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WEB INFO
• Google searches:  

• coronary critical care monitoring

• ventricular assist devices

• angiography

• computation of flow in heart valves

• blood flow modeling



Thanks to:
 Dr. Ailis Tweed-Kent

ChEg ‘07

http://www.cocoonbiotech.com/team/



(SOME) MOTIVATION

http://www.chp.edu/our-services/heart/cardiology/heart-failure-recovery-program/patient-stories?
origin=sitelink+patient+stories&keyword=%252Bpediatric%2520%252Bventricular%2520%252Bassist%2520%252Bdevices&matchtype=b&gclid=EAIaIQobChMI

xKynstnP1wIVDChpCh0YjgPqEAAYASAEEgKumPD_BwE



INTERSECTION OF ENGINEERING 
AND MEDICINE?

• Provides example situations to motivate our study of fundamentals.

• Engineering can provide quantitative understanding of flows that explain clinical observations.

• Engineering analysis can provide a foundation for advanced measurement/diagnosis technologies.

• Determine what measurements could provide most insight 

• Better evaluate success of treatment

• Help to design interventional and prosthetic devices

• fabricate: by 3-D print from MRI/CAT scan images a complex internal structure to aid 
surgeon

• We hope that engineering can contribute in a broad sense to cost, efficiency and reliability of 
health care. 



HTTPS://WWW.YOUTUBE.COM/WATCH?V=OHMMTQKGS50
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Mechanical Events in the Left (Right)
Ventricle

Relaxation or Diastole

• Blood fills ventricle from atrium
-- mitral (tricuspid) valve opens.

Atrial Systole or Contraction

• Atrium contracts to expel
remaining blood and “prime”
ventricular pump.

Contraction or Systole

• Ventricle contracts, aortic
(pulmonic) valve opens, blood is
ejected into the aorta.



Anatomy of the cardiovascular system

Anatomy of the heart

The heart is the pump of the circulatory system, i.e. it is the source of energy that makes the
blood flow.

Figure: Diagram of heart, showing the major structures, by Ottesen et
al., 2004).

The heart may be thought of as
two pumps in series. Blood passes
. . .

. . . from the venous system

. . .

. . . into the atriuma

(low-pressure chamber), . . .

. . . through a non-return
valve . . .

. . . into the ventricle
(high-pressure chamber), . . .

. . . and through another
non-return valve . . .

. . . into the arterial system.

aIn these notes, I have tried to highlight
in colour important technical terms that you
should be familiar with. Green highlighting is
used to emphasise terms that are defined
elsewhere in these notes, while red
highlighting emphasises terms as they are
being defined.
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Cardiovascular System

Heart:  2 Chambers in Series

Pulmonary circulation in between
right heart and left heart.

Systemic circulation refers to
remaining circulatory systems.

Left heart provides major component
of work to drive blood through the
systemic circulation.

Heart pulsation:  Systole (Contraction)
and Diastole (Relaxation/Filling)
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Major Arteries and Veins

Arteries and Veins usually adjacent
to each other.

Large arteries and veins:  25 - 30
mm in diameter.

Many interventional procedures
(cardiac angiography,
catheterization) use the femoral
artery (left side) or femoral vein
(right heart) as the origin for
access to the heart.
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Original contraction is pulsatile.  However, flow in capillaries and veins is
almost steady state, due to the elasticity of the large arteries.

Pulse Pressure = Systolic Pressure - Diastolic pressure

Major Arteries and Veins
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Small arteries produce the largest pressure drop

Pressure Drop in Cardiovascular
System
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Capillaries
contain

maximum cross-
sectional area

Functional Flow Area



WHAT KINDS OF ANALYSIS 
COULD WE DO?

• Allometric

• Calculations of fluid flow

• Examination of diagnostic signals

• Design — fabrication of models for surgeons or 
protheses for insertion 



LOG-LOG PLOT OF HEART 
RATE AND ANIMAL SIZE



ORIGIN OF THIS BEHAVIOR?
• The heart (attempts) to provide, in response to various 

stimuli, the flow rate of blood that is needed (at some 
instant) for all of a creatures needs

• Flowrate to provide oxygen and other nutrients

• To achieve this flowrate, “viscous losses” and gravity 
head must be overcome

• So the heart must simultaneously meet these two criteria

f ~ M-.35



DIMENSIONAL REASONING
• flow rate times pressure gradient is “power”

• Flow rate will be a heart volume/time period

• Pressure gradient is caused by deceleration of “velocity squared”

• Heart power:

• (Vh*f) (ρ (Vh(1/3) *f)2 ==> ρ f3 Vh5/3

• How does this power scale with animal size?



