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aBSTracT
The interaction between the cardiac hemodynamics and brain activity has been extensively studied in the past. 
however these studies have involved not only an increase in heart rate but also an increase in blood pressure. 
One method to evaluate for underlying coronary artery disease is to perform stress testing. Often, myocardial 
stress is achieved by the patient walking on a treadmill or riding a stationary bicycle while being monitored. In 
patients that are unable to exercise, pharmacologic stress testing is performed, either with vasodilatory agents 
(e.g. adenosine) or dobutamine, which is a pro-inotropic and chronotropic drug. During dobutamine infusion, 
the heart rate increases, but there is a negligible increase in blood pressure. The result is that the heart rate 
increases as a function of the dosage. Thus by monitoring brain activity while patients are undergoing dobu-
tamine stress testing the effect of increased blood pressure on the brain is removed. It was found in the results 
of one patient that there are five areas of the brain which show a change in the frequency of EEG activity that 
is a function of dobutamine dosage. using fourier transforms it was established that this change occurred at a 
frequency around 12.5 hz. The regions of the brain where the increased activity were a function of heart rate 
occurred in the cZ-PZ, c4-P4, T5-O1, T4-T6 and c3-P3 regions. In undertaking these calculations it was real-
ized that the stress on the ventricle could be calculated. The physicians monitor EcG of the patient to evaluate 
the cardiac status of the patient. Since currently the attending physician does not have data on the stress being 
applied to the myocardium, it would be useful to have this calculated on a real time basis. The motivation for 
the present preliminary study is to both investigate the feasibility of producing such information for clinicians 
as well as to investigate the variation between different patients as the heart rate varies. It was found that 
generally the surface shear stress increased with heart rate around most of the left ventricle. While the time 
averaged shear stress may be important for diagnosis the maximum shear stress probably is the limiting factor 
in terminating testing.
Keywords: brain, diagnostic tool, echocardiogram, electroencephalogram, frequency, heart, stress.

INTrODucTION1 
The physically verified data on the interaction of the heart and brain is rather limited. It has not been 
possible to identify specific parts of the brain which results in specific actions of the heart. It may be 
that this is not the way the heart and brain interact. Such a conclusion is reached in [1]. an extensive 
review of the key experiments on how the brain regulates the cardiovascular system are examined. 
from this review it does not appear that there is sufficient compelling evidence to determine exactly 
which portions of the brain controls the heart. The control of the muscle fibers in the wall of blood 
vessel provides an indication of the difficulty of reaching final conclusions on the brain–heart inter-
action. It was discovered in the 19th century that there existed a vasomotor system of nerve fibers 
which controlled the muscle fibers in the wall of blood vessels. Today it is still unclear whether the 
spontaneous activity in the vasomotor nerves arises from the intrinsic activity of pacemaker cells or 
from assemblies of neurons. In addition it is suggested that the hypothalamus plays a significant role 
in different vascular responses. There are other open questions such as in heart failure [1] ‘Is it a 
signal from the heart to the brain that results in the cNS changes or are there changes occurring first 
in the supramedullary regions of the brain?’ Based on the ability of the body to deliver blood to 
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organs where the blood is needed the idea of command neurons is suggested. This could lead to the 
brain being the cause of hypertension and congestive heart failure.

There are some areas where the interaction is fairly well established. One is a system termed the 
baroflex which controls the arterial blood pressure. It is suggested in [2] that a complete physical 
description of the various components of the baroflex have been developed. as an understanding, 
based on physical observation, of the behavior of the baroflex is unknown a mathematical model is 
proposed in [2]. Based on that model it was shown there is considerable feedback between the pres-
sure regulators and the heart rate. The interaction occurs both through the parasympathetic and the 
sympathetic systems.

an experiment close to the present work was undertaken in [3]. The objective of the study was to 
construct a model for determining the effect of stress on patients. as part of the study, physical load 
was induced in a subject by exercising on a bicycle. an extensive monitoring system of blood pres-
sure, heart rate, respiration, body temperature, and electroencephalography (EEG) signals was setup. 
although only one EEG recording site is mentioned in the paper it appears that a number of sites 
were recorded. The conclusions reached were ‘ Two circumscribed clusters of significant association 
between heartbeat-evoked potential (hEP) and cardiac output change (independent of changes in 
systolic blood pressure) were observed in left temporal and lateral frontal regions. We observed no 
overall alteration across electrodes in the amplitude of hEP (455–595 ms after r wave) as a function 
of mental stress’. This result suggests that a specific connection between heart rate and two regions 
of the brain were established. unfortunately due to the exercise there were increases in blood pres-
sure, temperature and respiration rate as well as heart rate. The analysis of the test results of 16 
subjects indicated that these factors did not influence the heart-brain interaction. however for the 
purpose of the study, the tests were undertaken on healthy subjects. In a hospital environment involv-
ing a wide variety of patients, the results may be different. In [4] it was found on testing 10 patients 
with average age 59 years and all suffering from some heart disease that ‘across patients, hEP 
amplitude at left temporal and lateral frontal electrode locations correlated with stress-induced 
changes in cardiac output, consistent with an afferent cortical representation of myocardial function 
during stress’. It is known that the effects of shear stress on the heart are very extensive. Two surveys 
[5, 6] showed that stress can cause changes in the genetic structure of the heart.

