BSc School C Level 2b Module 7
Physiological Monitoring

Notes for Cardiovascular M easurements

K.H. Parker
Department of Bioengineering

L ecture 2: Cardiovascular M easur ements

This lecture will deal not with a systematic exposition of cardiovascular measurement techniques
but with some problems and errors that have arisen or are current in cardiology. It is hoped that
some of the techniques used will be made clearer in thisway.

Some specific problemsin ultrasound measurementsin the heart:
1) Resolution

The wavelength of an ultrasound wave depends upon the frequency produced by the transducer
and the speed of sound in the tissue. Because higher frequency sound waves dissipate more
quickly due to viscous and viscoel astic effects, the maximum frequency is limited by the
distance to the target. For transthoracic scans, the maximum freguency is generally 3.5 MHz. For
transoesophogeal scans the distance to the heart is smaller and 5 MHz transducers are commonly
used.

wavelength = (speed of sound)/frequency

The speed of sound in tissue is approximately 1500 m/s (the speed of sound in water). Therefore,
for a5 MHz transducer the

wavelength = (1500)/(2p 5x10°) ~ 50 nm

The absolute, ideal resolution attainable is 1/2 awavelength and so the ultimate resolution for a5
MHz probeis> 25 nm.

This meansthat it isimpossible to make accurate measurements of features such as heart valve
thicknesses or the intimal thickness of blood vessels, despite the claims of some researchers.

2) Diffraction

Different tissues have different wavespeeds which means that as the beam traverses different
tissuesit will be diffracted. (The fish in the aguarium is not where it appears to be for the same



reason.) In an abdominal scan, it is estimated that the difference between apparent and actual
position can be as much as 3 cm. How isit possible to do lumbar punctures under ultrasonic
guidance?

3) Systolic Anterior Motion (SAM) in hypertrophic cardiomyopathy

SAM isthe acronym for systolic anterior movement of the anterior leaflet of the mitral valve
during systole, atime when the |leaflet should be movin posteriorly. In extreme cases this can
lead to obstruction of the left ventricular outflow tract by the anterior leaflet and when it is
observed in patients with hypertrophic cardiomyopathy it is often taken as an indication for
intervention. The short axis view of the left ventricle is obtained from an intercostal view.

Fig. 2-19. A cross-section of the heart showing the struc-
tures through which the ultrasonic beam passes as it is
directed from the apex toward the base of Lhe hearl, CW =
chest wall: T = transducer; $ = sternum; ARV = anterior
right ventricular wall; RV = nghl ventricular cavily; IVS =
interventricular septum; LV = left ventricle; PFM = pos-
terior papillary muscle; PLV = posterior left ventricular wall;
ANV — anterior mitral valve leaflet; PMV = posterior mitral
valve leallet; AD = aorta; LA = left atrium. (From Feigen-
baum, H.: Clinical applications of echocardiography. Prog,
Cardiovasc. Dis., 14:531, 1972.)

(from H. Feigenbaum, Echocardiography, 4th Ed.)

The beam marked 2 in the figure passes through both mitral valve leaflets and this view can be
used to observe their motion during the cardiac cycle.



(adapted from H. Feigenbaum, Echocardiography, 4th Ed.)

Because the whole heart is moving, it is not anterior motion relative to the transducer, but
anterior motion relative to the endocardium that should be measured. In this text book example,
note the movement of the valve leaflet (top arrow) and the simultaneous movement of the
posterior left ventricular wall (bottom arrow). Thisis often overlooked in cardiac scans.

4) Filling of theleft ventricle (LV)

It isrelatively easy to measure the velocity of blood flow through the mitral valve using range
gated Doppler ultrasound.
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Fig. 2-102. Normal mitral valve (MV) flow wilh the lransducer at the apex and the sample volume (sv) in the left ventricle
(Iv). ra = right atrium; la = lefl alrium; MVo = mitral valve opening; MVc = mitral valve closure.

(from H. Feigenbaum, Echocardiography, 4th Ed.)

In the normal heart at rest, two separate periods of blood flow through the mitral valve are seen:
the 'E wave' which occurs soon after closure of the aortic valve and the 'A wave' which isthe
result of atrial contraction (note the timing of the A wave relative to the P wave on the ECG). It
is often assumed that the net flow into the ventricle can be calculated by integrating the measured
velocity times the area of the mitral valve ring. Thisiswrong!

