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t the measured velocity represemts 

the blood has i~depe~d~ 
the measured flow will 

‘II be the vector sum of the chamber velocity 
velocity. The upper panel of Figure B 

illustrates the reason for our i:gterest. It demonstrates a 
typical pulsed Doppler recording from the left ventricular 
outflow tract from the apical five-chamber view. Hn addition 
to demonstrating the familiar pulsed Doppler signals, it also 
demonstrates low velocity signds that are seen repeating 
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vitro model to investigate 

ve~tr~~~~ar posterior wall 
Strunk et al. (3) have shown that changes in 

the motion of a cha;fl 

alter the velocity of the Doppler signal generated by blood 
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Figure 1. Upper panel, Pulsed Doppler signal obtained from the left 
ventricular outflow tract from the apical five-chamber view, showing 
the Doppler signals generated by cardiac motion during atrial systole 
(a), ventricular systole (s) and ventricular diastole (d). Lower panel, 
M-mode recording of the aortic annulus obtained from the same 
transducer position as the Doppler signal (upper panel), represent 
the motion of the aortic annulus during atrial systole, ventricular 
systole and diastole. The recordings were made sequentially, and 
then the M-mode recording was aligned with the Doppler recording 
using the electrocardiogram. Scale at upper left is in meters per 
second. 

flow in the in vitro model. We measured cardiac motion with 
M-mode echocardiography in human subjects and compared 
the data with the Doppler signal generated by cardiac 
motion. 

Echocardiographic equipment. An Acuson 128 XPllO 
with a 5- or ~-MHZ transducer was used for the in vivo and 

Howard Apparatus Model 683 

in vitro experiments. Images were recorded on high 
VHS tape and printed on a color page printer (Son 
Video Printer UP-SOSOW). 
follows: the pulsed Doppler t 
the log compress was set at 3 
6.0 mm; the width of the g 
in vivo measurements, t 
nrrtp anal the rbnth rrf the twn.dimsv-kmal imnoe wprp *U.- U‘S_ . .._ .+‘P... v- .L._ *.. _ _..__ _ -.I-_-*I- -‘-“-0- 
dependext op. the individual s For the in vitro appa- 
ratus, the depth of the pulsed r gate was 69 mm, and 
the gate was placed within middle of the straight portion 
of the tubing, 

In vitro mo 
independently control the flow of liqui 
and the motion of the chamber relative 
A 280~cm length of silicon rubber tu 

was connected to a variable pulse rate and 
rfusion pump (Sorvall 49061 Peristaltic 

Pump). A 6% (6 g cornstarch/l00 ml tap water) cornstarch- 
water slurry was driven by the pulsatile pump thr b the 
kubing to simulate the blood flow within the heart. b the 
velocity of flow and the freq 
controlled along a continuum. 
through the pump was vari 
corresponding to average linear velocities of 8 to 25 c 
6-cm section of the silicon tubing wa 
board. and the board wae cyclically moved by a piston to 
simulate the lIeart motion. The tubing attached to the board 

Doppler ultrasound beam as well. This eli 
artifacts from beam angulation. The pulsed 
within the tubing, away from the wall and well above the 
curved portion of the tubing. The oppler beam was parallel 
to the motion of the liquid and the tubing. The plastic board 
was coupled by means of gears, springs and connectors to a 
Harvard Rat Ventilator piston with a variable rate control 

Figure 2. In vitro model. Thin arrows demonstrate the . . _- _.-... 
direction of flow of the tluid through the tubing and the 
motion of the plastic board to which the tubing is fixed. 

cornstarehl-waler slurry Sllicon’hrbing 



Rgnre 3. oppler signal derived fi-om the motion oft 
cornstarch-water sky is within the tubing bent 

Doppler signal is generated entirely by the 
cted by the ~or~star~b-water slurry. 

ng. The 
umped. 
tubing, 

laced within a water 
the vertical portion o 

surements were 

ents. The velocir 

according to patient size. An 
cursor was placed through the 
ve-chamber view during a period 

of stable heart rak. The pulsed Doppler Fignal was recorded 
with a &mm sample volume in the left ventricular outflow 
tract below the aortic valve orifice. The sample volume was 
placed within the blood pool away from the aortic wall and 
leaflets. The M-mode and pulsed Doppler signals were 
recorded sequentially within 1 to 2 min of each other, with 
the patient in the left lateral decubitus position and at a 
stable heart rate. The M-mode and Doppler recordi 
aligned by superimposing the electroca 
(Fig. 3). Alignment of the Doppler and 
was possible because the heart rate re 
the two recordings were made with 
position and over a sbort period of time. The 
generated by the aortic annulus (cardiac motion) was com- 
pared with the low velocity pulsed Doppler signal (labeled 
“ 

a, ” “s” and “d” in Fig. 1). The direction of cardiac motion 
is opposite to the blood flow during systole. The slope of the 

relation coe~c~e~ 

presented. 

