion see text.
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FIG. 21.-Records illustrating electrical-mechanical events in a case with right bundle branch block
and 2: 1 A-V block.
From top to bottom, blood pressure tracings in the brachial artery (B.A.), the right

ventricle (R.Y.), and electrocardiogram lead II.
For data see Table IX, Case 268, and for discussion see text.

This suggests that ventricular depolarization was the
same as during incomplete A-V block, and that the
idioventricular focus was probably in the IHis bundle.
The Q-RVs and Q-BAs time intervals were un-
changed. During both complete and incomplete
A-V block the duration of P-ATs time was shorts
(0 050 sec.), see Fig. 20, indicating no abnormality of
auricular contraction, in contrast to the findings in
the case with incomplete A-V block previously
described.
These two patients are of particular interest be-

cause during a period of 2: 1 block with right bundle
branch block the electrocardiographic patterns were
identical. In the first case there was a delay in right
ventricular contraction, whereas in the second case
slow spread of stimulation or delay in contraction
existed in both ventricles.

(6) Pulsus Alternans
One case of hypertensive and arteriosclerotic

heart disease with left bundle branch block showed

evidence of pulsus alternans of the mechanical type.
The findings in this case (306) are illustrated in Fig.
22 and the data listed in Tables VIII and X. In the
femoral artery tracings there was a variation in the
systolic peak which occurred in a regular manner
and may be interpreted as a succession of strong
and weak beats. In contrast there was a steady
level of the systolic peaks in the right ventricle.
There was no evidence in the electrocardiogram of
electrical alternation. The duration of the QRS
complex in alternate beats remained the same and
the Q-RVS time also did not vary. The striking
abnormality was the rhythmic variation ofthe Q-BAs
time. This interval was shorter for the beat corre-
sponding to the high systolic peak and longer for the
beat corresponding to the lower systolic peak.
These variations in pressure as well as the variations
in the Q-BAs time, occurring rhythmically without
any variation in the duration of the QRS complex,
suggest a less efficient ventricular contraction every
other beat. However, it is not possible to eliminate

TABLE X
RELATIONSHIP BETWEEN ELECTRICAL AND MECHANICAL EVENTS IN PATIENT WITH PULSus ALTERNANS

(CASE 306)

QRS interval, sec. .. ..
Q-RVs interval, sec. .. ..
Q-FAs interval, sec. .. ..

Strong beat

0-120
0-070
0-200

Weak beat

0 120
0 070
0-230
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FIG. 22.-Pulsus alternans. Records illustrating electrical-mechanical events in such a case.
From top to bottom, blood pressure tracings in the femoral artery, the right ventricle,

and electrocardiogram lead II. No. 1 corresponds to the strong beat and No. 2 to
the weak beat.
Note absence of alternation of pressure in right ventricle. For data see Tables

VIII and X, Case 306, and for discussion see text.
F.A. = Femoral artery. R.V. = Right ventricle. All pressures in mm. Hg.

Electrocardiogram, lead II.

as a factor rhythmic variation of peripheral vascular
tone ofreflex origin, which would ultimately influence
the curve of blood ejection from the left ventricle
into the aorta and the pulse wave velocity.

SUMMARY AND CONCLUSIONS
The relationship between electrical and mechanical

events in the cardiac cycle was studied in normal
subjects, in children with congenital heart disease,
and in adults with cardiovascular disease.

In children the intervals were shorter than those
ofnormal adults. The prolongation of the isometric
contraction of the right ventricle in children with
congenital heart disease seemed to be dependent upon
hypertension of the lesser circulation.

In adults with heart disease who had normal sinus
rhythm and no conduction abnormalities, the time
intervals were identical with those found in normal
adults unless they were in congestive failure with
hypertension of the lesser circulation. In this event
the Q-PAS time interval was slightly prolonged and
the duration of isometric contraction of the right
ventricle was also longer than normal.

Abnormalities of rhythm, conduction, and con-
traction encountered in patients with cardiovascular
disease were also analysed and the following points
deserve emphasis.

(a) Ventricular premature contractions apparently
produce two types of asynchronism with a lag in one

or the other ventricle. It is difficult to interpret the
relationship between electrical configuration of the
premature contractions and the mechanical events,
since premature beats with electrocardiographic
patterns identifying them as arising from opposite
ventricles produced the same type of ventricular
asynchronism.

(b) In chronic auricular fibrillation, in addition to
the complete arrhythmia, disturbances of the con-
traction mechanism of both ventricles were present.

(c) In auricular flutter the time intervals remained
constant and normal during pure flutter with a
constant A-V ratio. Minor variations in the Q-RV,
and Q-BAs intervals as well as variations in right
ventricular and brachial artery systolic pressures
were found when the degree of block varied.

(d) In cases of complete heart block with bundle
of His ventricular rhythm the auricular and ven-
tricular electrical-mechanical intervals remained nor-
mal even though the conduction defect consisted of
complete A-V dissociation. In uncomplicated bundle
branch block ventricular asynchronism of the ex-
pected type was found. However, in one patient
with both incomplete 2: 1 A-V block and right
bundle branch block there was a delay in onset of
the mechanical systole in both ventricles.
Acknowledgment is made of the assistance of H. L.

Motley, D. T. Dresdale, H. M. Weiner, and A. Himmel-
stein, in the recording of blood pressure tracings.
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