Dobutamine acts to increase the heart rate and dilates the arteries. Thus the blood pressure does 
not increase so the baroreceptors do not transmit signals to the brain. In addition, the temperature 
does not change as in the standard exercise stress test. This provides a clean experiment where only 
the motion of the ventricle transmits signals to the brain. Thus the possible effects of these variables 
are removed from the results. This is achieved by the injection of dobutamine. under conditions 
where, due to reduced physical capability, patients cannot undertake the usual exercise stress test, 
then the heart is stressed by dobutamine injections at various rates. for the purposes of analysis the 
results obtained are superior to those obtained from an exercise stress test as dobutamine dilates the 
arteries neither the patient’s blood pressure nor temperature increases.

mEThODS Of EXPErImENTS aND calculaTION2 
a patient who was scheduled to undergo a dobutamine stress test was instrumented with  
19 electrodes in the standard positions on the scalp (fig. 1). at the same time, EcG results were 
obtained while the dobutamine was administered. There were results from the use of three different 
dosages of dobutamine. These were 0, 1560 and 2750 mics/min. as the usual designation of the 
injection is 20 and 35 mics/kg/min these designations have been used below. In order to establish 
any frequency changes due to dobutamine the EEG results were analyzed using maTlaB to obtain 
the fourier transforms.
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It was of interest to establish the stress level on the heart at each dosage. This was undertaken by 
firstly calculating the blood flow. The general method of calculation used here has been described 
previously [7–9]. The solution is in two dimensions. In the solution the blood flow into the left 
atrium is simulated by a source distributed throughout the atrium. In order to conserve mass sinks 
are distribute around the periphery of the integration domain. The change in shape is obtained from 
the echocardiograms and used as boundary conditions for the flow. The source strength has to match 
the change in volume of the ventricle. The valves have to be modeled as thicker than in reality as 
lagrangian integration must go around both sides of the valve. The Navier-Stokes equations are then 
solved with a predictor corrector scheme [7].

The Navier–Stokes equations defined on an x-y cartesian co-ordinate system for an incompress-
ible fluid are
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where û is the blood velocity vector, r the density, t the time, p the pressure, and the viscosity is µ.
The boundary force F̂ arising from the heart muscles is
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here f̂ is the force on the boundary element at the point s defined on a lagrangian system where x̂  
is defined on the cartesian system and X̂n is the nth point on the lagrangian system, L the circumfer-
ence of the ventricle. If f̂ is known then it would be used. In the present case the value of f̂ varies  
with time and position on the ventricle. The value of f̂ can be obtained by using the difference  
equation [7].

 xk
* = [xk

n + (Δt)uk
n] + λ f̂k (4)

figure 1: Electrode positions on skull. from website by Eric chudler, university of Washington.
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where k is a cartesian grid point, the position xk
* is the value of xk

n at the next time step, u is the 
velocity and l is a complex function of the source strength and a function to produce a linear resist-
ance model of the blood flow through the arteries. l is also dependent on the strength of the sinks 
external to the ventricle.
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where b is an adjustable parameter of order 1, h is the cartesian grid spacing and N is the number of 
boundary points. The delta function is defined as
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from echocardiograms of the patient the positions of the wall can be measured at various times. 
Thus the velocity of the wall can be calculated and hence f̂k can be obtained. This value of f̂ is both 
time dependent and spatially dependent.

The flow velocities and pressures can be used to calculate the stresses on the surface of the heart 
walls. These forces can then be used to examine the microscopic interaction with the cells in the 
heart wall (endocardium).

The first step in the solution involves obtaining the shape of the ventricle at various times. This is 
often difficult as echocardiogram images are sometimes indistinct. following a method often used 
by echocardiographers only five images in a cardiac cycle were selected. One image when the valves 
were closed, a second image when the valves were fully open, a third just before the atrium starts to 
contract, one at the end of the ventricle filling (diastole) stage and a final one as the aortic valve 
opens. a linear variation was assumed between each image, time frame. It was assumed that the 
motion of the wall would be normal to the surface.

