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Mechanical Correlates of the Third Heart Sound 
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In seven chronically instrumented conscious dogs, micromanom
eters measured left ventricular pressure, and ultrasonic dimension 
transducers measured left ventricular minor-axis diameter; the 
latter recording was filtered to examine data between 20 and 
100Hz. Acceptable external heart sounds were recorded with a 
phonocardiographic microphone in four of the seven dogs. With 
each dog sedated, intubated and mechanically ventilated, data 
were obtained during hemodynamic alterations produced by 
volume loading, phenylephrine, calcium infusion and vena caval 
occlusion. 

Damped oscillations were noted consistently in the left ventric
ular diameter waveform toward the end of rapid ventricular 
filling. These wall vibrations, assessed by the filtered diameter, 

Since the appearance of Charles Potain's classic essay in 
1900 (1) describing the third heart sound (S3), scientific 
controversy has existed over its biologic mechanisms and 
the associated hemodynamic and pathologic implications. 
Three principal theories of origin attribute S3 to 1) valvular 
and subvalvular phenomena (2-5), 2) the impact of the heart 
against the chest wall (6-8), and 3) ventricular wall vibra
tions (9-16). Most investigators (9-16) now accept ventric
ular wall vibrations as the origin of S3• The following studies 
were designed to investigate the mechanical basis of S3 in an 
intact animal model and to examine the physiologic factors 
that modify the characteristics of S3• Specifically, the ques
tions to be examined were 1) does the energy transmitted to 
the ventricular wall during rapid filling contribute to the 
amplitude of s3, and 2) does the frequency content of s3 
behave according to set physical principles governing the 
oscillation of viscoelastic materials. 
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correlated well with the third heart sound (83) on the phonocar
diogram. The peak frequency of the wall vibrations increased with 
increased diastolic pressure (p = 0.004), probably reflecting an 
increase in myocardial wall stiffness. In contrast, the amplitude of 
the vibrations varied directly with left ventricular filling rate (p = 
0.0001). 

Thus, S3 seemed to be related specifically to ventricular wall 
vibrations during rapid filling, and the spectra of the amplitude
frequency relation shifted toward the audible range with increases 
in diastolic pressure, wall stiffness or filling rate. Spectral analysis 
of S3 may be useful in assessing pathologic changes in myocardial 
wall properties. 

(JAm Coli Cardio/1992;19:450-7) 

Methods 
Experimental preparation. Seven healthy adult mongrel 

dogs (18 to 24 kg) were surgically instrumented for subse
quent studies in the closed chest state. Each dog was 
anesthetized with intravenous thiamylal sodium (25-mg!kg 
body weight) and ventilated with a volume respirator. A left 
thoracotomy was performed through the fifth intercostal 
space by sterile technique, and epicardial ultrasonic dimen
sion transducers (17) were positioned across the left ventric
ular anterior-posterior minor axis to measure left ventricular 
diameter and ventricular wall oscillations (Fig. 1). During the 
procedure, silicone rubber pneumatic occluders were posi
tioned around the inferior vena cava and descending thoracic 
aorta. A silicone rubber tube was implanted in the base of 
the left atrium, and a second rubber tube was left in the 
pleural space for later passage of micromanometers. The 
pericardium was left widely open, the transducer leads and 
silicone tubes were exteriorized through subcutaneous tun
nels dorsal to the thoracotomy, and the incision was repaired 
in multiple layers. All dogs received daily intramuscular 
injections of procaine penicillin-G (2 x 105 U) and dihydro
streptomycin (250 mg), along with a single injection of ferric 
hydroxide (100 mg). 

At the time of study, the dimension transducers were 
coupled 'directly to a modified, dual output sonomicrometer 
that sampled data at a rate of 1,000 samples/s. One channel 
interposed a two-pole filter to produce a 12-db/octave atten
uation above 100 Hz yielding an effective frequency re
sponse of 0 to 50 Hz. This channel was used to monitor gross 
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Figure 1. The standard preparation employed in this study with 
ultrasonic transducers positioned across the minor-axis diameter of 
the left ventricle and inferior vena cava and descending thoracic 
aorta pneumatic occluders. A solid state pressure transducer was 
passed into the left ventricle through the implanted left atrial tube. A 
and P = anterior and posterior left ventricular dimension transduc
ers, respectively. 

cardiac dimensions with a resolution of approximately 
0.05 mm. The second channel interposed a 5-Hz high pass 
filter to remove the gross minor-axis diameter waveform, 
followed by two sequential bandpass filters to select frequen
cies between 20 and 100 Hz (Fig. 2). All filters were the 
Butterworth type to minimize ringing, and a minimal number 
of poles was used to provide a sufficient slope of attenuation 
outside the desired bandpass (18). 

