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Abstract

Coronary artery bypass graft (CABG) surgery is a common treatment for patients
with coronary artery disease. A potential complication of CABG is myocardial
ischemia or infarction. In this thesis, a method — based on laser Doppler flowmetry (LDF) — for detection of intra- and postoperative ischemia by myocardial
perfusion monitoring is evaluated.
LDF is sensitive to motion artifacts. In previous studies, a method for reduction of motion artifacts when measuring on the beating heart has been developed.
By using the ECG as a reference, the perfusion signal is measured in intervals during the cardiac cycle where the cardiac motion is at a minimum, thus minimizing
the artifacts in the perfusion signal.
The aim of this thesis was to investigate the possibilities to use the ECGtriggered laser Doppler system for continuous monitoring of myocardial perfusion
in humans during and after CABG surgery. Two studies were performed. In the
first study, changes in myocardial perfusion during CABG surgery were investigated (n = 13), while the second study focused on postoperative measurements
(n = 13). In addition, an ECG-triggering method was implemented and evaluated.
It was found that the large variations in myocardial perfusion during CABG
surgery could be monitored with the ECG-triggered laser Doppler system. Furthermore, a perfusion signal of good quality could be registered postoperatively
from the closed chest in ten out of thirteen patients. In eight out of ten patients, a
proper signal was obtained also the following morning, i.e., about 20 hours after
probe insertion. The results show that respiration and blood pressure can have an
influence on the perfusion signal.
In conclusion, the results indicate that the method is able to detect fluctuations
in myocardial perfusion under favourable circumstances. However, high heart
rate, abnormal cardiac motion, improper probe attachment and limitations in the
ECG-triggering method may result in variations in the perfusion signal that are
not related to tissue perfusion.
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Sammanfattning

Varje år utförs omkring 4500 kranskärlsoperationer i Sverige. En allvarlig komplikation som kan uppstå efter operationen är otillräcklig blodförsörjning till hjärtmuskeln. Den här licentiatavhandlingen handlar om utveckling och utvärdering
av en metod, baserad på laserdopplerteknik, för att kunna upptäcka nedsatt blodperfusion i hjärtmuskeln på ett tidigt stadium.
Laserdopplertekniken är känslig för rörelsestörningar. I tidigare studier har
en metod för reducering av rörelsestörningar vid mätning på slående hjärta tagits
fram. Med EKG:t som referens mäts blodperfusionen i de faser under hjärtcykeln
då hjärtats rörelse är som minst, vilket minskar bidraget av rörelsestörningar i
blodperfusionssignalen.
I den här avhandlingen undersöks om metoden kan användas för kontinuerlig
övervakning av hjärtmuskelns blodperfusion på patienter under och efter hjärtoperationer. Två studier har genomförts: en där hjärtmuskelns perfusion mättes
i olika faser under kranskärlsoperationer och en där mätproben lades in i hjärtmuskeln under operationen och mätningar gjordes under det första dygnet efter
operationen.
Det visade sig vara möjligt att följa förändringar i hjärtmuskelns blodperfusion
under operation. Det var även möjligt att registrera en perfusionssignal av god
kvalitet efter operationen då bröstkorgen var stängd. Hos åtta av tio patienter
erhölls en bra signal även morgonen efter operationen, dvs. ca 20 timmar efter
att proben lades in. Resultaten visar också att andning och blodtryck kan ha en
påverkan på blodperfusionssignalen.
Slutsatsen av arbetet är att det går att se variationer i hjärtmuskelns blodperfusion med EKG-triggad laserdoppler under vissa förutsättningar. Signalen är dock
i många fall svårtolkad på grund av att t ex hög hjärtfrekvens, onormal hjärtväggsrörelse eller ändrad probposition sannolikt kan ge variationer i perfusionssignalen
som inte är relaterade till blodflödesförändringar.
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Chapter

1

Introduction
The heart is a constantly working muscle, which needs a continuous supply of
oxygen and nutrients. Aging, lifestyle and genetic factors eventually cause hardening and narrowing of the arteries that bring blood to the cardiac muscle. The
decrease in blood supply that follows this process can result in symptoms such as
chest pain and shortness of breath, a condition known as ischemic heart disease
(ischemia = inadequate blood flow to an organ) or coronary artery disease (CAD).
Almost 200,000 people in Sweden suffer from CAD [1].
When the coronary arteries are severly narrowed and the patient no longer experiences symptom relief from medication, coronary artery bypass graft (CABG)
surgery can be performed in order to increase the blood supply to the cardiac muscle and prolong the patient’s life. A healthy blood vessel, often a vein from the
patient’s leg, is used to create a detour around the blocked part of the coronary
artery, thus providing an alternative way for the blood flow. During most of these
procedures the heart is arrested and the circulation is maintained by a heart-lung
machine. In 2005 more than 4,500 Swedes underwent CABG surgery [2]. Worldwide this figure has been estimated to 800,000 surgeries per year [3, 4].
For a majority of patients the long-term outcome after CABG is favourable.
However, CABG procedures are associated with risks and complications involving several organs, including neurological injury, wound infection, bleeding, kidney dysfunction and lung injury [5, 6, 7, 8]. Complications affecting the heart
itself are cardiac muscle injury, infarction, arrhythmias and narrowing or blockage of the grafts [5, 9, 10, 11]. These complications can be life-threatening and
therefore intra- and postoperative monitoring of vital signs are of utmost importance. ECG, heart rate, arterial blood pressure, pulmonary artery pressure, central
venous pressure and peripheral oxygen saturation are continuously monitored for
a few days following surgery. Other parameters, such as blood gas and chemistry (pH, pO2 , pCO2 , lactate, glucose), urine output and neurological status, are
1
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checked intermittently.
Many of the cardiac complications associated with CABG are either caused by
or result in cardiac ischemia. The postoperative incidence of the most severe form
of ischemia — myocardial infarction (MI) — differs widely, depending on the various diagnostic criteria. In a review of 52 studies including about 70,000 patients,
the average incidence of in-hospital MI was 3.9% (range 0–29.2%) [5]. Today,
there are no methods available for continuous monitoring of cardiac muscle perfusion. Instead, cardiac ischemia is usually diagnosed indirectly. Insufficient blood
supply to the cardiac muscle initiates a sequence of events where the decrease
in perfusion is followed by cardiac wall abnormalities, ECG changes and finally
angina (pain) [12]. Postoperatively, ECG abnormalities are often the primary indicator of ischemia, but the reliability of the ECG readings regarding detection
of ischemia or infarction is reduced after CABG [13, 14, 15]. Ischemia markers
(e.g., troponin I, creatine kinase and myoglobin) are substances that are released
from the cardiac muscle during ischemia and the levels of these substances in the
blood can be used for diagnosis [16, 17, 18]. However, the marker levels can be
elevated postoperatively for other reasons than cardiac ischemia [19, 20]. When
ischemia or infarction is suspected on the basis of ECG and/or ischemia markers,
other methods such as echocardiography (ultrasound) or angiography can be used
to confirm the diagnosis [21, 22]. With echocardiography, cardiac wall motion
can be examined bedside, but the method can not be used for continuous monitoring. Angiography is a routine X-ray examination, where the vessels of the heart
are made visible by the injection of a contrast agent. However, cardiac tissue
perfusion can be insufficient despite normal blood flow in the coronary arteries
[23].
In this thesis the use of laser Doppler flowmetry (LDF) for continuous measurements of cardiac muscle microcirculation has been studied, with the purpose
of providing an instrument for postoperative monitoring. Besides its potential in
early detection of ischemia, LDF is advantageous in several ways: it is minimally
invasive, requires no administration of drugs (such as contrast agents, etc.) and
the use of low-power laser light is considered to be harmless to the tissue.
The LDF technology used in this thesis is laser Doppler perfusion monitoring
(LDPM). With this method a laser light beam is scattered in a small tissue volume.
Photons that hit moving red blood cells (RBC) will undergo a frequency shift according to the Doppler principle. The backscattered, partly Doppler-broadened
light is processed and a perfusion estimate that is proportional to the number of
moving RBCs times their mean velocity can be calculated. A high temporal resolution can be obtained with LDPM, thus providing the ability to observe rapid
fluctuations in blood perfusion.
When LDPM is applied to the beating heart, large motion artifacts are added
to the signal. Karlsson et al have suggested a method based on ECG-triggering
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to reduce the influence from these artifacts [24, 25, 26], see also Section 2.3. In
this thesis, the ECG-triggered LDPM is further developed and evaluated. The
main part of the work concerns intra- and postoperative measurements on the left
ventricular wall of CAD patients undergoing CABG.