The second step required the simulation of the atrium. The atrium changes shape during the  
diastole stage and thus changes the pressure. however the use of a source in place of the correct 
inflow pattern to the atrium was an artifice which made the actual atrium shape unimportant. The 
atrium shape was fixed at near hemispherical shape with valves in the closed and early open posi-
tions. after some time the atrium contracts for a period before the mitral valve closed. The shape was 
expanded and contracted as required for the different sized mitral valves. The source strength was 
increased slowly as the valves opened in accordance with the increase in volume of the ventricle.

The stresses at the walls were calculated by selecting two points chosen as close to the wall as 
possible along a line normal to the surface. a finite difference method was used to obtain the deriva-
tive of the velocity along this line. Similarly the velocity normal to the wall was calculated along the 
same line. Thus if y is normal to the wall the fluid shear stress t0 is calculated to provide t = µ∂u/∂y 
and the coupling to the wall is obtained from µd 2u/d 2y = Ku where K is the hydraulic resistivity of 
the wall.

rESulTS3 
The electrode traces after the first injection of dobutamine are shown in fig. 2.

It can be seen that there were eye movement amplitude changes detected by the frontal  
electrodes.

The electrode traces after 35 mics of dobutamine are shown in fig. 3.
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By observation it was thought that there was a change in frequency in some of the transducers 
output. In order to examine this, fourier transforms were performed on all of these results except  
for the ear tracings lOc-a1 and rOc-a2. The relevant results are shown in figs 4–7 where the 
absolute values of the signals are shown.

figure 4 is on the right just above the eye level swinging back from the ears.
figure 5 is on the right just above the eye level. It is in a similar position to fig. 4 but more to the 

center of the head. again it moves to the rear of the skull. 

figure 2: Electrode traces after injection of 20 mics of dobtamine.

figure 3: Electrode traces after injection of 35 mics of dobtamine.
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figure 4:  fourier transforms of electrode traces at the T4-T6 (fig. 1) location after varying injections 
of dobutamine.

figure 5:  fourier transforms of electrode traces at the c4-P4 (fig. 1) location after varying injections 
of dobutamine.
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figure 6:  fourier transforms of electrode traces at the cZ-PZ locations (fig. 1) after injection of 
varying injections of dobutamine.

figure 7:  fourier transforms of electrode traces at locations T5-O1 locations (fig. 1) after injection 
of varying injections of dobutamine.
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figure 6 is running from the top of the skull backwards to a similar extent as the T6 location.
figure 7 is on the left side of the skull and extends backwards. In this case it starts on the opposite 

side of the skull at a location similar to T6.
figure 8 is on the left just above the eye level but further towards the center of the head. It a mirror 

position of fig. 5.
It can be seen from figs 4–8 that the power of the transform has a peak at a frequency close 

to 12.5 hz that is the normal alpha rhythm. The locations in figs 5 and 8 are towards the center 
of the skull. The signals from the right side appear stronger than the left. The center location 
fig. 6 also shows a strong signal. The outer locations in figs 5 and 7 do not show such strong 
transforms. Thus it would appear that the significant signal strength is found on the right side of 
the head arising towards the center of the skull. certainly additional results are required to reach 
definite conclusions of its significance. It is interesting, although from only one result not nec-
essarily significant, that the fourier transform power has a peak at almost all locations at the 
same frequency.

although the dosage of dobutamine is relevant to the load on the heart, the important variable in 
assessing the neural signals is probably the stress on the heart. In calculating this data it was real-
ized that it could be expressed in a number of ways. One way is to show the variation of both the 
maximum and average shear stress over the ventricle as a function of time as shown in fig. 9. The 
average was calculated over the regions shown in thick lines. for example the endocardium average 
shear stress is obtained by averaging the lagrangian locations 5-9.

The results were obtained for three patients. Patient 1 was a 55 year old woman, Patient 2 was a 
75 year old woman and Patient 3 was a 75 year old woman. The results in figs 10 and 11 were for 
Patient 1.

figure 8:  fourier transforms of electrode traces at the c3-P3 (fig. 1) location after varying injections 
of dobutamine.
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figure 9: areas over which averages taken.

figure 10: Variation of maximum and average shear stress over the ventricle.

It can be seen that the maximum occurs approximately when the mitral valves are open.
The maximum shear stress in the apex occurs just as the mitral valve is opening.
The shear stress over the apex is larger than that over the endocardium. however it is known that 

failure most often occurs in the endocardium. further, sometimes the stress over the endocardium 
decreases with heart rate as shown in fig. 12(c) whereas a patient feels stress as the heart rate 
increases. Thus the maximum shear stress at any point on the ventricle was examined as in fig. 13.
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figure 11: Variation of maximum and average shear stress over the apex.