The velocity is the velocity relative to the transducer which is fixed to the chest wall. Asthe
atrium contracts, the mitral valve moves towards the apex. Thus, blood which isinitialy in the
atrium can find itself in the ventricle not because it has moved relative to the transducer, but
because the | eft ventricle has moved.

Thisis similar to the mechanism of the old fashioned hand operated pump. Inthewell isa
cylinder with ahinged plate at the bottom. Asthe handleis raised, the cylinder descends into the
well water and the hinged plate swings open admitting water into the cylinder. When the handle
islowered, the cylinder moves upward, the hinged plate closes and the water is elevated. The
cylinder isfilled by moving it relative to the water in the well which is stationary relative to the
surface.



A notein passing: By using the ECG as a temporal reference, it is possible to compare the
timing of different events measured from different views and by different methods during the
cardiac cycle. One common observation that, as yet is completely unexplained mechanicially, is
the opening of the mitral valve leaflets well before there is any flow through the valve orifice.
Thisis a research project crying out to be done.

5) Tissue Doppler of the movement of the mitral valve

The Doppler principle can be used to measure the velocity of movement of tissue in the direction
of the ultrasound beam. Because the velocities are generally much lower than that of blood, the
frequency shift is correspondingly lower and more difficult to measure. Modern ultrasound
machines, however, frequently offer 'tissue Doppler' as an option and it is being used with
increasing frequency in echocardiology.

A common useisto assess the long axis function of the left ventricle. Using M-mode from the
apical view, it haslong been possible to measure the movement of the mitral ring.

Using the ECG as atemporal reference, it can be seen that the mitral ring moves upwards
(towards the apex) during systole and downwards (away from the apex) during diastole. In this
patient, the filling in early diastole (the E wave of mitral filling) causes avery rapid increasein
thelong axis. Thereisaso asmall increase associated with the contraction of the atrium (the A
wave).

The tissue Doppler signal for the same patient was obtained from the same apical view by
positioning the Doppler gate in the tissue adjacent to the mitral valve ring.
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Shortening of the long axis was taken as positive velocity and so the large negative peaks of
velocity correspond to the rapid increase in the long axis during the A wave of mitral inflow.
Both representations of the motion of the mitral valve ring are valid and potentially useful.

The problem comes when it is assumed that the velocity signal is the derivative of the length of
the long axis as measured from the M-mode signal. The long axisis measured at the interface
between the blood and the mitral valve ring (the boundary in the M-mode signal). The tissue
Doppler velocity is measured in a sample volume in the valve ring which, because of the
movement of the heart relative to the ultrasound transducer, does not correspond to the same bit
of tissue throughout the cycle. Therefore, what is being measured is not the velocity of the
boundary of the ventricle, but the velocity of whatever tissue is within the sample volume at any
particular time. The difference between the two can be significant since the motion of the heart
within the chest cavity is comparable to the motion of the tissue relative to some fiducia point
such as the centre of gravity of the heart.

6) The Modified Bernoulli Equation

Virtually every text book on echocardiography cites the modified Bernoulli equation for
calculating the pressure difference (usually incorrectly called the 'pressure gradient’) between
two chambers of the heart when it is possible to measure the velocity of ajet between them using
Dopple ultrasound. (Most heart valves permit alittle bit of ‘functional’ regurgitation.)

DP=4V?
where (the better books add) P is measured in mmHg and V is measured in m/s.
Think about the meaning of this equation in terms of dimensions.

The 'proper’ Bernoulli equation is an energy equation for steady, non-dissipative flows. It says



that along a stream line the total pressure, defined as the sum of the hydrostatic pressure (the
potential energy) and the dynamic pressure (the kinetic energy) is constant.

P+ Yr V2= Pry

If we consider two points along the stream line: 1) in aregion with alarge cross section and
hence low velocity (say the LV) and 2) in ahigh velocity jet (say ajet of mitral regurgitation).

Pi+ Yor V2= Py + 1or Vo2 = Pry
If V1 ~ 0, then this equation can be rearranged to give DP = P;- P, (writing V =V3)
DP = "/,r V?