1.1

Aims

The overall aim was to evaluate the possibilities to use the ECG-triggered LDPM
as a monitor of cardiac muscle microcirculation in CABG patients. In order to
reach the goal, several steps were taken:
− Assessment of the perfusion signal levels in the cardiac muscle in different
phases during CABG surgery.
− Determination of time intervals during the cardiac cycle where the perfusion
signal is low and stable and thus contain a minimum of motion artifacts,
with the objective to determine appropriate triggering times relative to the
ECG for perfusion signal measurements.
− Investigation of the possibilities to perform long-term measurements in the
closed chest.
− Analysis of the influence from blood pressure, heart rate, respiration and
patient movements on the perfusion signal.

4
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Laser Doppler and the Heart —
Basics and Background
A good understanding of both laser Doppler technology and cardiovascular physiology is needed in order to evaluate the possibilities and limitations in LDF measurements on the beating heart. In this chapter, the theory behind laser Doppler
perfusion monitoring (LDPM) is described and an introduction to cardiovascular
physiology is given as well as a review of previous work on heart muscle measurements using LDF.

2.1

Laser Doppler Perfusion Monitoring

Laser Doppler perfusion monitoring is an LDF technique where a fibre-optic
probe is placed in contact with the measurement site, Figure 2.1. The perfusion signal obtained is continuous over time and gives an estimate of the blood
perfusion in a small sampling volume close to the probe tip.

2.1.1

Theoretical Principle

When light is scattered on a moving object, the frequency of the light will be
shifted according to the Doppler effect. In LDF, the red blood cells are the moving
scatterers and the light source is a laser. Light produced by a laser is monochromatic, i.e., the light waves emitted during a certain interval of time have the same
frequency, which allows for the detection of Doppler shifts. A single Doppler shift
can be written in the form
∆f =

θ
2
v sin( ) cos(φ )
λl
2
5

(2.1)
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Figure 2.1: Laser Doppler perfusion monitoring system.

where ∆ f is the frequency shift (Hz), λl the wavelength of the light (m), v the
speed of the moving scatterer (m/s), θ the angle between the incoming and the
scattered light and φ the angle between the scattering vector q and the direction
of the moving scatterer, see Figure 2.2. Doppler shifts that occur in tissue have a
magnitude of a few kHz or less, to be compared with the laser frequency, which
is in the order of 1014 Hz. This frequency broadening is too small to be detected
by, for example, traditional spectroscopy.

Figure 2.2: Doppler shift in light scattered by a moving particle. ki and ks are the
wave vectors of the incoming and scattered light, respectively.

The light that is backscattered from the tissue consists of a mix of unshifted
light and light that has been Doppler shifted one or more times. Assume that the
backscattered light consists of only one unshifted wave E1 (t) with the frequency
f0 and one Doppler-shifted wave E2 (t) with the frequency f0 + ∆ f , as in Figure
2.3. The sum of these waves, E(t), will cause intensity fluctuations on the detector,
with a frequency of ∆ f . The generated photocurrent, i(t), is proportional to the
light intensity and will thus have the same frequency ∆ f . For a large number
of backscattered light waves the photocurrent will contain a whole spectrum of
frequencies, corresponding to the Doppler frequencies. i(t) can thus be written
i(t) = iac (t) + idc (t)

(2.2)
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Figure 2.3: Two light waves with different frequencies are mixed on the photodetector. The generated photocurrent has a frequency that equals the difference in frequency for the two light waves.

where iac (t) is the time-varying part and idc (t) is the stationary part. The relation
between the optical intensity spectrum I(β ) and the power density spectrum P(ω)
of the photocurrent is given by
Z ∞

P(ω) = k1

I(β )I(β + ω)dβ

(2.3)

0

where β is the angular frequency of the light, ω the angular frequency of the
photocurrent and k1 a constant. In LDPM, the perfusion can then be estimated
according to
R∞
ωP(ω)dω
.
(2.4)
Perf = 0
idc (t)2
A detailed description of laser Doppler theory can be found elsewhere [27, 28].

2.1.2

The Perfusion Estimate

In LDF, perfusion is defined as being proportional to the concentration of moving
red blood cells, CRBC , times the average red blood cell speed, hvRBC i, i.e.,
perfusion ∝ CRBC hvRBC i.

(2.5)

For low concentrations of moving RBCs, Perf (Equation 2.4) scales linearly with
both CRBC and vRBC , as in Equation 2.5. However, as CRBC increases, the amount
of shifted photons increases. When shifted light is mixed on the detector, it will
add frequency components to the photocurrent that do not reflect the Doppler
shifts, but rather the difference between Doppler shifts (see also Equation 2.3). In
addition, the higher CRBC , the larger amount of multiple-shifted photons, resulting
in a wider frequency spectrum. Perf thus varies non-linearly with CRBC for high

8
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Figure 2.4: Approximate relationship between Perf and tissue perfusion.

concentrations of moving RBCs. For a given concentration, Perf scales entirely
linear with hvRBC i, though. Approximate relationship between Perf and tissue
perfusion is shown in Figure 2.4.
The optical properties of the tissue differ between organs and individuals, and
that influences the perfusion estimate [28]. Perf is therefore a relative rather than
an absolute measure of tissue perfusion. The sampling volume is determined by
the optical properties of the tissue, the properties of the light and the probe design
(see also next section). Although the term sampling volume is not clearly defined
for LDF measurements, it is usually assumed that it is in the order of or less than
1 mm3 [29]. Investigations of the sampling volume can be performed by the use
of Monte Carlo simulations [30].

2.1.3

LDPM-parameters

The light source, probe and signal processing algorithms of an LDPM system
have an influence on the perfusion estimate and should therefore be chosen for the
particular application.

Light Source
The most commonly used wavelengths in LDPM devices are 633 nm (HeNe-laser,
red) and 780 nm (near-infrared). Today, laser diodes of 780 nm are the dominating
light source. Compared to the HeNe-laser, they are less dependent on skin colour
and oxygen saturation, and they also provide deeper penetration [29]. The output
power of lasers used in LDPM is usually about 1 mW.

2.1. Laser Doppler Perfusion Monitoring

9

Probe
The main LDPM application is skin measurements using non-invasive probes that
are attached to the skin by double-adhesive tape. For invasive measurements, e.g.,
in skeletal muscles, intramuscular needle probes can be used.
The probe usually consists of one transmitting and one receiving optical fibre. The sampling volume increases with increasing fibre separation, but a large
fibre separation also means that the detected photons have travelled a longer distance in tissue, resulting in a larger amount of multiple shifts and thus a non-linear
perfusion estimate [30]. There are also probes with two or more receiving fibres
at different distances from the transmitting fibre, allowing for simultaneous measurements at different depths.

Signal Processing
In the practical situation, the photocurrent is bandpass filtered and the integral in
Equation 2.4 is calculated over the finite interval [ω1 , ω2 ]. The spectral distribution
differs for different kinds of tissue and the bandwidth of the system should be
chosen so that it covers the frequency content of the Doppler signal of interest.
In commercial LDPM systems, the upper bandlimit varies between 3 and 20 kHz
[29].
The perfusion estimate is usually calculated as a moving average over a time
interval τ. The shorter τ, the better time resolution, which is desirable in some
applications, but a short τ also gives a noisy perfusion estimate.
In the ideal situation, the power density spectrum P(ω), and accordingly Perf ,
should be 0 for ω > 0 when the light has been solely statically scattered. However,
detector noise will contribute to the signal and lead to a perfusion estimate > 0,
even when the light is not Doppler broadened. This can be compensated for by
determining the noise level n (i.e., Perf , Equation 2.4) for static light with different
intensities and then subtracting the noise from the perfusion estimate. Perf can
then be expressed according to
R ω2

Perf =

ω1

ωP(ω)dω
+ n(idc ).
idc (t)2

(2.6)

As mentioned in Section 2.1.2, the perfusion estimate is non-linear for high concentrations of moving RBCs. A method for linearization has been proposed by
Nilsson [31].

10
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2.2

Cardiovascular Physiology

The physiology of the heart and the blood vessels are closely interrelated and
together they form the cardiovascular system. This section describes the aspects
of cardiovascular physiology that are of importance for this thesis: basic anatomy,
the cardiac cycle including heart wall motion, myocardial circulation, respiratory
cycle and hemodynamics.