Left ventricular and pleural pressure measurements were 
obtained with micromanometers (PC-350, Millar Instru-

Figure 2. Digital examples of the minor-axis diameter signal after 
filtering with the 50-Hz low pass filter (middle panel) and with the 20-
to 100-Hz bandpass filter (lower panel). The top panel shows the 
derivative of minor-axis diameter (dD/dt) used to determine the 
rapid filling phase (see text). 
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ments) coupled to pressure amplifiers (8805-C, Hewlett
Packard). Manometers were passed into the mid-left ventri
cle and pleural space to yield left ventricular transmural 
pressure as the difference between left ventricular and 
pleural pressures. In four of the seven dogs external phono
cardiograms of acceptable quality were obtained on the 
chest wall overlying the ventricular apex with use of a 
standard amplification system and an Elema-Scholander 
microphone (EMT-25B). 

Physiologic protocol. After recovery from implantation (7 
to 10 days), each dog was anesthetized (intravenous mor
phine sulfate, 0.5 to 1 mg!kg), intubated and ventilated at a 
minute volume of 6 liters. The ventilator was disconnected, 
and data were recorded during brief periods of apnea with 
the animal paralyzed and the endotracheal tube open to air. 
Apnea eliminated respiratory variations in filling rate and 
pressure, standardized the physiologic data from beat to beat 
and minimized extraneous breath sounds. Bradycardia was 
maintained by administration of propranolol (1 to 5 mg) to 
permit analysis of a sufficient number of digital data points 
during rapid diastolic filling to achieve 2- to 3-Hz resolution 
with a Fourier analysis program developed in our laboratory. 
All analog data were recorded on magnetic tape (model A, 
Vetter) for subsequent digital analysis. Filling rate was 
assessed by the derivative of minor-axis diameter (dD/dt) 
(19-22), and mean filling rate was defined as the average rate 
of change of minor-axis diameter during the rapid filling 
phase of diastole. 

To facilitate Fourier analysis of third heart sound data, 
the rapid filling phase of diastole was defined as the period 
from peak positive dD/dt to 100 ms after the first subsequent 
zero crossing of dD/dt (Fig. 2). From each study, segments 
of steady state data were selected during baseline condi
tions, then during steady state control conditions of in
creased left ventricular end-diastolic pressure achieved by 
simultaneous blood volume expansion, infusion of phenyle
phrine (25 ,ug!kg per min intravenously), and partial descend
ing thoracic aortic occlusion. These interventions routinely 
achieved left ventricular end-diastolic pressures of 20 to 
40 mm Hg. Next, with the volume expansion, phenylephrine 
infusion and partial aortic occlusion still present, data were 
acquired during partial inferior vena cava occlusion to 
reduce ventricular diastolic pressure and diameter. Finally, 
data were recorded after a calcium infusion (15 mglkg 
intravenously) that increased cardiac output and filling rate 
while minimally changing other variables. All studies were 
conducted in accordance with the Position of the American 
Heart Association on Research Animal Use. 

Data analysis. Relevant data were analyzed for six car
diac cycles at each steady state, and the filtered dimension 
signals were averaged with use of a Fourier analysis program 
modified for this purpose. The resulting spectral analysis 
yielded calculated mean frequencies and mean amplitudes of 
wall vibrations that were representative of the events occur
ring during a given rapid diastolic filling period for each 
hemodynamic steady state. Multivariate linear regression 



452 

oe 
>e 
...J-

0 
c: 
0 

.J:! 
0.. 