METABOLIC POWER(KLEIBER’S LAW) 
P ~ M.75



HEART RATE — MASS
• ρ f3 Vh5/3 ~M.75

• Further Vh ~M

• http://www.biologyreference.com/Re-Se/Scaling.html

• Which gives…

• f~ M-.31

• Interesting… I don’t know how “correct” it is

• There are other allometric observations….



HEART RATE — LIFE 
EXPECTANCY

striking, particularly when it is appreciated that the allometric
range spans almost 0.5 million-fold in body weight (from
hamster to whale). Because heart weight and body weight are
almost linearly related in large and small mammals (8) (heart
weight is 0.5% to 0.6% of body weight), this allometric relation
would be the same between heart weight and heart beats/
lifetime.

These observations suggest that despite wide variations in
body size and heart rate, the total number of heart beats/
lifetime among mammals is remarkably constant. Although
this analysis has not been examined among nonmammalian
vertebrates, there is reason to believe that the relative con-
stancy of heart beats/lifetime is widely distributed in the animal
kingdom. For example, a Galapagos tortoise with a life expect-
ancy of 177 years and a heart rate of 6 beats/min (4) has 5.6 3
108 beats/lifetime, quite similar to the mean value of 7.3 3 108

calculated from the mammals shown in Figure 2. Among fish,
the average number of heart beats/lifetime tends to be an order
of magnitude less than that in mammals (i.e., 3.5 3 107 for
haddock and 6.7 3 107 for brown trout), whereas the tiny
arthropod Daphnia uses up to 1.3 3 107 heart beats (at 25°C)
in a brief life span of 30 days (9).

However, it does appear clear that there is little variation in
the total number of heart beats/lifetime among mammals, and
perhaps this observation can be extended to many species of
animals. This finding suggests that a basic characteristic of the
energetics of living matter drives this phenomenon. Some
insight into this mechanism is provided by the intriguing report
by Azbel (10) on universal biologic scaling and mortality.
Drawing from a wide allometric scale of 1020-fold among living
organisms, Azbel concludes that the energy consumption/body
atom per heart beat is the same (within an order of magnitude)
in all animals. Indeed, he calculates that the basal O2 consump-
tion/body atom of all animals is ;10 O2 molecules/lifetime and
in those animals with a heart, ;1028 O2 molecules/heart beat.

It is therefore not surprising that the number of heart beats/
lifetime calculated from these data (10 3 108) is strikingly
similar to the mean value observed among the mammals shown
in Figure 2 (7.3 3 108). That Azbel extends his analysis to
include protozoa and bacteria with oxygen metabolism (unit
time replacing a heart beat) further suggests that life span is
predetermined by basic energetics of living cells and that the
apparent inverse relation between life span and heart rate
reflects an epiphenomenon in which heart rate is a marker of
metabolic rate.

These considerations do not exclude the possibility that rest
heart rate may prove to be a determinant of life span, and
perhaps the obvious extension of these observations is to ask
whether there is the potential to prolong life by measures that
reduce average heart rate. If humans are predetermined to
have ;3 billion heart beats/lifetime, would a reduction in
average heart rate extend life? If so, one might estimate that a
reduction in mean heart rate from 70 to 60 beats/min through-
out life would increase life span from 80 to 93.3 years.
Although this experiment has never been performed in hu-
mans, Coburn et al. (11) have made an effort to examine this
question in an animal study. Several hundred A/J mice, on
weaning, were fed normal feed or feed containing ;0.05 mg
digoxin/day. Although equivalent doses of digoxin would
promptly kill a human (.100 mg/day), the treated mice lived
longer than control mice (50% survival of 850 vs. 700 days, p ,
0.001) and had slower heart rates (266 vs. 563 beats/min, p ,
0.001). However, the conclusion that prolongation of life in
these mice was the consequence of a slower heart rate was
seriously confounded by the fact that the mice treated with
digoxin had a lower body weight than control mice, and
starvation has been shown to extend the life of rodents (3).
Interestingly, the digoxin-treated mice were found to have
caloric intake comparable to the control mice, and therefore
the explanation for weight loss in the treated mice is unex-

Figure 1. Semilogarithmic relation between rest heart
rate and life expectancy in mammals. Most coordinates
represent average values (4–6).
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plained. Thus, a specific role for cardiac slowing in the
prolongation of life in digoxin-treated A/J mice remains at best
uncertain.