2.2.1

Anatomy of the Heart

The heart is essentially a hollow muscle, about the size of a fist, Figure 2.5. It
consists of four chambers: two atria and two ventricles. The outer chamber walls
are mainly composed of muscular tissue while a fibrous skeleton separates the
atria from the ventricles. A muscular wall, the interventricular septum, divides the
two ventricles. The right atrium receives deoxygenated blood from the vena cava
and delivers it to the right ventricle. From the right ventricle the blood is pumped
to the pulmonary artery and further to the lungs where it is oxygenated. The
oxygenated blood is carried through the pulmonary vein back to the left atrium.
From there, the blood empties into the left ventricle, which pumps the blood into
the aorta and out to the body. The blood flow into the ventricles is regulated by
atrioventricular valves. On the left side is the mitral valve and on the right side is
the tricuspid valve. Between the ventricles and the arteries leaving the heart are
the aortic (left side) and pulmonary (right side) semilunar valves.

Figure 2.5: Anatomy of the heart. Left: Anterior view. Right: Frontal section. (Image modified by Carina Fors, original image Copyright c 1994 by TechPoolStudios
Corp. USA)

2.2. Cardiovascular Physiology
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The heart wall consists of three layers. The thick middle layer is the myocardium, i.e., the heart muscle. It is covered by the outer epicardium and lined
by the inner endocardium, which are thin membranes that help protect the myocardium. The heart is enclosed by the pericardium, a membrane that forms a
double sac with the epicardium. The myocardial muscle fibres are orientated in a
complex manner [32, 33, 34]. The superficial fibres form a left-handed helix and
through the wall the direction of the fibres are twisted so that the innermost layer
form a right-handed helix. This fibre arrangement is of great importance for the
functionality and efficiency of the heart [35]. The left ventricular wall is about
8–15 mm thick, which is two to three times the thickness of the right ventricular
wall [36]. The heart is usually covered with a layer of fat that can be several mm
thick.
The myocardium is supplied with blood from the coronary arteries. In general,
the left ventricle is supplied by the left coronary artery that bifurcates into the
left anterior descending artery (LAD) and the left circumflex artery. The right
ventricle is supplied by the right coronary artery (RCA), Figure 2.5. These arteries
originate from the aortic root and then branch into smaller arteries, arterioles and
finally capillaries, where the exchange of gases, nutrients and wastes occur. Blood
from the capillaries flows into venules, which are drained by veins that merge into
the coronary sinus on the back of the heart. The coronary sinus, in turn, empties
into the right atrium.

2.2.2

Cardiac Cycle

The cardiac cycle can be divided into systole and diastole, which refer to the
ventricular contraction and relaxation, respectively. The contraction of the heart
is initiated by the sinoatrial node, a cluster of cells in the right atrial wall that
generate electrical impulses. The impulse spreads through and depolarizes the
two atria, which can be seen as the P wave in the ECG, Figure 2.6. The atria
contract immediately following the P wave. Meanwhile, the electrical impulse
propagates to the interventricular septum and further to the ventricle walls. The
depolarization of the ventricles results in the QRS complex in the ECG and the
contraction that follows pumps blood out of the ventricles. The repolarization of
the ventricles causes the T wave in the ECG and in the end of the T wave the
ventricles start to relax. During diastole, the heart is filled with blood before the
onset of the next cardiac cycle.
The ECG is measured through electrodes that are placed on the chest or on the
extremities, and it simply shows the voltage difference between two such electrodes. The ECG reading depends on the placement of the electrodes and there
are several standard leads defined [37]. Figure 2.6 shows a typical ECG recorded
from standard lead II, i.e., from right arm to left leg.

12
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Figure 2.6: ECG showing the QRS, T and P waves.

The normal regular heartbeats generated by the sinoatrial node is called sinus
rhythm. In adults, the heart rate is usually 60–80 bpm at rest.
The duration of both the systolic and the diastolic phase vary with the heart
rate, but the the diastolic phase varies to a much higher degree [38]. For a heart
rate of 60 bpm the duration of diastole is almost twice the duration of systole,
while the relationship is about the opposite when the heart rate is 180 bpm.
The motion of the heart during the cardiac cycle is complex. The left ventricular wall shortens, thickens and twists along the long axis [34]. The deformation of
the muscle fibres is small at the epicardium and increases toward the endocardium
[39]. The velocity of the heart wall can be investigated by means of tissue Doppler
imaging (TDI), which is an ultrasound technique [40, 41]. For the normal beating
heart, the TDI velocity pattern of the left ventricular wall has three distinct peaks:
a wide peak in systole (S) due to the contraction and two narrow peaks in early
(E) and late diastole (A) that are related to early inflow and atrial contraction, respectively [40, 42, 43]. The velocity is low between the E and A peaks, i.e., in
mid to late diastole, provided that the heart rate is not too high.

2.2.3

Myocardial Circulation

The vessel tree of the myocardium has a very high capillary density compared
to other organs. There is approximately one capillary per muscle fibre, resulting
in a density of 3,000–5,000 capillaries per mm2 cross-section, which is about ten
times the capillary density of skeletal muscles [38].
The motion of the heart compresses the myocardial vessels and interferes with
the blood flow. The inflow of blood into the left coronary artery reaches maximum
during diastole, while the flow is low or even reversed in systole [44]. In the larger
veins, the relationship is the opposite, i.e., the flow is augmented in systole [45].
The flow pattern of the myocardial microcirculation is not very well known
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and the results across studies are not consistent. Ashikawa et al have studied the
red blood cell velocity in the subepicardial arterioles, capillaries and venules of the
canine left ventricle [46]. They found an abrupt decrease or even a reversal in flow
velocity in early systole, followed by a peak in mid to late systole and a slowly decreasing velocity during diastole. These results differ somewhat from those found
by Kiyooka and co-workers in a similar study, where the epicardial capillary flow
was the highest in diastole in most of the capillaries [47]. In some capillaries the
flow was predominantly systolic and, in agreement with Ashikawa’s results, transient reversed flow was frequently observed in early systole. The endocardium
is subject to greater mechanical forces than the epicardium and the endocardial
flow pattern is therefore different. In order to compensate for the lower perfusion
during systole, the vascular resistance is lower in the endocardium, resulting in a
higher flow during diastole [44]. In a study by Kajiya et al antegrade (forwardmoving) flow in the subendocardial arterioles was found only in diastole, while a
reversed flow appeared during systole [48]. Toyota and colleagues have measured
and compared blood flow velocity in subepicardial and subendocardial arterioles
[49]. A substantial component of retrograde systolic flow velocity was observed,
and it was much larger in the subendocardium than in the subepicardium. A mathematical model of regional blood flow in the beating heart has been developed by
Chadwick and co-workers [50]. The calculated flow in the subepicardial arterioles, capillaries and venules showed a phasic relationship with arterial pressure
and, in disagreement with other studies, no retrograde flow in systole was found.
In the subendocardial layer, the variations in flow during the cardiac cycle were
much larger than in the subepicardial layer. The flow in the subendocardial arterioles was out of phase with arterial pressure and it was reversed during systole.
In the subendocardial capillaries and venules, the flow was in phase with arterial
pressure and showed a significant peak in early systole. Manor and colleagues
have modelled and simulated the intramyocardial blood flow and they found the
microcirculation to decrease slightly during systole, but on the whole to be relatively continuous and even during the cardiac cycle [51]. To summarize, the
studies cited above are not in agreement regarding the temporal variations in specific vessel types or myocardial layers. However, most authors agree that there is
a difference in flow pattern in different layers.
The oxygen supply to the myocardium must fulfil the needs in a wide range
of conditions, for example different levels of physical activity or varying aortic
pressure. In order to meet the oxygen demand, the blood flow to the heart exhibits
autoregulation through myogenic (muscular), metabolic and endothelium-based
(vessel wall) control [45].
The myocardial flow at rest is about 70–80 ml min-1 100 g-1 of muscle tissue
and can increase to a maximum of 300–400 ml min-1 100 g-1 of muscle tissue
[38].
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2.2.4

Respiratory Cycle

The respiration changes the pressure within the chest and affects the cardiac motion. During inspiration, the diaphragm descends, which causes the intrathoracic
pressure to decrease and the lungs to expand. The pericardium is attached to the
diaphragm and the heart therefore moves up and down with the respiration. In
addition to this translational movement, the heart is deformed by the expanding
lungs [52].
Controlled respiration, i.e., respiration supported by a mechanical ventilator, is
obtained by applying a positive pressure to the airways during inspiration. During
controlled respiration, the intrathoracic pressure thus increases during inspiration,
which is the opposite of spontaneous respiration.
Normal respiratory rate is about 10–20 respirations/minute.