-o 
~0 
-.> :_. 
u: 

c;. 
~:I: 

>e 
...Je 

GLOWER ET AL. 
1HIRD HEART SOUND 

Figure 3. Representative raw digital recordings of left ventricular 
diameter (LVD), phonocardiogram (Phono), filtered diameter and 
left ventricular pressure (L VP) obtained during blood volume ex
pansion, phenylephrine infusion and partial occlusion of the de
scending thoracic aorta. The fine oscillations on the unfiltered 
diameter signal were due to aliasing of the sonomicrometer sampling 
rate and analog to digital converter sampling rate; these frequencies 
were well beyond the physiologic range and were eliminated by the 
filtering procedures. All four heart sounds (1 to 4) are demonstrated 
on the phonocardiogram. A marked similarity was observed be
tween the waveforms of S3 on the phonocardiogram and the filtered 
ventricular wall oscillations during rapid filling. 

analysis was used to detect relations between vibratory 
amplitude or frequency and the independent variables of left 
ventricular end-diastolic diameter, systolic and diastolic left 
ventricular pressures and mean rapid filling rate. The effects 
of vena caval occlusion or calcium infusion on individual 
variables were tested by analysis of covariance. 

Results 
Demonstration of S3• Mter bandpass filtering of the raw 

minor-axis diameter signal in the volume-loaded state, the 
oscillations of the left ventricular wall during the rapid filling 
phase of diastole became readily apparent (Fig. 2). All four 
heart sounds were discerned in the four dogs with an 
acceptable phonocardiogram. Although there was limited 
correlation between the filtered diameter and the phonocar
diogram for the first, second and fourth heart sounds, a 
striking similarity was evident between the waveform and 
temporal relations of ventricular wall vibrations during rapid 
filling and the phonocardiographic S3 (Fig. 3). 

Volume loading, phenylephrine infusion and partial oc
clusion of the descending thoracic aorta produced abnor
mally high left ventricular diastolic pressures (Table 1). The 
third heart sound was not present on the phonocardiogram in 
the control state, and it became apparent only after left 
ventricular diastolic pressure was increased by the loading 
interventions. Inferior vena cava occlusion decreased the 
minimal diastolic pressure and end-diastolic pressure (p < 
0.05) (Table 1), whereas the rate of ventricular filling (as 
evidenced by the slope of the minor-axis dimension curve 
during rapid filling) remained essentially unchanged (Fig. 4). 
The decrease in ventricular filling pressure was accompanied 
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Figure 4. Superimposed high speed plots during rapid ventricular 
filling after phenylephrine infusion, volume loading and aortic oc
clusion (Control, solid line) and subsequent steady state inferior 
vena cava occlusion (VCO, dashed line) in a typical study. With the 
fall in filling pressure during vena caval occlusion, the frequency of 
wall oscillations decreased (dashed line, middle panel). Similar 
results were obtained in all seven dogs. 

by both a decrease in the amplitude of left ventricular wall 
oscillations (p < 0.05) and a trend toward a decreased 
frequency of wall oscillation (p = 0.09). 

Mechanical correlates of S3 amplitude and frequency. 
Fourier analysis of the filtered minor-axis dimension and the 
phonocardiogram quantified the change in frequency of 
ventricular wall oscillations during the interventions (Fig. 5). 
With decreased filling pressure during vena caval occlusion, 
the total vibratory energy, represented by the area under the 
amplitude versus frequency curve, usually changed mini
mally; however, the amplitudes generally shifted to the left, 
so that less energy was present in the audible range above 
20Hz. 

Infusion of calcium increased both the velocity of ven
tricular filling and the amplitude of wall oscillations, 
whereas diastolic pressures and oscillation frequency did not 
change significantly (Fig. 6 and Table 1). As the rate of 
diastolic filling increased, total vibratory energy (again rep
resented by the area under the amplitude versus frequency 
curve) increased for both the filtered diameter and the 
phonocardiogram, whereas the fundamental frequencies re
mained approximately the same (Fig. 7). Throughout the 
studies, spectral analysis of the phonocardiographic data 
seemed to be somewhat limited by a greater amount of 

extraneous noise in the phonocardiographic signal as com
pared with the filtered diameter. 