water-cornstarch slurry w 
pumping and their combi 
tubing was parallel to the flow of the slurry witbin tbe tube. 
Figure 3 shows the motion of the tu 
piston while the fll.lid is not being 
Doppler signal is a ,Gnusoidal 

of k-10 cm/s. Figure 4 dem 

ty is approximately 30 
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Figure 4. Doppler signal derived from the pulsatile pumping of the 
fluid while the tubing remains stationary. 

measured velocity has been altered by the motion of the 
tubing. The frequency of the pulsatile flow is twice the 
frequency of the tubing motion. When the peak velocities are 
in phase (arrow), the maximal velocities of both signals are 
additive, resulting in an increase in the measured velocity of 
the liquid. When the velocities are out of phase, they negate 
each other. The measured velocity is thus the vector sum of 
the two velocities. In Figure 5 the middle six waves (identi- 
cal in profile and amplitude) are the Doppler signals gener- 
ated by pulsatile flow of the liquid through the tubing (while 
the tubing remains stationary), similar to those seen in 
Figure 4. The low velocity waves at the right of Figure 5 are 
the result of periodic motion of the tubing recorded while the 
fluid is not being pumped. The Doppler signal derived from 
this motion is sinusoidal and similar to that seen in Figure 3. 

The complexity of the interaction between the motion of 
the tubing and the liquid is further demonstrated in Figures 6 
and 7, where the frequencies of the two motions are varied 
relative to each other. Flow of the liquid and motion of the 
tubing were controlled independently to create synchronized 
and desynchronized motion. The frequency of the motion of 

Figure 5. Doppler signals generated by motion of the tubing alone 
(right) (similar to Fig. 3), by the motion of the cornstarch-water 
slung being pumped through stationary tubing (middle) and by the 
combined motion of the fluid and the tubing (left). When the tubing 
is being moved and the fluid is pumped, the apparent or measured 
velocity changes, although the true velocity of the fluid within the 
tubing has not changed. Arrow indicates a cycle in which the two 
motions are in phase. 
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Figure 6. Doppler signals generated by fluid and tubing motion. The 
c ____ _____. _r *I.?. I~G~UCIIL~ Up lllG lllvLlvll VI LIII .,,nn, -. . .._.. --*L, .-.f +L *a*h’ n I~CI the frq~emy of the 

peristaltic pump were varied. The frequencies of two motions were 
no longer integral multiples of each other and thus were desync 
nized. The relative magnitude of the measured signals during 
cycle varies even though the actual frequencies and ve 
motion and flow were cons:ant. rmw indicates a cycle in 
two motions are in phase, yielding the highest measured velocity. 

the tubing was slower than the pulse rate of t 
flow and is therefore slightly di ociated in Figure 6. This 
resulted in a continually varyi alternans pattern of the 
peak amplitudes of the Dopple nal. The resultant waves 
change not only in amplitude (velocity) but also in appare 
slope (acceleration and deceleration). Although flow tb~o~gb 
the tubing remains constant throughout, the desy~cb~o~~ze~ 
motion of the tubing (relative to the frequen 
pulsatile pump) results in an apparent twofold 
velocity (20 to 40 cm/s) between adjacent 
demonstrates the Doppler flow pattern when t 
of the motion of the tubing and the pulsatile flow are out of 
phase but are integral multiples of each other. When the flow 
and movement of the tubing are at about the same frequency 
but out of phase, :be observed relationship is regular, and 
the Doppler velocity signals remain alternating but constant 
throughout the tracing. Although the flow of the liquid is 
unchanged in Figures 6 and 7, the velocity patterns are quite 
different. These patterns were achieved merely by changing 
the degree of phase synchronization of the motion of the 
tubing relative to the liquid. The resultant Doppler spectrum 
of the combined motion is the algebraic sum of their Doppler 
signals, resulting in apparent changes in maximal velocity as 
well as slope of the velocity curve. 