2.2.5

Hemodynamics

Hemodynamics concern the cardiovascular pressure, flow and resistance, and play
an important role in the understanding of cardiac functionality.
The pressure gradient within the circulatory system forces the blood to flow
continuously even between heartbeats. When the heart contracts, the high outflow of blood leads to increased aortic pressure. The pressure wave propagates
through the vessels and gradually declines. In the capillaries and on the venous
side, the heartbeat variations in the blood pressure have vanished. The term “blood
pressure” usually refers to arterial pressure, expressed in maximum (systolic) and
minimum (diastolic) during a heartbeat, e.g., 120/80 mmHg.
The blood pressure varies during the respiratory cycle, due to the variations in
intrathoracic pressure. During spontaneous respiration, blood pressure decreases
on inspiration and increases on expiration. The reverse is observed during mechanical ventilation, i.e., the inspiration increases and the expiration decreases the
blood pressure in the arteries [53].
Also the amount of blood pumped by the ventricles each heartbeat (stroke
volume) varies with the respiration. In mechanically ventilated patients, the left
ventricular stroke volume increases during inspiration, while the right ventricular
stroke volume decreases [53, 54].

2.3

Previous Work

The first studies of microvascular blood perfusion using laser Doppler flowmetry
were conducted in the 1970’s. A wide variety of organs have been studied with
this technique, especially the skin, but also muscles, brains, kidneys and other
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internal organs [27]. The first attempts to apply LDF on the heart muscle were
reported in the late 1980’s [55, 56].
LDF measurements on the arrested heart are straightforward and do not require any additional signal processing. A few studies using LDPM or the spatially
resolved laser Doppler perfusion imaging (LDPI) technique have been reported
[55, 57, 58]. However, LDF instruments for measurements on the arrested heart
have a limited range of use. Of greater interest are perfusion measurements on
the beating heart. In the following section previous work on LDF applied to the
beating heart is reviewed.

2.3.1

LDF on the Beating Heart

There are rather few studies about laser Doppler flowmetry measurements on the
beating heart published, due to the difficulties in obtaining accurate and reliable
results. Different authors have used different ways regarding probe design, laser
Doppler technique, experimental protocol and analysis method to develop and
evaluate their systems. Unfortunately, there are no standard reference methods for
myocardial perfusion measurements available, so the evaluation of new systems
tends to be indicative rather than conclusive.
In 1988 Ahn et al assessed the myocardial perfusion in the beating pig’s heart
using LDPM [56]. Both epicardial and intramuscular measurements were performed and the (continuous) laser Doppler signal was found to correlate well with
coronary sinus blood flow. However, when the blood flow to the myocardium
ceased, the laser Doppler signal remained on average at 30% of its maximum.
This residual signal was assumed to be related to the heart’s motion.
In several subsequent studies, the design of the probe and the way of attaching
it to the tissue has been the main focus in reducing motion artifacts. Mizutani
and colleagues designed a small and light probe and evaluated their system on
dogs and on humans during CABG surgery [59, 60]. On dogs the probe was
attached to the myocardium with a connecting paste and on humans it was fixated
by an elastic bandage. Klassen et al developed a system based on laser Doppler
velocimetry, with an intramuscular fibre-optic probe that had a bare tip [61]. The
probe was inserted in the myocardium of rabbits and held in place by the muscular
contraction of the heart. The same system was used by Barclay et al to investigate
the patterns of myocardial microcirculation during the cardiac cycle in dogs [62].
In a recent study by Li and Wang a commercially available LDF system was used
to evaluate the myocardial microcirculation response to drugs [63]. A needle
probe was glued on the heart of rats and the perfusion signal was compared to
other hemodynamic parameters.
Hoit et al and Sidi and Rush have compared LDF measurement with perfusion
measurements using radioactive microspheres (RAM) in dogs and pigs, respec-
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tively [64, 65]. Hoit et al used a surface probe that was sutured to the myocardium,
while Sidi and Rush used an intramuscular probe that was inserted 2–3 mm into
the myocardium. The correlation between LDF and RAM measurements varied
in different experiments.
Belboul and Al-Khaja investigated myocardial perfusion during CABG surgery
by using a commercially available LDPM system, without considering motion artifacts [66].
The first study on ECG-triggered LDF was reported by Wårdell et al in 2001
[67]. The epicardial perfusion of calves was scanned with an LDPI system. By
simultaneous acquisition of the ECG, the scanning could be performed in the diastolic part of the cardiac cycle, thus reducing the motion artifacts. Karlsson et al
developed this method further and applied it to LDPM. Myocardial perfusion was
measured during occlusion of the LAD, and by relating it to the ECG, the perfusion signal was found to be low only in late systole [24]. This result shows that
tissue motion contributes to the perfusion signal in large parts of the cardiac cycle.
In another study, left ventricular wall velocity was assessed using ultrasound and
was found to be low in late systole and late diastole [25]. These low-velocity intervals overlapped with intervals with low perfusion signal. Based on these results
Karlsson et al concluded that the motion artifacts could be minimized by measuring the perfusion signal in late systole and/or late diastole. It was suggested that
late diastole was the most appropriate time when measuring on the normal beating
heart, while late systole was to prefer under severe ischemic conditions.

Chapter

3

Laser Doppler Perfusion Monitoring
on the Beating Heart
The constantly pumping heart presents a challenge when it comes to laser Doppler
measurements. The cardiac motion causes non-negligible artifacts in the perfusion
signal and the probe design must be carefully considered in order to avoid myocardial damage but also ensure proper attachment. In this thesis, the motion artifacts
are minimized by measuring the perfusion signal when the cardiac motion is expected to be small. Based on previous studies [24, 25], an ECG-triggered LDPM
system has been developed. This chapter describes the ECG-triggered LDPM
technique along with the laser Doppler signal properties. Two series of measurements on humans have been performed and analysed. The analysis includes investigation of perfusion signal levels in the beating versus the non-beating heart, the
possibilities and limitations of long-term measurements and the perfusion signal
in relation to other physiological parameters. The main results are presented in Papers I-III. A summary of the work including some additional results and examples
is given below.

3.1

LDPM system

The light source of the LDPM system is a HeNe-laser (633 nm, red) with an output
power of approximately 2 mW. The relatively high output power is justified by the
high absorption in the heart, compared to e.g., the skin. The probe consists of two
multimode step-index optical fibres: one that transmits light from the laser to the
tissue and one that guides the backscattered light from the tissue to the LDPM
device (see also Figure 2.1). The fibres have a core/cladding diameter of 110/125
µm and a numerical aperture of 0.37. The fibre ends that are in contact with the
17
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Figure 3.1: The probe tip. (Photographer: Joel Rosdahl.)

tissue are enclosed in a metallic tube, Figure 3.1. The fibre separation at the probe
tip is about 250 µm. The diameter of the probe tip is 0.6 mm and the weight is
less than 0.1 g.
The LDPM device outputs three (voltage) signals: Perf , iac (t) and idc (t) (see
also Section 2.1). Perf has a bandwidth of 0.02–16 kHz and a time constant τ
of 30 ms. Noise compensation according to Equation 2.6 is accomplished in the
software.
A perfusion estimate can also be calculated digitally from iac (t) and idc (t),
according to
ω2
ωP[ω]
∑ω=ω
1
+ n[idc ].
(3.1)
Perfusion signal =
hidc [t]i2
P[ω] is the estimated discrete power spectral density of the sampled time-varying
part iac [t] of the photocurrent, idc [t] is the sampled stationary part of the photocurrent and n[idc ] is the noise compensation function. hi denotes time averaging. The
sampling rate is 50 kHz and the perfusion signal is calculated every 2.5 ms using
512 samples, resulting in a time constant of approximately 10 ms. The bandwidth
[ω1 , ω2 ] is 0.1–16 kHz.
Both the noise-compensated analog Perf and the digital counterpart in Equation 3.1 are from now on referred to as “the perfusion signal”, which is expressed
in arbitrary units (a.u.) in the range of 0–20 a.u. idc (t) has the range 0–10 a.u.
The LDPM system was built and validated by Karlsson et al [24, 26].

3.2

Measurement Procedure

The probe was inserted into the myocardium during open heart surgery. When
the heart was exposed and, preferably, arrested, the probe tip was inserted 3–5
mm into the left anterior ventricular wall and fixated with sutures. If possible,
the probe was placed in an area supplied by the LAD, see also Figure 2.5. Two
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series of measurements on humans have been performed: intraoperative and postoperative. Before each measurement occasion the probe was sterilized by the
STERRAD R procedure [68]. Since the probe was sterilized, no calibration could
be performed before the tissue measurements. Instead, either calibration measurements were taken immediately afterwards (intraoperative) or the probe function
was tested later the same day (postoperative).
The insertion of the probe caused minimal tissue trauma and did not lead to
any complications. Because of the special environment and situation, various
problems were sometimes encountered during the measurements. The patient’s
condition did not always allow probe insertion and sometimes the probe detached
from the myocardium, either during surgery or postoperatively. The physiological
parameters measured (ECG, blood pressure, breathing, see also below) were in
some cases noisy, inaccurate or not available.
The laser was allowed to stabilize for at least 20 minutes before the measurements. Software for data acquisition, ECG-triggering and online presentation was
developed in LabVIEW R (National Instruments Inc., USA). Routines for data
analysis were developed in MATLAB R (The Mathworks Inc., USA).