Multiple regression analysis demonstrated a strong cor
relation between the mean frequency of wall oscillations and 
both minimal ventricular diastolic pressure (r = 0.60, p = 
0.004) and end-diastolic pressure (r = 0.47, p = 0.03) (Fig. 
8). Higher diastolic pressures were uniformly related to 
higher mean vibratory frequencies. Similarly, the high mean 
amplitude of wall oscillations correlated strongly both with 
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Figure 5. A, Fourier analysis of the filtered dimension data for six 
cardiac cycles during rapid ventricular filling in a typical study with 
varied filling pressure. B, Corresponding Fourier analysis of the 
phonocardiogram for the same cardiac cycles. Frequencies <20Hz, 
shown here with shading, were considered inaudible. With higher 
filling pressure and wall stiffness during phenylephrine infusion, 
volume expansion and aortic occlusion (Control, solid line), the 
frequencies shifted to the right into the audible range and were 
reflected in the phonocardiogram by a similar increase in sound 
intensity in the audible frequencies as compared with vena caval 
occlusion (VCO, dashed line). Similar data were obtained in all dogs. 

filling rate (r = 0.80, p = 0.0001) (Fig. 8) and to a lesser 
extent with end-diastolic diameter (r = 0.46, p = 0.03). With 
all of these relations, however, pure interactions could not 
be obtained in the biologic setting because both filling rate 
and pressure tended to change to some extent with all 
interventions (Fig. 8). 

In examining Table 1, it should be noted that partial vena 
caval occlusion decreased left ventricular end-diastolic pres
sure, end-diastolic diameter, peak systolic pressure and 
minimal diastolic pressure only slightly despite the signifi
cant decrease in amplitude and frequency of S3• These 
otherwise small changes were necessary because any signif
icant decrease in left ventricular filling by full vena caval 
occlusion caused S3 to not be detectable. Similarly, in an 
already distended ventricle, the effect of calcium was pri
marily to increase peak systolic pressure and mean filling 
rate without a large increase in end-diastolic diameter or 
pressure. 

Discussion 

Etiology of S3• Shortly after Potain (1) attributed S3 to 
sudden tensing of the ventricle during rapid ventricular 
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Figure 6. Superimposed high speed plots of left ventricular diameter 
(L VD), phonocardiogram (Ph ono), filtered diameter and left ventric
ular pressure (L VP) during rapid diastolic filling in a typical study. 
With increased filling rate demonstrated by the increased slope of 
the minor-axis diameter curve (Calcium, solid line), the amplitude of 
the rapid oscillations of the filtered diameter and phonocardiogram 
increased (middle panels) while the fundamental frequencies did not 
change significantly. Similar results were obtained in all dogs. 

filling, alternative theories associated gallop sounds with the 
mitral valve apparatus (2-5). Although many investigators 
(2-5) have postulated that either tensing or closure of the 
mitral valve might produce an S3, the role of valvular and 

Figure 7. A, Average Fourier analysis of the filtered dimension for 
six cardiac cycles during rapid ventricular filling in a typical study 
under control conditions and during calcium infusion. B, Corre
sponding Fourier analysis of the phonocardiogram for the same 
cardiac cycles. The amplitudes of wall vibration increased signifi
cantly in both the phonocardiogram and filtered dimension with 
calcium infusion, while the fundamental frequencies were un
changed. Again, the inaudible frequencies ( <20 Hz) are indicated 
with shading. Similar data were obtained in all dogs. 

w 
> 
~ .... 
w a: 

w 
> 
~ .... 
w a: 

FILTERED DIMENSION 
-Calcium 
•··• Control 

PHONOCARDIOGRAM 

-Calcium 
•··• Control 

FREQUENCY (Hz) 

c: 
0 

"' :::;; 

1.6,-------...., 

0.6'----4----+----' 
1.5 2.5 3.5 4.5 

Mean Filling Rote 
A (m in/sec) 

JACC Vol. 19, No. 2 
February 1992:450-7 

18 '----4----+----' 
7 10 13 16 
Minimal Diostolic Pressure 

B (mmHg) 

Figure 8. A, Relation between mean left ventricular filling rate and 
mean amplitude of ventricular wall vibrations for all seven experi
ments. B, Relation between left ventricular minimal diastolic pres
sure and mean frequency of ventricular vibrations for all seven 
experiments. Open triangle = vena caval occlusion; open circle = 
control; open square = calcium infusion. 

subvalvular structures has been disputed by several clinical 
reports (23-25). In fact, S3 gallop sounds have been observed 
in patients with an incompetent mitral valve heterograft (25), 
and patients have been described with a persistent s3 after 
resection of both atrioventricular valves (23,24 ). Thus, avail
able evidence suggests that the mitral apparatus contributes 
little to s3. 