(a) (b)

(c)

figure 12:  Variation of time averaged endocardium shear stress over on heart beat as a function of 
heart rate. (a) Patient 1, (b) Patient 2, (c) Patient 3.
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It can be seen that the maximum shear stress shown in fig. 12 increases rapidly as a function of 
heart rate and would appear to be the significantly important variable. It was realized that this data if 
calculated on a real time basis would be a useful input to a physician in deciding when to terminate 
the test. The measurement of surface shear stress would be very difficult and values are not available. 
Thus it is not possible to know the critical shear stress for a given patient. however for the proposed 
purpose the calculated values would be adequate.

cONcluSIONS aND fuTurE WOrK4 
It has been shown that there is a definite relation between heart stress and certain brain activity. as there 
was only one set of data available general conclusions cannot be drawn. It is intended to continue the 
study with additional patients. This preliminary study has shown that data useful to a clinician monitor-
ing dobutamine testing can be obtained. In addition, diagnostic results can be extracted from the data. 
It is intended to continue the study with additional patients in order to draw general conclusions.
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(a)

(c)

(b)

figure 13:  The Variation of the maximum shear stress on left ventricle with heart rate. (a) Patient 1, 
(b) Patient 2, (c) Patient 3.
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The following comment has been provided by an anonymous reviewer.

Traditionally, echocardiography and other imaging modalities have provided the ability to measure 
radial motion of the myocardium on a regional or global basis. The development of strain and strain rate 
techniques has provided the ability not only to assess but also to quantify longitudinal motion (i.e. 
 ventricular shortening).

more recent literature indicated a possible role of adenosine stress mr (magnetic resonance) perfusion 
(magnetic resonance perfusion – mrP) imaging in identifying patients at high risk for future cardiac events; 
however, as for dobutamine stress mr – DSmr. cardiac mr imaging offers the advantage of conducting  
myocardial perfusion and wall motion measurements at rest and under stress conditions during a single-session 
examination, thereby ensuring superb comparability of test results [1].

Because many patients are unable to perform adequate exercise testing because of physical incapacity,  
dobutamine stress echo (DSE) has become a well-established modality for the diagnosis of myocardial ischemia.

Dobutamine stress echocardiography is used widely to assess coronary artery disease (caD), its interpreta-
tion is demanding, and its accuracy depends on the experience and training of the reader [2]. Despite technical 
advances and digital image processing and display, both its reproducibility and accuracy are dependent on 
image quality. DSE also is limited by its relative insensitivity for mild single-vessel disease, low sensitivity for 
recognizing the presence of multivessel coronary disease, and difficulty in detection of ischemia within areas of 
abnormal resting wall motion (Wm).

Quantification of DSE with tissue Doppler is less dependent on 2-dimensional image quality than quantification 
from 2-dimensional echocardiography, and several studies have shown the technique to be feasible for DSE using 

doi:10.1016/j.artmed.2006.07.009
doi:10.1073/pnas.0609509104
doi:10.1146/annurev.physiol.59.1.551
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either velocity or strain rate imaging (SrI) [3]. Sr and strain can characterize regional myocardial deformation at 
rest and can quantify normal or abnormal regional function during DSE [4].

conventional DSE are two important problems. first, it remains a subjective tool; its accuracy depends on 
the skills of the user. Second, although the extent and severity of abnormality at peak stress are predictive of 
outcome [5], Wm abnormality is known to be relatively poor for distinguishing the true extent of caD.

a recent review of 28 major DSE studies [6] has reported sensitivity, specificity, and accuracy ranging from 
54 to 96%, 60 to 100%, and 62 to 92%, respectively, depending on patient selection, study size, definition of 
coronary artery disease and technical equipment.

connection between the nervous system and the cardiopulmonary system provides the unifying link that allows 
a coherent explanation for most, if not all, of the forms of neurocardiac damage. It has been known for a long 
time that stimulation of the hypothalamus can lead to autonomic cardiovascular disturbances [7], and many 
years ago lesions in the heart and gastrointestinal tract have been produced with hypothalamic stimulation.

Brain natriuretic peptide is produced by the ventricular myocardium in response to stretch; its vasodilator 
and natriuretic effects counteract the opposing actions of angiotensin II and aldosterone [8].

Increased levels of circulating neurohormones are only part of the response seen after an initial insult to the 
myocardium. left ventricular remodeling is the process, by which mechanical, neurohormonal, and possibly 
genetic factors alter ventricular size, shape, and function.
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