3.2.1

CABG Surgery

All measurements were taken in relation to coronary artery bypass graft surgery.
The purpose of CABG is to increase the blood supply to the myocardium by using healthy vessels—grafts—taken from the leg, chest or arm to bypass the narrowed or blocked coronary arteries. The procedure is performed during open heart
surgery, i.e., the heart is exposed via median sternotomy (dividing of the breastbone) and incision of the pericardium, and cardiopulmonary bypass is used to
maintain the circulation and oxygenation of the blood.
When the patient is connected to the heart-lung machine (via aorta and vena
cava), the aorta is cross-clamped and a cold cardioplegic solution is infused into
the coronary arteries via the aortic root, resulting in cardiac arrest and bloodemptying of the heart. Cardioplegic solution is then given every 30 minutes to
keep the heart arrested. The following grafting procedure differs depending on
the state of the diseased coronary arteries. A common method is to use the left
internal mammary artery (LIMA) from the chest and the saphenous vein from the
leg. The LIMA is already connected to the aorta and needs only to be grafted at
one end. Both the LIMA and the vein grafts are sutured to the coronary arteries
and the small clamp on the LIMA blocking the blood flow during suturing is
then released to enable blood supply to the anterior part of the heart. The aortic
cross-clamp is removed and replaced with a partial clamp on the anterior part of
the aorta. The vein grafts are then sutured to the aorta and the partial clamp is
released.
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The increased myocardial blood flow following aorta declamping usually leads
to spontaneous cardiac contractions and sinus rhythm recovery. After completing
the grafting procedure, cardiopulmonary bypass is terminated. A pacemaker wire
is placed in the heart and the wound is closed.

3.2.2

Study I: Intraoperative Measurements

The objective of the intraoperative measurements was to utilize the different flow
conditions present in the myocardial circulation during open heart surgery, in order to evaluate the ECG-triggered LDPM system. Thirteen patients (65 ± 9 years,
4 women) undergoing CABG surgery were included in the study. Six measurements were performed on each patient during the surgery. When the heart was
exposed the probe was inserted into the myocardium, and a first baseline measurement was initiated. The following four measurements were performed on the
arrested heart: one immediately after administration of cardioplegic solution and
cross-clamping of the aorta, one shortly before declamping of the LIMA graft,
one immediately after LIMA declamping and one after aorta declamping. A last
measurement was performed on the normal beating heart at the end of the surgery,
before the chest was closed. The measurement protocol is shown in Table 3.1.
Table 3.1: Measurement protocol.

Measurement

Cardiac activity

Expected flow

1 Baseline, pre CABG
2 After aortic cross-clamping
3 Before LIMA declamping
4 After LIMA declamping
5 After aortic declamping
6 Baseline, post CABG

Yes
No
No
No
No
Yes

Normal resting flow
None
None or very low
Low
Normal or lower
Normal resting flow

The perfusion signal was calculated digitally, as described in Equation 3.1. In
addition to the iac (t) and idc (t) signals, also the ECG (lead II) from the patient
monitoring system (CMS, Philips, the Netherlands) was sampled throughout the
measurements.
The study was approved by the regional Human Ethics Committee (No. 03121) and all patients gave informed consent.

3.2.3

Study II: Postoperative Measurements

The main aim of the second study was to investigate the possibilities to perform
long-term measurements in the closed chest. Another thirteen CABG patients
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(68 ± 9 years, 3 women) were included in this study. The probe was passed
through the chest wall and inserted into the myocardium during the surgery. An
initial measurement was performed at the end of the surgery, when the heart was
beating normally. After the operation, the patient was transferred to the intensive
care unit and a new measurement was initiated. This measurement lasted for two
hours. The probe was left in the myocardium until the next morning, when a last
short measurement was performed before the probe was removed.
In order to be able to present the signals online and to keep the amount of
sampled data manageable, the analog perfusion signal was used. In total, five
signals were continuously sampled during the measurements: perfusion signal,
idc (t), ECG (lead II), invasive arterial blood pressure and breathing rate, either by
capnography (during surgery) or impedance plethysmography (postoperatively).
The three latter were taken from the patient monitoring system (CMS, Philips,
the Netherlands). The measurements were supervised and notes were taken if the
patient for example woke up or moved.
Based on the patient charts, no patient was diagnosed with myocardial infarction during the measurement period.
The study was approved by the regional Human Ethics Committee (No. M11705) and all patients gave informed consent.

3.3

Perfusion Signal and Cardiac Cycle

The perfusion signal varies periodically with cardiac activity. Under ideal circumstances i.e., when the heart rate is low and the probe is properly attached, there
is a peak in early systole coinciding with the cardiac contraction, another peak in
early diastole coinciding with the relaxation and a low and stable signal in late diastole. This signal shape has been seen frequently during surgery. When the heart
starts to beat again after the surgical procedure, the heart rate is often very low
(30–40 bpm) and sometimes there are only ventricular contractions. An example
is shown in Figure 3.2.
When the heart rate increases, the signal shape changes. The low and stable
interval in late diastole becomes shorter. There is also often a peak in end-diastole,
coinciding with the atrial contraction. The two peaks in early systole and early
diastole can have different shapes. Sometimes they consist of several smaller
peaks or are flattened. In most cases, a minimum can be found in between these
peaks, i.e., in late systole. Examples of four different perfusion signals when the
heart rate is in the range 60–80 bpm are shown in Figure 3.3.
The perfusion signal has a noise level of about 0.75 a.u.
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Figure 3.2: The perfusion signal during the cardiac cycle when the heart rate is low
(35 bpm) and no atrial activity is present.
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Figure 3.3: Example of perfusion signals measured on four different patients with
normal heart rate (60–80 bpm).
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Figure 3.4: Example of idc (t) (m±sd, n = 12) during the cardiac cycle. Left: normal. The standard deviation is about 0.05 a.u. Right: detached probe. The standard
deviation is about 0.3 a.u.

3.4

Total Backscattered Light Intensity

The total intensity of the backscattered, Doppler-broadened light is given by idc (t).1
Since the probe is inserted and fixated to the tissue, idc (t) should vary smoothly
during the cardiac cycle. In general, idc (t) increases in systole and decreases in diastole, which might be explained by the fact that the highly light-absorbing blood
is squeezed out of the myocardium during systole.
Based on experience from measurements on the exposed heart, a noisy and
rapidly varying idc (t) indicates that the probe is not properly attached to the myocardium. Often the signal also varies a lot from one heartbeat to another. This
is illustrated in Figure 3.4 where idc (t) of twelve consecutive heartbeats are averaged, both for a normal measurement and for a measurement where the probe is
detached.
Measurements where idc (t) was similar to the right curve in Figure 3.4, and
where the perfusion signal at the same time differed substantially from the characteristic shape described in Section 3.3 were excluded from all further analysis.
The total backscattered light intensity was found to be significantly higher
(p < 0.01, n = 10, paired t-test) postoperatively than intraoperatively, i.e., more
light is absorbed during surgery, see Figure 3.5. Each data point represents the
mean idc (t) of twelve consecutive heartbeats.
The intensity of the backscattered light depends not only on the amount of
blood in the tissue but also on blood oxygentation, where dark deoxygenated
blood absorbs more than bright red oxygenated.
1 In

Paper I–III, idc (t) is denoted DC signal
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Figure 3.5: Mean idc (t) during surgery and postoperatively. The time period between
the intraoperative and the postoperative measurement was about 1–2 hours.

3.5

Motion Artifact Reduction

In order to reduce the influence from motion artifacts when measuring on the beating heart, the perfusion signal was studied during time intervals of expected low
tissue motion. According to previous work, left ventricular wall motion is at a
minimum in late systole and late diastole [25]. Based on this, an ECG-triggering
method was implemented and used in Paper I and Paper II. Data from the measurements in Study II were used for evaluation of the triggering method, which is
presented in Paper III.