In 1942, Boyer (6) proposed the theory that early diastolic 
motion of the heart caused an impact on the chest wall 
producing an S3• Reddy et al. (7 ,8) noted that recordings of 
S3 within the left ventricle were of lower amplitude than 
recordings of S3 from the chest wall, thereby supporting the 
theory that S3 results from impact of the left ventricle on the 
chest wall or from coupling of abrupt change in left ventric
ular velocity to the chest wall. Nonetheless, Craige et al. (12) 
dispute the theory of chest wall impact because they were 
able to record S3 vibrations from the epicardial surface with 
the chest wall removed. Furthermore, other studies (13,14) 
demonstrated that s3 vibrations were initiated with a marked 
deceleration (termed negative jerk) measured from both the 
epicardial surface and the chest wall, whereas Craige et al. 
(12) speculated that impact of the heart against the chest wall 
would produce an outward acceleration or positive jerk. 
Intracardiac pressure fluctuations also appear to be inade
quate to account for the genesis of S3 because an intracar
diac S3 may become apparent only during the terminal stages 
of heart failure, long after it is present by external cardiac 
recordings (8,12,13,26). 

When the body of research concerning S3 is reviewed in 
light of the present study, one may conclude that Potain (1) 
was correct in suggesting that S3 is produced as the rapidly 
expanding ventricle reaches the point where the fibroelastic 
nature of the myocardium limits ventricular distension (9-
16). The resulting sudden resistance to further chamber 
expansion under tension seems to generate a vibratory wave 
front that is detectable as a low frequency event by both the 
sonomicrometer and the phonocardiogram. Our data from 
the current experiments are consistent with this ventricular 
distension mechanism. 
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Mechanical correlates of S3 amplitude and frequency. 
Despite general acceptance of the ventricular distension 
theory, data regarding the actual determinants of s3 ampli
tude and frequency are limited to a few clinical studies. In 
children, Ewing et al. (15) found that S3 energy <15 Hz 
decreased as filling velocity decreased with increased mitral 
valve orifice area, and they also observed that the high 
frequency component of S3 increased with age (and possibly 
increased with ventricular stiffness). Porter et al. (27) noted 
that s3 was most prominent in patients with increased peak 
ventricular filling rate or with increased wall stress at the 
time of peak left ventricular filling. Van de Werf et al. (28} 
noted that the presence of S3 correlated with an increased 
rate of left ventricular filling (dV/dt) in patients with mitral 
regurgitation, and S3 correlated with impaired left ventricu
lar relaxation in patients with cardiomyopathy or constric
tive pericarditis. Longhini et al. (16) demonstrated that the 
energy content of S3 shifted toward higher frequencies in 
patients with increased ventricular wall thickness and de
creased left ventricular diameter. 

The current study supports the predictions of the ventric
ular distension theory with the frequency of s3 influenced by 
ventricular diastolic pressure or wall stiffness and with the 
amplitude of S3 determined by left ventricular filling rate 
(Fig. 8). These mechanical determinants of the third heart 
sound may be understood using a simple acoustic model of 
the left ventricle as an elastic sphere impacted by a mass of 
blood during ventricular filling, with resultant vibration in 
the left ventricular wall. The left ventricular wall would then 
be represented as a spring with elastic constant (k) and mass 
(m1v}, and the blood impacting the left ventricle during filling 
may be considered to have mass (mb) and velocity (vb)· By 
conservation of momentum, the resultant initial velocity 
(v1v) of displacement of the left ventricular wall would be 
related to the blood velocity (29) 

VJv = vb (mt/m~v) . [1] 

The amplitude (A} of vibration of the wall will be (29) 

A = VJv Vm;Jk, [2] 

or by substituting equation 1 into equation 2, 

A = Vb (mt/mJv) Vm;Jk . [3] 

Thus, the amplitude of vibration will be roughly proportional 
to blood velocity (or rate of left ventricular filling) and 
inversely proportional to the square root of the left ventric
ular wall stiffness constant. Using this elastic spring model of 
the ventricular wall, the frequency of oscillation (f) would be 
(29) 

[4] 

If the left ventricle has significant dampening with dampen
ing constant (c), the frequency of oscillation will be slightly 
reduced to (29) 