Together, the above observations suggest that a primary
reduction in myocardial metabolic rate, with associated cardiac
slowing, may have the potential to prolong human life. How-
ever, because myocardial O2 consumption/unit weight is the
same in normal, hypertrophied and failing human hearts (12),
the demonstration that a primary reduction in heart rate
prolongs life would have to invoke a mechanism other than a
reduction in myocardial metabolic rate. Nonetheless, clinical
studies abound with the suggestion that cardiac slowing may
improve survival. Beta-adrenergic blockade improves survival

in patients after myocardial infarction (13) and possibly in
patients with dilated cardiomyopathy (14,15), and the brady-
cardic effects of regular exercise are considered by many to
extend life in those with or at risk for coronary disease.
Although it is acknowledged that the malefic effects of sus-
tained beta-adrenergic stimulation in cardiac disease are far
greater than that of positive chronotropism, the provocative
observation that heart rate and life expectancy among mam-
mals are inversely related and that their product is a near
constant begs the question, “Can human life be extended by
cardiac slowing?”

Thus, although there are considerable constraints on the
likelihood of demonstrating a life-prolonging effect of cardiac
slowing in humans, efforts to do so should not be discouraged.
Perhaps a first attempt in this direction would be an actuarial
analysis of life insurance data because a purely bradycardic
agent for use in animal studies and clinical trials is not yet
available to us.
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Figure 2. Relation between life expectancy and total heart beats/
lifetime (A) and allometry of total heart beats/lifetime (B) among
mammals (see text).
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Rest Heart Rate and Life Expectancy
HERBERT J. LEVINE, MD, FACC
Boston, Massachusetts

Among mammals, there is an inverse semilogarithmic relation
between heart rate and life expectancy. The product of these
variables, namely, the number of heart beats/lifetime, should
provide a mathematical expression that defines for each species a
predetermined number of heart beats in a lifetime. Plots of the
calculated number of heart beats/lifetime among mammals
against life expectancy and body weight (allometric scale of 0.5 3
106) are, within an order of magnitude, remarkably constant and
average 7.3 6 5.6 3 108 heart beats/lifetime. A study of universal
biologic scaling and mortality suggests that the basal energy
consumption/body atom per heart beat is the same in all animals

(;1028 O2 molecules/heart beat). These data yield a mean value
of 10 3 108 heart beats/lifetime and suggest that life span is
predetermined by basic energetics of living cells and that the
apparent inverse relation between life span and heart rate reflects
an epiphenomenon in which heart rate is a marker of metabolic
rate. Thus, the question of whether human life can be extended by
cardiac slowing remains moot and most likely will only be resolved
by retrospective analyses of large populations, future animal
studies and clinical trials using bradycardic therapy.

(J Am Coll Cardiol 1997;30:1104–6)
©1997 by the American College of Cardiology

. . . the fundamental object of contention in the life struggle, in
the evolution of the organic world, is available energy.

Ludwig Boltzmann (1886)

It is common knowledge that smaller mammals have higher
heart rates and shorter life spans than larger members of their
class. The explanation of the former is a biophysical imperative
in which the ratio of heat loss (a function of body surface area)
to heat production (a function of body mass) increases as body
size is reduced. Prevention of a fall in body temperature in
homeotherms necessitates an increased metabolic rate, which
in turn is correlated with, and is perhaps responsible for, an
increased heart rate. Indeed, regression analysis on logarithmic
coordinates between body mass and metabolic rate among
mammals yields a straight line that has exactly the same slope
as a plot between body mass and heart rate (1). In addition to
the role of metabolic rate, other allometric biophysical princi-
ples may be operative in determining the optimal heart rate in
animals of differing size (2). The explanation of a shorter life
span in smaller mammals, however, is less apparent.

According to Sohal and Weindruch (3), there are only three
regimens that reliably extend the maximal life span of animals:
1) lowered ambient temperature in cold-blooded animals and
hibernating mammals; 2) a decrease in physical activity in
cold-blooded animals; and 3) caloric restriction. Although
associated decreases in heart rate generally accompany all
three of these regimens, a primary reduction in heart rate has

not been established as etiologic in extending life span. The
following represents an effort to examine the variations in life
span in mammals, with particular reference to their relation to
heart rate.