3.5.1

ECG-triggering

Late systole and late diastole are localized by identification of the T and P peaks
in the ECG (see also Figure 2.6). The perfusion signal in late systole (PLS) and in
late diastole (PLD) are calculated as averages over intervals of 10 ms, starting 20
ms before the respective peak.2 The two intervals from which PLS and PLD are
obtained are denoted trig-LS and trig-LD, see Figure 3.6.
The ECG detection algorithm is based on algorithms developed by Laguna et
al [69, 70]. Basically, the ECG is differentiated and an adaptive threshold is used
to identify the QRS complexes. The T and P waves are identified in a similar
way, but the search intervals are limited to windows whose position and length
are determined from the position of the QRS complexes and the heart rate.
The algorithms used in the ECG-triggered LDPM system are further described
by Fors et al in [71].
2 In

Paper I, PLS and PLS are denoted systolic level and diastolic level, respectively
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Figure 3.6: The ECG-triggering method. Two perfusion values are obtained each
heartbeat: one in late systole (PLS) and one late diastole (PLD).

3.5.2

Evaluation

The perfusion signal is assumed to be low and stable when the motion artifacts are
small [24, 25]. This implies that trig-LS and trig-LD must coincide with low and
stable intervals in order to minimize the motion artifacts. The signal levels and
the lengths of the stable intervals in late systole and late diastole were therefore
investigated, and the most appropriate fixed triggering times (relative to the T and
P peaks) were determined and compared to those previously used.
Data from ten patients in Study II were analysed. Ten signal sequences from
each patient were selected: one sequence (Op) from the intraoperative measurement, eight sequences (P1-P8) from the two-hour postoperative measurement and
one sequence (Mo) from the measurement the next morning, see Figure 3.7. Each
sequence consisted of twelve consecutive heartbeats. In total, there were 97 sequences included in the analysis.

Figure 3.7: The sequences selected for analysis.

The perfusion signal and the ECG were averaged over the cardiac cycle. In
each averaged sequence, the end-systolic minimum (ESM) of the perfusion signal
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was identified, see Figure 3.8. A stable interval was defined as an interval where
the perfusion signal varied less than 1 a.u. The lengths and positions of the stable
late-systolic (SSI) and late-diastolic (SDI) intervals were then determined. SSI
was defined as the longest stable interval enclosing ESM and SDI was the longest
stable interval completely within diastole, see Figure 3.8.
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Figure 3.8: The perfusion signal was averaged over the cardiac cycle (m±sd, n =
12). SSI and SDI are the stable intervals in systole and diastole, respectively. ESM is
the end-systolic minimum.

The lengths (m±sd) of SSI and SDI were 56 ± 31 ms and 120 ± 58 ms, respectively.
The positions of the T and P peaks — and thus trig-LS and trig-LD — could
be determined in 45 and 63 cases, respectively, out of the 97 sequences analysed.
When the triggering intervals were calculated as described in Section 3.5.1, 19 of
the 45 trig-LS intervals were within SSI and 58 of the 63 trig-LD intervals were
within SDI. The optimal triggering intervals — relative to the T/P peak — were
found to be trig-LS = [-3, 9] ms (34 of the 45 trig-LS within SSI) and trig-LD =
[-28, -10] ms (58 of the 63 trig-LS within SDI).
Details of the evaluation of the ECG-triggering method using fixed triggering
times are given in Paper III.

Heart rate dependency
The length of SDI tended to increase with decreasing heart rate, see Figure 3.9.
No such tendency could be seen for SSI. This is what can be expected since the
length of diastole varies with the heart rate to a larger extent than the length of
systole.
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Figure 3.9: The relation between the length of SDI and the heart rate.

3.6

Beating versus Arrested Heart

Perfusion signal levels in the beating and the arrested heart during different blood
flow conditions were investigated in Study I. Figure 3.10 shows the perfusion signal in the six phases described in Table 3.1. The perfusion signal was significantly
(p < 0.01, n = 7) lower in phase 2 (0.14 ± 0.08 a.u.) compared to phase 1 (PLS
= 2.98 ± 0.98 a.u., PLD = 1.90 ± 0.98 a.u.), which can be expected since neither
blood flow nor cardiac motion is present in phase 2. There was also a significant
(p < 0.04, n = 7) difference between phase 5 (0.91 ± 0.71 a.u.) and phase 6 (PLS
= 6.21 ± 2.99 a.u., PLD = 2.33 ± 1.26 a.u.). PLD was significantly (p < 0.02)
lower than PLS. Details are given in Paper I.

3.7

Long-term Measurements

Long-term, postoperative measurements were performed on thirteen patients (see
also Section 3.2.3). A proper perfusion signal (as determined from both the perfusion signal and idc (t)) was registered in ten of these patients during the two hour
measurement. Next morning, eight patients still had a proper signal. However,
idc (t) tended to be a little more noisy and/or vary a little more during the cardiac
cycle in the morning than in the day before. The mean standard deviation of idc (t)
during the cardiac cycle (see also Figure 3.4) was on average higher in the Mo
sequences than in the P8 sequences (0.17 vs 0.11), but the difference was not significant (paired t-test, p < 0.05 considered as significant, n = 8). In total, the probe
was left in the myocardium for 15–22 hours, without any complications.
In order to be able to use the ECG-triggered LDPM for postoperative monitor-
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Figure 3.10: Perfusion signal (m±sd) in six phases during CABG surgery. (Figure:
from Paper I.)

ing, the perfusion signal must be comparable over time. Changes in the perfusion
signal may not only be caused by changes in blood flow, but possibly also by
changes in sampling volume or cardiac motion. In late systole and late diastole,
the motion artifacts are assumed to be at a minimum and changes in the perfusion signal level in these phases only are most likely to be caused by changes in
myocardial perfusion. However, substantial changes in the perfusion signal shape
during the whole cardiac cycle are very difficult to interpret. Karlsson et al found
that the perfusion signal shape changed during severe ischemia [25], but as long
as the myocardial blood flow is sufficient, the perfusion signal shape should be
similar over time, in order to obtain a meaningful comparison.

3.7.1

Perfusion Signal Correlation over Time

The same data as in Section 3.5.2, i.e., up to ten sequences from ten patients (totally 97), were analysed regarding signal similarity over time. Each sequence was
divided into systole (from R peak to ESM) and diastole (from ESM to R peak),
and the lengths of the two parts were normalised to 300 and 600 ms, respectively.
For each patient, the Pearson’s correlation coefficient r between each pair of consecutive sequences was then calculated, both for systole and diastole. Figure 3.11
shows the correlation for all sequence pairs and patients. An example of the ten
sequences from one of the patients is shown in Figure 3.12.
A sequence pair was regarded as having low correlation if the correlation coefficient, either for the systolic, the diastolic or both sequences, was lower than
0.7.

Correlation coefficient, r
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Figure 3.12: The ten sequences analysed from one of the patients. The sequence
pairs Op-P1, P1-P2, P2-P3, P3-P4 and P8-Mo had a low correlation.
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Low correlation was found in 36 of the 87 sequence pairs, either for only the
systolic (7), only the diastolic (9) or both sequences (20). All Op-P1 (10) and P8Mo sequence (8) pairs had low correlation. Two patients had a high correlation
throughout the whole two hour postoperative measurement.

Comparison with Blood Pressure, Heart Rate and Patient Movements
The PXn -PXn+1 sequence pairs were grouped into high (r ≥ 0.7, n = 51) and low
correlation (r < 0.7, n = 18) and compared with episodes of patient movements
and changes in blood pressure (> 10%) and heart rate (> 10%). Differences between the groups were tested statistically by using the χ 2 -test for association. A
p-value < 0.05 was considered as significant.
Patient movements included both the patient’s own movements, e.g., movement of an arm or the head, and the personnel moving the patient, e.g., by lowering
or raising some part of the bed.
Low correlation was found to be associated with patient movements (p < 0.01)
and changes in blood pressure (p < 0.005), see Table 3.2. However, it must be
remembered that association does not imply causation. Furthermore, both patient
movements and changes in blood pressure were present in nine of the sequence
pairs and it is possible that only one — if any — of these factors are the cause for
substantial changes in the perfusion signal.
The number of occurrences of changes in heart rate was too few to be statistically analysed.
Table 3.2: Classification according to the three explanatory factors for the PXn PXn+1 sequence pairs. One sequence pair can have one or more explanatory factors.

Explanatory factor
1) Patient movements
2) Change in heart rate
3) Change in blood pressure

3.7.2

r < 0.7
n = 18
13 (72%)
2 (11%)
13 (72%)

PXn -PXn+1
r ≥ 0.7
p-value
n = 51
18 (35%) < 0.01
0 (0%)
—
14 (27%) < 0.005

Perfusion Signal Levels

The normalized perfusion signal levels during the postoperative measurements
were on average (n = 97) 28 ± 10% in the late-systolic stable interval (SSI) and
26 ± 14% in the late-diastolic stable interval (SDI), see Figure 3.13. The unnormalized perfusion signal, expressed in arbitrary units, was 2.7 ± 0.9 a.u. in
SSI and 2.6 ± 1.4 a.u. in SDI.
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Figure 3.13: Normalized perfusion signal levels during long-term measurements.
Left: late-systolic perfusion. Right: late-diastolic perfusion.