27Tf = y(k!m~v) - (c/2m~v)2 • [5] 
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Note that the frequency of wall oscillation will be roughly 
proportional to the square root of the wall stiffness constant 
(k). Note also that, barring any change in wall stiffness, 
increased wall mass (as in left ventricular hypertrophy) may 
or may not produce an audible s3 because s3 frequency will 
decrease (equation 4) while s3 amplitude increases (equation 
2). Although modeling of the left ventricle as a linear spring 
and modeling of left ventricular filling as an impact between 
blood and the ventricular wall is clearly a simplification, the 
data presented in Table 1 and Figure 8 are consistent with 
such modeling. 

Detection of S3 by sonomicrometry. Sonomicrometry is 
well suited for studying wall oscillations related to S3• This 
technique has maximal sensitivity to the most subtle ventric
ular vibrations over the frequency range of 0 to 250 Hz 
without the disadvantages of phonocardiography, which 
may pick up extraneous noises. Dynamic analysis of ven
tricular geometry and wall motion are possible with high 
resolution, stable electrical calibrations and negligible drift 
or temperature sensitivity. Additionally, the method is not 
hindered by the dampening effects of intervening tissues or 
extraneous noises that plague external monitoring tech
niques (20). Thus, sonomicrometry is ideal for the experi
mental application described in this study and could be 
extended to the clinical realm through intraoperative or 
postoperative studies of cardiac surgical patients (30). 

Throughout the present study, results of sonomicrometry 
and phonocardiography were in agreement on the presence 
or absence of S3 before and after volume loading and vena 
caval occlusion. Moreover, vibrations measured by epicar
dial sonomicrometry and S3 measured by standard phono
cardiography correlated both in amplitude and frequency 
over a range of ventricular filling rates and ventricular 
volumes and pressures (Fig. 3, 5 and 7). These correlations 
suggest that the vibrations measured by sonomicrometry did 
represent the s3 detected by phonocardiography. 

The studies of Ishimitsu et al. (31) suggested that the 
major axis of the ventricle played a more dominant role in 
the genesis of S3 than did the minor axis. In a comparison of 
ventricular wall dynamics in both hyperdynamic and hypo
dynamic canine models, these authors noted that the peak 
major-axis dimensional velocity invariably was greater than 
the corresponding minor-axis velocity when an S3 occurred. 
The diastolic differences between the minor and major axes 
are not surprising and are consistent with the anisotropic 
nature of the intact canine myocardium with greater stiffness 
in the major axis than in the minor axis (32). Although 
Ishimitsu et al. (31) noted better correlation between S3 and 
deceleration in the major than in the minor axis, major- and 
minor-axis deceleration differed primarily in amplitude and 
not in their relation to S3• The minor axis was chosen for 
investigation in our current study because of the relative 
facility of minor-axis transducer placement and because the 
changes in the minor axis with the appearance of an S3 were 
sufficient to test the hypotheses outlined in the introduction. 
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Timing of S3• In the current study (Fig. 3), S3 followed 
relatively early after S2 under control conditions. This rela
tively early timing of S3 may have resulted from the high left 
ventricular filling rate produced by volume loading and 
elevated afterload in the control state. Earlier occurrence of 
S3 with volume loading has been reported by Van de Werf et 
al. (33). In addition, the minor-axis diameter tracings of 
Figures 3, 4 and 6 might suggest that peak filling occurred 
slightly before the nadir in left ventricular pressure, while 
other investigators (9) have observed peak filling rates much 
closer to the ventricular pressure nadir. Much of the appar
ent discrepancy may result from minor-axis lengthening 
occurring earlier in diastole when the left ventricle is full (as 
in the present study) than when the ventricle is emptier (as in 
other studies) because of the more spheric shape of the full 
ventricle (22). In addition, the volume and pressure loading 
in the present study (mean left ventricular end-diastolic 
pressure 28 mmHg) might have caused the mitral valve to 
open prematurely, thus causing peak filling to occur before 
the nadir in left ventricular pressure. 