The density of blood is approximately 1050 kg/m?, and a pressure of 1 mmHg = 133.3 Pa.
Substituting thisinto the Bernoulli equation

DP (mmHg) = %,1050/133.3 V*=3.98 V2

The modified Bernoulli equation is simply using the fact that the density of blood measured in
units of mmHg s/m? is approximately 8. That is, the '4' in the modified Bernoulli equation has
dimensions. Should this sort of thing be encouraged?

7) Proximal Isovelocity Surface Area (Pl SA) measurement of volume flow rate

Jet velocities (U) are very easy to measure by Doppler ultrasound but jet areas (A) are very
difficult to measure accurately. As aresult, it is difficult to measure the volume flow rate
(Q=UA) in ajet accurately.

PISA isarecent ideato get around this problem by looking not at the jet but the flow in the
chamber where the jet isformed. It is based on the ideal solution for inviscid, steady flow in a
semi-infinite reservoir flowing through asmall hole at the origin (flow into asink). Using a
spherical coordinate system, it can be shown that the velocity is directed toward the origin with a
magnitude (U) that depends only on the radius (R). For a steady flow, the volume flow rate
across any hemiphere upstream of the jet must equal the volume flow rate in the jet.

Q=2pR?U

The suggested procedure is to find a region where the flow is hemispherical. Set the colour scale
to give a particular colour at a convenient velocity (say 10 cm/s). Measure the radius where that
velocity occurs and use the equation to calculate volume flow rate. Simple?
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There is afundamental error in this measurement. The Doppler probe measures not velocity but
the component of velocity in the direction of the beam. Thus, if asink flow was measured by
Doppler on each isovelocity hemisphere, the component of velocity in the direction of the beam
would vary with position on the hemisphere. Thus the Doppler velocity at the top of the
hemisphere would be the isovelocity velocity but at all other points on the hemisphere the
Doppler velocity would be reduced by the cosine of the angle of that point from the vertical.
Near the plane, for example, the flow would be directed inward toward the origin (the location of
the sink) and its component in the direction of the ultrasound beam would be very small.
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Anidealised black and white version of what cardiologists look for when applying the PISA
method together with what they should be looking for. As pointed out in the lecture, the method
would still be valid if the pattern on the right was observed and the radius of the isovel ocity
hemisphere was taken from the radius of the new pattern directly over the origin of the jet.



8) The Gorlin equation

In the assessment of valve stenosis, it would be very helpful to be able to measure the area of the
stenosed valve. However, thisis very difficult to do directly. Gorlin and Gorlin (1951) [get the
reference] suggested an empirical way to determine the area of a stenosed valve using quantities
that are more accesible to measurement. In a series of papers they developed equations for use
with both the mitral and aortic valves. This equation is now in common use in cardiology. Thisis
an example taken from the web-based program Medicalc

http:/fgi.vghte.gov.tw/Ref/MedCale_3000/GorlinValveArea.him

Gorlin Formula for Valve Area

Valve = { Cardiac_Output / { Flow_Time * Heart_Rate )) / ( Valve_Factor * sqr(Valve Gradient) )

Input:
Cardiac_Output | ml/min [v] Result:
Flow_Time | sec [v]
Heart_Rate L Le m Wb L] e FI
Valve_Factor @ Aortic (44.5) | Calculate | Recalculate
) Mitral (38.0)

Valve_Gradient mmHg F]

In symbols, this can be written
Ay = CO/(Ty HR K DP*?)

where

Ay = area of the stenosed valve

CO = cardiac output

Ty =time of flow through the valve

HR = heart rate

K =the Gorlin "constant"

DP = the pressure difference across the valve

What is the fluid mechanical basis of this equation?

First of all, it isuseful to put the equation in terms variables that are more common in fluid
mechanics. Since the total volume flow through through the valve must equal the cardiac output



(what goes in must equal what goes out, on average), the volume passing through the valve per
beat must be CO/HR. If the flow is steady, then the volume flow rate will be Q = CO/(HR Ty).
Finally, recall that the volume flow rate is the product of the velocity of the fluid times its cross
sectional area, Q = VAy. Thus, we can see that this equation involves the pressure difference and
the velocity - just like our old friend the Bernoulli equation.