Low Perfusion Signal

Perfusion signal (a.u.)

No patient was diagnosed with myocardial infarction during the postoperative
LDPM measurements. However, in three patients, the late-diastolic perfusion
signal was relatively low (< 1 a.u.) in some periods during the measurements.
Two examples are shown in Figure 3.14. Left panel shows a P2 sequence, where
the low late-diastolic perfusion then slowly increased during the following hour.
Right panel shows a Mo sequence with an extremely low late-diastolic perfusion
signal. This signal level can be compared to the levels registered on blood-empty,
non-beating hearts, see Figure 3.10, phases 2 and 3.
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Figure 3.14: Examples of very low late-diastolic perfusion signal in two different
patients. Left: Sequence P2. Right: Sequence Mo.
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Respiration

Respiration has hemodynamic effects. During mechanical ventilation, left ventricular stroke volume is the largest at the end of the inspiration [54]. This respirationrelated variation in blood flow may be reflected in the myocardial microcirculation and possibly also in the perfusion signal. However, respiration also interferes
with cardiac motion and causes deformation and variations in cardiac contraction
strength [52, 72], which may result in motion artifacts in the perfusion signal.
In Study I, respiration-related variations were found in the perfusion signal in
14 out of 17 measurements (by studying the frequency spectrum of the continuous
perfusion signal). In order to analyse this relationship further, respiration rate and
blood pressure were measured in Study II. An example where respiration-related
variations are present in both PLS and PLD is shown in Figure 3.15.
8

Perfusion signal (a.u.)

PLS
PLD
Resp
6

4

2

0

0

5

10

15

20

25

Heartbeat

Figure 3.15: Example of a measurement where both PLS and PLD tend to vary with
the respiration. Resp is the impedance plethysmography signal.

Twenty signal sequences from ten intraoperative measurements (two sequences
per measurement) in Study II were selected for analysis. The aim was to investigate the occurrence of respiration-related variations and, when occurring, determine the phase delays between the perfusion signals (PLS and PLD), the mean
blood pressure (MAP) and the heart rate (HR). The two latter parameters have a
well-documented relationship to the respiration [38, 53, 73, 74].
The selected sequences consisted of 6–7 respiratory cycles, with a heart rate
variation less than 4%. The presence of respiration-related variations was determined from the frequency spectra of the signals. The signals that had a respirationrelated component were bandpass-filtered around the respiration frequency and
the cross-correlation function for all combinations of the four signals (PLS, PLD,
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MAP, HR) were estimated. The phase delays were then determined from the
cross-correlation functions.
Respiration-related variations were found in PLS in 11 sequences and in PLD
in 14 sequences, out of the 20 sequences analysed. The phase delays are shown
in Figure 3.16, as vectors on the unit circle. MAP tended to be in phase with, or
precede, PLD, while HR and PLD tended to be in antiphase. No tendencies could
be seen for the signal pairs containing PLS. Details of the analysis and results are
given in Paper II.
PLS−MAP

PLS−HR
n = 10

PLD−MAP

PLS−PLD
n = 11

PLD−HR
n = 11

n=8

HR−MAP
n = 13

n = 17

Figure 3.16: Phase delay distributions between PLS, PLD, MAP and HR. The thick
vectors are the mean phase delay in each signal pair.

A similar analysis was performed with 55 sequences from the postoperative
measurements. Respiration-related variations were found in PLS in 36 sequences
and in PLD in 38 sequences. However, the tendencies seen in Figure 3.16 could
not be confirmed. Instead, the phase vectors for the signal pairs PLS-MAP and
PLS-HR showed the strongest tendencies. Both signal pairs tended to be clumped
in two directions, PLS-MAP approximately at 0 and 180 degrees and PLS-HR
approximately at 45 and -120 degrees.

3.9

Blood Pressure

In several of the two hour postoperative measurements, changes in PLS and/or
PLD were related to changes in blood pressure. An example of slow blood pres-
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sure related variations in PLS is shown in Figure 3.17. Each data point is an
average of ten consecutive heartbeats and the 4000 heartbeats on the x-axis correspond to approximately one hour. Figure 3.18 shows an eight minute example of
PLD (averaged over three consecutive heartbeats) during a series of short blood
pressure falls. In the latter example, trig-LD was well within the low and stable
interval in late diastole. In the former example, trig-LS was within or occurred at
a maximum of 40 ms before the late-systolic stable interval.

Heartbeat
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Figure 3.17: Blood pressure related variations in PLS during a one hour postoperative measurement.

Heartbeat

Figure 3.18: Blood pressure related variations in PLD during an eight minute postoperative measurement.

The relation between the blood pressure and PLS and PLD has not been extensively studied, but it appears that blood pressure related variations often are
present, at least in one of the perfusion signals. However, no evident pattern in
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the relationship between blood pressure and perfusion signals has been found. In
contrast to the examples in Figure 3.17 and 3.18, the correlation is sometimes
negative, i.e., a decrease in blood pressure results in an increase in PLS or PLD.

3.10

Vasomotion
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In one patient, PLD varied periodically with a frequency of about 0.07 Hz during
the whole two hour postoperative measurement, see Figure 3.19. The measurement conditions were very good in this case. The heart rate was about 60 bpm,
the perfusion signal was similar to that in Figure 3.2, trig-LD coincided with SDI
and the correlation between consecutive signal sequences (see also Section 3.7)
was r > 0.93.
The blood pressure was low, about 90/50 mmHg, throughout the measurement. Low blood pressure reduces tissue perfusion, which in turn is associated
with a physiological phenomenon known as vasomotion [75, 76]. Vasomotion is
local oscillations in vascular tone, and thus in tissue perfusion, where the oscillation frequency is lower than the heart rate and the respiration frequency. The
oscillations seen in the perfusion signal in Figure 3.19 are therefore believed to be
caused by vasomotion.

Heartbeat

Figure 3.19: A two minute example of low-frequency oscillations in PLD during a
postoperative measurement.

The slow oscillations in the blood pressure that can be seen in Figure 3.19
do not have the same frequency as the oscillations in PLD. The blood pressure
oscillations are assumed to be Traube-Hering-Mayer waves, which are of nervous
origin, in contrast to the local origin of vasomotion [75].
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Chapter

4

Review of Papers
The three papers on which this thesis is based are reviewed below, including descriptions of the author’s contribution to each paper.

4.1

Paper I: Myocardial perfusion monitoring during coronary artery bypass using an electrocardiogram-triggered laser Doppler technique

The different myocardial blood flow conditions during CABG surgery were utilized for a first evaluation of the ECG-triggered LDPM on humans. Measurements
were performed on the beating heart in the beginning (pre-CABG) and at the end
(post-CABG) of the surgery, and on the arrested heart at four phases: after aortic
cross-clamping, before and after declamping of the LIMA graft and after aortic
declamping. The perfusion signals in late systole and late diastole were calculated and the different measurements were compared. The perfusion signal in the
arrested heart was significantly (p < 0.04) lower than in the beating heart. The
perfusion signal in late diastole was significantly (p < 0.02) lower than in late
systole. An increased perfusion signal was found after LIMA and aortic declamping compared to before LIMA declamping, in 10 cases out of 13. No significant
difference in perfusion signal between pre- and post-CABG was found (n = 5).

Author’s Contribution
Developed software for ECG-triggering and presentation of data. Acquired data
and selected data for analysis in collaboration with M. G. Daniel Karlsson. Assisted in data analysis and writing.
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4.2

Paper II: Analysis of breathing-related variations in ECG-triggered laser Doppler perfusion
signals measured on the beating heart during
surgery

The aim of Paper II was to investigate the occurrence of breathing-related variations in PLS and PLD during CABG surgery and, when occurring, determine
the phase delays between the perfusion signals, the mean arterial blood pressure
(MAP) and the heart rate. Breathing-related variations were found in PLS in 11
cases and in PLD in 14 cases, out of 20 sequences analysed. MAP tended to be
in phase with or precede PLD, i.e., PLD was at a maximum at the end of inspiration or at the beginning of expiration. No tendencies regarding the relationship
between PLS and the other signals were found.

Author’s Contribution
Participated in planning of the study. Acquired data, performed data analysis and
wrote the paper.