Assessment of wall stiffness. One limitation of the current 
study was the indirect assessment of wall stiffness using 
diastolic left ventricular pressure, which could be more 
easily measured. Diastolic pressure, however, should be a 
reliable indicator of changes in wall stiffness because of the 
well defined exponential pressure-volume relation of the 
diastolic left ventricle (21) and because none of the interven
tions used to alter cardiac load or inotropic state affect the 
basic relation between left ventricular pressure and volume 
(and thereby pressure and stiffness) (21). 

Because of the exponential pressure-volume relation of 
the left ventricle (21), an increase in ventricular diastolic 
pressure is associated with increased wall stiffness defined as 
the slope (dP/dV) of the pressure-volume relation. This 
increased wall stiffness would be expected to produce an 
increase in the frequency of ventricular vibrations for any 
given wall displacement induced by rapid filling (equation 4). 
A higher vibratory frequency would cause a corresponding 
shift of more acoustic energy into the audible range above 
20 Hz, which might be perceived as S3 becoming audible. In 
the intact heart, the relation between s3 frequency and wall 
stiffness is supported by the observed rightward shift in 
frequency spectra of ventricular vibrations with increased 
filling pressure (Fig. 4 and 5, Table 1). The similar correla
tion between filling pressure and s3 frequency observed with 
the external phonocardiogram in four dogs corroborates this 
observation (Fig. 4). 

Assessment of ventricular filling rate. A second limitation 
of the present study was the use of left ventricular diameter 
to estimate relative left ventricular filling rate. Although 
Slinker and Glantz (34) demonstrated the potential inaccu
racy of assessing instantaneous volume or rate of change in 
volume from left ventricular dimensions, left ventricular 
diameter was used in the present study only to detect 
relative changes in left ventricular filling rate. Other inves
tigators have shown good correlation between change in 
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ventricular volume and change in left ventricular dimensions 
(20,35), especially when high frequency resolution is not 
needed (34). Because the assessment of directional changes 
in mean rate of ventricular filling requires relatively low 
frequency information, the observations of Slinker and 
Glantz (34) are less relevant to the present study. 

In these experiments, calcium was used to increase 
ventricular stroke volume in a volume-overloaded system 
while comparable diastolic pressures were maintained de
spite more efficient ventricular emptying. Because rapid 
ventricular filling intervals remained similar, mean filling 
rates increased (Fig. 6). At higher filling rates, the amplitude 
of wall vibrations increased significantly (Table 1, Fig. 8), 
but mean frequency changed little. Although it was impos
sible to vary filling rate or pressure in a completely indepen
dent fashion in the intact heart, the spectral data suggest that 
the amplitudes of S3 and ventricular wall oscillations during 
rapid filling are proportional to the filling rate as predicted by 
equation 3. Higher filling rates would increase S3 energy and 
could be perceived as an S3 becoming audible. 

Clinical implications for S3 analysis. The observed rela
tions between filling pressure, wall stiffness and the fre
quency of wall vibrations may have clinical relevance to the 
pathologic situations of congestive heart failure or ventricu
lar hypertrophy, where an S3 may become evident because 
of increased diastolic pressure or wall stiffness. The corre
lation between filling rate and amplitude of wall vibrations 
may have a clinical analog in high output states, such as 
thyrotoxicosis, or with lesions such as valvular incompe
tence that increase ventricular filling velocity. Finally, one 
might hypothesize that the development of an abnormal S3 is 
dependent on an increase in either myocardial stiffness or 
rate of ventricular filling. Although similar principles might 
apply to the right ventricle, caution should be exercised in 
applying observations from the current study to a right 
ventricular third heart sound because the current study 
examined only the left ventricle. 

It is reasonable to propose that different types of S3 could 
be defined by spectral analysis of frequency and amplitude 
characteristics and that the data could be used for patho
physiologic interpretation of distinct clinical entities. Cur
rently, the presence of an S3 gallop plays a qualitative role in 
the management of patients with cardiac disorders (36-38) 
but spectral analysis could transform the phonocardiogram 
into a quantitative clinical tool. As Robert Hooke (39) so 
astutely stated in 1705, "Who knows, I say, but that it may 
be possible to discover the motions of the internal parts of 
the bodies . . . by the sound they make, that one may 
discover the works performed in several offices and shops of 
a man's body and thereby discover what instrument or 
engine is out of order." 

We are grateful for the assistance of Louise Leighton in preparing the 
manuscript and of Joan Jones in preparing the illustrations. 
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