Among mammals, with the exception of the human species,
there is a linear, inverse semilogarithmic relation between
heart rate and life expectancy. As illustrated in Figure 1, this
relation, excluding humans, spans a 35-fold difference in heart
rate and a 20-fold difference in the life span of these mammals.
Although some minor differences exist among the four major
orders of mammals (Life span/unit weight of primates .
Carnivores 5 Rodents . Ungulates) (7), this overall inverse
relation between heart rate and life span appears valid. The
one conspicuous exception to this observation is humans. One
might speculate as to the reasons why, or more specifically
how, modern humans have stretched the boundaries of biology
to achieve a life expectancy of 80 years. Perhaps the most
obvious explanations would credit advances in science, medi-
cine and sociology. Although there are moments and events in
our present civilization that seem to threaten this achievement,
it is clear that at least for now the human species is, among
mammals, the front runner in life expectancy.

If we accept the observation that there is indeed an inverse
relation between heart rate and life span, then the product of
these variables, namely, the number of heart beats/lifetime,
should provide a mathematical expression that defines for each
species a predetermined number of heart beats in a lifetime.

In Figure 2A, the calculated number of heart beats/lifetime
among mammals is plotted against life expectancy. It will be
seen that despite a 40-fold difference in life expectancy, the
number of heart beats/lifetime is, within an order of magni-
tude, remarkably constant. When the calculated number of
heart beats/lifetime of mammals is plotted against body mass
(Fig. 2B), the constancy of heart beats/lifetime is even more
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plained. Thus, a specific role for cardiac slowing in the
prolongation of life in digoxin-treated A/J mice remains at best
uncertain.

Together, the above observations suggest that a primary
reduction in myocardial metabolic rate, with associated cardiac
slowing, may have the potential to prolong human life. How-
ever, because myocardial O2 consumption/unit weight is the
same in normal, hypertrophied and failing human hearts (12),
the demonstration that a primary reduction in heart rate
prolongs life would have to invoke a mechanism other than a
reduction in myocardial metabolic rate. Nonetheless, clinical
studies abound with the suggestion that cardiac slowing may
improve survival. Beta-adrenergic blockade improves survival

in patients after myocardial infarction (13) and possibly in
patients with dilated cardiomyopathy (14,15), and the brady-
cardic effects of regular exercise are considered by many to
extend life in those with or at risk for coronary disease.
Although it is acknowledged that the malefic effects of sus-
tained beta-adrenergic stimulation in cardiac disease are far
greater than that of positive chronotropism, the provocative
observation that heart rate and life expectancy among mam-
mals are inversely related and that their product is a near
constant begs the question, “Can human life be extended by
cardiac slowing?”

Thus, although there are considerable constraints on the
likelihood of demonstrating a life-prolonging effect of cardiac
slowing in humans, efforts to do so should not be discouraged.
Perhaps a first attempt in this direction would be an actuarial
analysis of life insurance data because a purely bradycardic
agent for use in animal studies and clinical trials is not yet
available to us.
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Figure 2. Relation between life expectancy and total heart beats/
lifetime (A) and allometry of total heart beats/lifetime (B) among
mammals (see text).
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A CALCULATION:

• …which is consistent with the Cardiologist saying that he 
had to do some calculations to be sure, but he thought that 
the blood pressure in the the pulmonary loop was OK.



(TRANSIENT) NAVIER-STOKES EQUATIONS
dpdx = + .05 Cos[2 ω t];

dpdx = -(1 + ( Cos[ω t] + .2 Cos[2 ω t - π / 2] + .05 Cos[4 ω t - π / 2] + .02 Cos[8 ω t - π / 2] + .01 Cos[16 ω t]));
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CARDIAC ICU
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The Electrocardiogram (EKG)



U.R. Acharya · J.S. Suri
J.A.E. Spaan · S.M. Krishnan 

(Editors)       
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HOW TO GET TRACINGS





INSERTING CATHETER





HEART ARTERIES



HTTPS://EN.WIKIPEDIA.ORG/WIKI/CORONARY_CIRCULATION#/
MEDIA/FILE:CORONARY_ARTERIES.SVG



ARTERY DIAGRAM





CATHETER FLOW REDUCTION!
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“STENOSIS”  (NARROWING)









AORTIC VALVE



PRESSURE TRACINGS







CARDIOLOGY CALCULATION
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RAPID PROTOTYPE/3D PRINTING



CONCLUSIONS
• Engineering: modeling, experimental tools, data analysis, has already made 

significant contributions to medicine.

• The need remains great and we can expect much more 

• Tissue/cell level measurements and treatments

• artificial organs

• More sophisticated prosthetic scaffolds and devices

• System level analysis for organizations as well as people

• “Big Data”… but less Doc typing while she is talking to you! 