F’d~ity meesurements hop the apparatw. Using a fixed 
frequency and amplitude, the I&mode and Doppler mea- 

Figure 7. Doppler signals generated by fluid and tubing motion. The 
two motions were synchronized but out of phase; thus, the pattern 
remains constant, with the peak velocities representing the vector 
sum of the two motions. The slopes of the signals have changed 
because the peaks of the two motions no longer coincide. Arrow 
demonstrates the timing of the maximal velocity of the tubing. 
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surements are highly correlated (linear r 
p < O.OOl), but the estimates of cardiac motion from the 
Doppler signal oximately twofold higher than the 
estimates from meas~remeats. 

The motion of blood cells within the heart 
consists of the propulsion of blood cells driven by the 
contraction of the heart and the motion of blood cells as a 
component of the chamber, which moving cyclically. In 
the past, the “flow” sigual generate y cardiac motion was 
neglected. Two models were used our study to Llemon- 
strate that cardiac motion can influence the measured Dopp- 
ler signal generated by blood flow and to investigate the 

sitioning the tubing 

correction from our 

Although the motion 
transducer observes only ore-d~rneos~oa~ signals in both 
Doppler and M-mode studies. 

believe that the signa 

of this signal may 
particles close to the wall, 
accelerates. We placed the 
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chamber, within muscle (9) (data not shown), and we were 
sti!! able to record the Doppler signals, although they were 
much weaker. Whether the source of the signal is reflectors 
adjacent to the wall of the chamber, the chamber itself or 
beam width artifact, these signals alter the measured signal 
generated by blood flow, and the direction and timing of the 
dteration conerate with the modon of the chamber. 

viva model. In the in vivo portion of this study, we 
measttrcd cardiac motion by two methods and showed the 
relation of the velocity of cardiac motion detected by 
M-mode echocardiography to the Doppler signal generated 
by the motion. The relation between the Doppler and the 
M-mode measurements is a temporal one and does not 
establish causality. The velocity of cardiac motion deter- 
mined by measuring the Doppler signal generated by cardiac 
motion differed by a factor of 2 from the measured velocity 
based on M-mode measurements of the aortic annulus. This 
difference was similar to the findings obtained by using 
Doppler and M-mode signals to measure the velocity of the 
motion of the tubing in the apparatus. There are several 
possible explanations for the higher measured velocity ob- 
tained by using the Doppler signal. 1) The tissue or tubing 
disperses the Doppler signal, giving a wide spectrum. Be- 
cause of beam width, the reflections causing the Doppler 
signal may be coming from different parts of the aortic 
annulus or tubing, therefore causing dispersion of signals. 
We used the maximal measured Doppler velocity for OUF 

comparison, which may not represent the true velocity at the 
point used to measure velocity on the M-mode recording (9). 
2) Although we attempted to align the M-mode cursor with 
the pulsed Doppler cursor, this alignment might be tmper- 
feet. 3) The velocity measurement on the M-mode should be 
the slope of the tangent line at the point of the maximal 
velocity on the annular motion curve, which is difficult to 
obtain on the ordinary M-mode recordings. 

The measured Doppler spectrum of blood flow velocity in 
clinical echocardiography always has the built-in error 
caused by cardiac motion. The resultant spectrum is differ- 
ent from the pure spectrum, not only in the amplitude of the 
peak velocity but also in the sbpe of the measured velocity. 
Thus, cardiac motion can alter the velocity signals used to 
measure hemodynamic variables. In mitral inflow, for exam- 
ple, the maximal velocity, the half-time and the relation 
between the E and A waves could be altered by movement of 
the annulas. Because the direction and the velocity of the 
motion of the annulus vary throughout the cardiac cyc!e, the 
slopes of the E and A waves and their relative heights might 
not be a!fected equally. This observation may in part explain 
the difficulty in utilizing mitral inflow to analyze diastolic 
events (12). The changes seen in diastolic filling that are 
attributed to changes in comp!iance and relaxation might be 
overshadowed by the changes due to cardiac motion. Tiris 
might further obscure the already difficult to understand 
effects of diastolic relaxation on the Doppler signal. Mea- 
surements Of mitral valve area might also be inaccurate 

because of changes in slope caused by card& motion. 
Another example of problems that can be created by not 
considering the effect of cardiac motion on 
surements is the use of the ~~lrno~ar~r artery 
tion time to diagnose puimonary ~y~erte~sio~. Cardiac 
motion could alter the slope and therefore the acceleration 
time. 

!nnurinvitroand !9 &VA cwdxr& WC &cl nnt mnrirbrt~~ . . .” u....., *..a ..- u... a.“. w*..“.w_. 
complexity of cardiac motion but measured it only along the 
axis of the blood flow. The heart is actually twisting while it 

complexity of cardiac 

correct the measured 

nd blood flow in the Doppler spectrum. 

measurement. 
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