4.3

Paper III: Determination of appropriate times
during the cardiac cycle for online laser Doppler
measurements of myocardial perfusion

In order to perform online laser Doppler measurements of myocardial perfusion, a
fast and simple ECG-triggering method is required. In this study, the use of fixed
triggering times relative to the T and P peaks in the ECG was investigated. The
objective was to determine the time intervals during the cardiac cycle where the
perfusion signal is low and stable and thus contains a minimum of motion artifacts
and, based on the results, suggest appropriate triggering times.
It was found that the most appropriate fixed triggering times were at the T peak
([-3, 9] ms) and just before the P peak ([-28, -10] ms). However, the position of the
low and stable intervals in the perfusion signal may vary between individuals as a
consequence of e.g., high heart rate or abnormalities in the cardiac wall motion.

Author’s Contribution
Participated in planning of the study. Acquired data, performed data analysis and
wrote the paper.
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5

Discussion
Myocardial ischemia is a life-threatening complication that can occur after CABG
surgery. Early intervention decreases the mortality [77, 78], and a rapid diagnosis
is therefore of great importance. The methods available for diagnosis rely on
the secondary signs of ischemia, i.e., ECG changes, cardiac wall abnormalities
and the release of biochemical ischemia markers. In order to detect ischemia
at an earlier stage and thereby potentially improve the outcome, the myocardial
perfusion itself must be addressed.
The ECG-triggered LDPM presented in this thesis aims at providing continuous monitoring of myocardial perfusion, thus allowing for a rapid diagnosis of ischemia. Important aspects of the method are its capability in distinguishing blood
perfusion from tissue motion and the possibilities to perform long-term measurements.

5.1

Perfusion or Motion?

Separating blood perfusion from tissue motion is the main challenge when it
comes to laser Doppler measurements on the beating heart. It is very difficult
to perform well-controlled experiments where either the perfusion or the motion
is known. Today, there are no standard methods to measure the myocardial perfusion, particularly not time-resolved and in a local volume. The myocardial perfusion pattern during the cardiac cycle is therefore not very well known (see also
Section 2.2.3).
The cardiac contraction causes a deformation of the whole sampling volume
and at the same time both the probe and the sampling volume moves with the
complex motion of the heart. However, in a study on the beating calf heart, Karlsson et al found that intervals of low tissue motion coincided with intervals of low
39
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perfusion signal, both when measuring on the normal beating heart and during
severe ischemia [25]. It is therefore reasonable to assume that the motion artifacts are small when the perfusion signal is low and stable. In the normal beating
calf heart, low and stable intervals were found in late systole and in late diastole
[25]. This is generally in agreement with the results obtained from the human
study in the present thesis. However, in the human study the late-diastolic stable
intervals were on average longer than the late-systolic counterparts, while the opposite was found in the animal study. The difference can be explained by the fact
that the calves on average had a higher heart rate than the humans. In both studies, the late-diastolic intervals tended to decrease with increasing heart rate. In
the present thesis, some intervals — mainly late-systolic — were found to be too
short (down to 20 ms) to be regarded as stable. Besides which, the late-systolic
intervals coincide with the cardiac contraction, that have been found to interfere
with the myocardial blood flow [46, 48, 49]. The use of late systole for perfusion
measurements can thus be questioned. However, Karlsson et al found that the
late-systolic perfusion signal was the best indicator of severe ischemia [24, 25].
During occlusion of the LAD, a stable perfusion signal close to zero was found
only in late systole. Accordingly, both late systole and late diastole are of interest
for this application, but under normal conditions the late-diastolic perfusion signal
should be the most appropriate estimate of myocardial perfusion.
High heart rate is a limiting factor for LDPM measurements, since the low and
stable intervals in late diastole decrease with increasing heart rate. The influence
of motion artifacts can thus be expected to increase as the heart rate increases.
Variations related to respiration and blood pressure were often found in the
perfusion signals. In particular, the sometimes very high correlation between the
perfusion signal and the blood pressure (Figure 3.17 and 3.18) is an interesting
finding. The origin of these variations remains unknown. Both respiration and
blood pressure changes could potentially have an influence on both myocardial
perfusion and cardiac motion. No evident patterns that could indicate either a
perfusion or a motion related origin were found.
A very interesting finding is the presence of vasomotion in PLD in one of
the postoperative measurements, which strongly indicates that PLD in this case
mainly reflects the blood perfusion and that the motion artifacts are reduced to a
minimum. Induced vasomotion (for example by decreasing the arterial pressure
[79]) during controlled experiments could perhaps be used for further evaluation
of the ECG-triggered LDPM.
The use of ECG as a reference signal in order to identify intervals with low
tissue motion is favourable in several ways. The equipment needed is simple and
the electrodes do not cause any discomfort for the patient. The ECG can often
be taken directly from the patient monitoring system. However, the triggering
method using fixed times sometimes fails to measure the perfusion signal in low
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and stable intervals. This might be explained by abnormal cardiac motion, improper attachment of the probe or ECG electrode placement. A more advanced
triggering algorithm is therefore needed. Such an algorithm should be robust
against abnormal ECGs, since ECG abnormalities, e.g., inverted or biphasic T
and/or P peaks, often were present in the CABG patients enrolled in the studies
in this thesis. In Paper I, PLS and PLD would probably have been slightly lower
on average if they had been taken from low and stable intervals rather than from
fixed time intervals relative to the ECG.
An interesting observation is that the perfusion signal shape over the cardiac
cycle resembles the absolute value of the typical cardiac wall velocity curve measured by TDI, with peaks in early systole and early and end-diastole [40].

5.2

Long-term Measurements

The ECG-triggered LDPM is intended to be used for postoperative monitoring. A
postoperative study on humans was therefore performed. A very positive finding
is that it was possible to register a proper perfusion signal from the closed chest for
up to 22 hours. The small and lightweight probe used was inserted and withdrawn
without any complications.
When using an intramuscular probe, there is a risk of accumulation or coagulation of blood around the probe tip. The lower idc (t) found intraoperatively
rather than postoperatively might be explained either by accumulation of blood
or low blood oxygenation. A way of investigating this further could be to study
the myocardial oxygenation using a method based on spectroscopy reported by
Häggblad et al [80]. A third possible explanation to the difference in idc (t) is that
the probe insertion may result in a hyperemic trauma response which increases the
blood flow in the tissue around the probe [81], thus leading to increased absorption. Surface probes — which have been used by other authors [56, 59, 60, 64] —
reduce the risk of coagulation, accumulation and trauma response, but the thick
layer of fat that often is present on the myocardium of older humans does not
allow for surface measurements.
The perfusion signal shape changed substantially between the intraoperative
and postoperative measurements. Also during the postoperative period, the signal
shape changed substantially in some measurements. The causes behind a changed
perfusion signal have not been extensively investigated, but the results indicate
that patient movements or changes in blood pressure might be involved. It cannot
be ruled out that changes in the perfusion signal shape are related to changes in
cardiac motion or sampling volume. Consequently, changes in PLS and/or PLD
are difficult to interpret. A change in e.g., sampling volume, either because the
probe moves due to patient movements, or because the heart slowly pushes the
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probe out of the myocardium, can potentially result in a changed perfusion signal
which could be mistaken for a change in tissue perfusion.
In order to reduce the risk of changes in sampling volume, a proper attachment
of the probe is of utmost importance. Criteria for the distinction between a properly and improperly attached probe when measuring in the closed chest should be
developed. The standard deviation of idc (t) of a number of averaged heartbeats
(as in Figure 3.4) could perhaps be used as a distinction criterion.

5.3

Future Work

In its present design, the ECG-triggered LDPM system is not a reliable method
for clinical monitoring of myocardial perfusion. High heart rate, abnormal cardiac
motion, improper probe attachment and limitations in the ECG-triggering method
may result in variations in the perfusion signal that are not related to tissue perfusion. However, under favourable circumstances it is possible to detect fluctuations
in tissue perfusion, as demonstrated by the vasomotion example. In order to improve the reliability several steps must be taken. The following suggestions are
intended as a first step:
− Investigation of how coagulation or accumulation of blood around the probe
tip affects the perfusion signal. The myocardium is highly perfused and a
small bleeding is likely to occur at probe insertion (even though no significant bleeding was observed at the probe site in any patient). Since the
sampling volume obtained with LDPM is very small, even a small coagulation or accumulation can potentially have a large influence on the perfusion
signal.
− Accomplishment of a comparative study, where the perfusion signal is compared to perfusion values obtained from a reference method. Because of the
lack of appropriate reference methods, this may not be possible to accomplish today, but in the future this will be a very important step towards an
ECG-triggered LDPM system for clinical use.
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