The conservation of energy in the absence of viscous lossesin afluid is expressed by the
Bernoulli equation

P+ Yor V2= Py + Yor V2 = Pry

where Py isaconstant. If '1' isareservoir where the velocity will be very small compared to the
velocity through the jet, then we can rewrite it as

V, = (2DP/r )¥?
or, in terms of the volume flow rate
Q=AvV;,=Ay(2DPIr)¥2

For real orifice flows, there are two non-idealities that have to be considered. Thefirst isthe
vena contracta, a jet flowing through an orifice of area A will contract to asmaller area. The area
of contraction will depend on the exact design of the orifice and is usually denoted by the
constant Cc

A:CcAV

Second, real flows are viscous and there are always some viscous losses involved when flow
passes through an orifice. Again, the losses are represented by a valve constant which relates the
observed velocity to the ideal velocity corresponding to the measured pressure difference

V, = Cy (2DP/r )¥?
Combining both phenomena we can write
Q= CcCy Ay(2DPIr )¥2

The coefficients measured for different sorts of orifices are shown in the following table taken
from Streeter, Introduction to Fluid Mechanics [ get reference]



Orifices and their Nominal Coefficients
Shar
: dgeg Rounded Short tube Borda
-\L_, S— \-.___—_.._._p.n
e — — 3 ——
-‘"‘—— — — s g =
b 0.61 0.98 0.80 051
Ce 0.62 1.00 1.00 0.52
Cy 0.98 0.98 0.80 0.98
Fig. 11.356

As afurther complication, the orifice coefficient, C = C¢ Cy, depends upon the Reynolds number
of the flow through the orifice
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Comparing the two equations, we see that the Gorlin equation is equivaent to the orifice
equation used by hydraulics engineers if

K = Cc Cy (2/r)¥?

With this derivation, it is clear why the Gorlin 'constant’ is not really a constant, but is dependent
upon the flow rate.

9) 'The number of heart beats per lifetimeisinvariant'

Allometric scaling is atype of 'scaling' analysis that is used commonly in some areas of
physiology. It assumes that there is a power relationship between two variables

Y =aXx"



(Note that for this equation to have dimensionally integrity the constant a has to have the

dimensions [Y]/[X]P). The values of aand b are most easily determined by plotting the dataon a
log-log plot

logY =loga+ blog X

where the slopeis b and the intercept a. Here is an example of the metabolic rate (kcal/hr) asa
function of body mass (kg) for species from unicellular organisms to mammals
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Note the extent of the abscissa, running from 10™ to 10" kg (18 orders of magnitude). Fitting a
best fit line through all of the points yields aline with slope = 0.95 which implies that metabolic
rate varies amost with body mass. In fact, thisis an example of one of the dangers of this type of
anaysis. The data as published is divided into three categories, unicellular organisms,
poikilotherms and homeotherms.
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If wefit linesto each of these categoriesindividually, we see that the slopes are all about 0.75,
implying that the metabolic rate varies with body mass to the power of 3/4. With such large
scalesit isvery easy to make errors of this magnitude. Note for example that the difference
between the data and the fitted line for the smaller organisms is more than an order of magnitude.

If thisanalysisis applied to datafor heart rate, HR, as a function of body mass, M, for mammals
it isfound that HR ~ M %%, That is, the smaller the mammal, the faster its heart rate. Applying it
to the average life span, T, for the mammals, it is found that T ~ M*%%, Since the total number of
heart beatsin alifetime, N, is equal to the product of heart rate and life span, thisimplies that N
isindependent of body mass and so al mammals have a constant number of heart beatsin alife
time.

Asit stands, thisis a passingly interesting result about mammals on average. The danger comes
when the result is expressed as 'the number of heart beatsin alifetimeisinvariant' and thus
anything that reduces the heart rate will increase longevity. Thisis afallacious and potentially a
very dangerous argument. Carried to extreme, this would say that stopping the heart would lead
to immortality.

Note: As pointed out in the lecture, the same argument applied to the scaling law for lifetime as
a function of body mass would imply that one could increase one's lifetime by gaining weight!



