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and encouragement during my study.

Gitta Buskermolen,
30 January 2014

3



Abstract

Chronic heart failure (CHF) is the condition in which the heart is unable to
maintain sufficient cardiac output (the amount of blood that the heart pumps)
for adequate tissue oxygenation. In order to find the right treatment for CHF
patients, it is crucial to find out whether these patients are primarily limited by
oxygen delivery or by oxygen utilization.
Near-InfraRed Spectroscopy (NIRS) has the ability to monitor changes in mus-
cle oxygenation during exercise. This technique has the potential to disclose
the nature of the limitation in a totally non-invasive setup. Before introducing
NIRS as a routine measurement in a clinical setting it is crucial to investigate
the applicability and reproducibility of various NIRS parameters, especially in
moderately impaired CHF patients. To reach that goal we have investigated
the kinetics of the local tissue oxygenation (Tissue Saturation Index (TSI)) in
a skeletal muscle during onset and recovery of submaximal exercise.
The associated parameters represent a ratio between oxygen delivery and uti-
lization and were found with an acceptable reproducibility. In comparison with
healthy control subjects on average both onset and recovery appeared to be de-
layed in CHF patients. It is suggested that a delayed TSI onset indicates a CHF
patient with a more pronounced limitation in oxygen utilization and a delayed
TSI recovery a CHF patient with a limitation in oxygen delivery.
The nature of the slowing of the pulmonary oxygen uptake kinetics during onset
and recovery of exercise contributes to a better understanding of the pathophys-
iology of heart failure in an individual patient. The correlation between the TSI
recovery kinetics and the oxygen recovery kinetics measured in lung function
tests suggests that the slowing of the oxygen recovery kinetics in CHF patients
is more governed by processes which regulate the oxygen delivery.
From these results it can be concluded that treatments that improve the skeletal
muscle oxygen delivery or the skeletal muscle oxygen utilization can both be nec-
essary to ameliorate exercise intolerance in moderately impaired CHF patients.
In practice this means that some patients are in need of an improved cardiac
output for instance with cardiac resynchronization therapy (CRT), while others
are better helped with physical exercise.
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Chapter 1

Introduction

1.1 Chronic heart failure

Chronic heart failure (CHF) is a clinical syndrome resulting from the inability
of the heart to maintain sufficient cardiac output (CO) for adequate tissue oxy-
genation. As a consequence of this, CHF patients suffer from various symptoms
such as exercise intolerance, shortness of breath, fatigue, etc.. CHF is a complex
syndrome and can be caused by various diseases, for example:

• Diseases that weaken the heart muscle

• Diseases that cause stiffening of the heart muscles

• Diseases that increase oxygen demand by the body tissue beyond the
capability of the heart to deliver adequate oxygen rich blood

The prevalence of CHF is estimated to be 10% among those of the age 75 and
rises among the elderly population [31]. Due to the aging of the population
it is expected that there will be an increase in the number of CHF patients.
Despite improvements in therapy, the mortality rate in patients with CHF has
remained unacceptably high. CHF substantially affects patients’ quality of life
as it impacts daily life in terms of physical, social, and emotional functioning.
The exercise capacity of patients with CHF is often reduced due to symptoms
as fatigue and shortness of breath. Consequently, patients become physically
impaired and lose independence as daily activities can no longer be performed
to the same level as before CHF. [56].

A complete diagnostization of the patient with heart failure involves more than
stating whether the syndrome is present or not; it requires e.g. consideration
of the underlying abnormality of the heart, an estimation of prognosis and a
quantification of the severity of the syndrome. The diagnosis CHF is based on
the knowledge of the patient’s medical history and a physical examination by
a physician to look for typical symptoms as described before. After this ex-
amination, the physician may also perform some tests. The electrocardiogram
(ECG) and echocardiography are the most useful tests in patients with sus-
pected CHF. ECG is used to diagnose heart conduction and rhythm problems
by recording the electrical activity of the heart, using electrodes attached to the
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skin of chest, arms and legs. Echocardiography involves ultrasound which is di-
rected to the heart to create images of cardiac anatomy. It provides information
about cardiac anatomy (e.g. volumes, geometry, mass) and the left ventricular
ejection fraction (LVEF). This ejection fraction is the percentage of blood leav-
ing your heart’s main pumping chamber (left ventricle) during a heart beat [31].

The severity of CHF is classified by the New York Heart Association (NYHA)
classification, varying from the less severe NYHA Class I, where patients are
not limited by shortness of breath (dyspnoea) or fatigue, up to a more severe
NYHA Class IV, where patients are unable to continue physical activity without
discomfort and where the symptoms are even present at rest. A major part of
determining the NYHA class is based on measurements of the LVEF. A LVEF of
less than 40 percent may confirm the diagnosis of heart failure [31]. The correct
diagnosis of CHF can be difficult, especially in its early stage. The main reason
for this is that many of the symptoms of CHF are very non-specific in a way
that clinical confirmation of the syndrome is difficult [45]. Exercise intolerance,
which is a condition where patients are hindered to do daily life physical activi-
ties, is a key symptom in patients with CHF. This symptom is very non-specific
and can be found in many other disorders.

For a long time exercise intolerance observed in CHF patients has been seen
as a consequence of a decreased cardiac output, which has an effect on the oxy-
gen supply to the muscles. On the other hand, a reduction in the cardiac output
sets in motion metabolic or hormonal derangements that lead to alterations in
the skeletal muscle. In combination with the physical inactivity of CHF patients,
nowadays skeletal muscle alterations are thought to have a predominant role in
the pathophysiology of exercise intolerance [18, 47]. In other words, patients
with severe heart failure appear not to be limited mainly by impaired tissue
oxygenation (oxygen delivery) but more by a slow skeletal muscle metabolism
(oxygen utilization).

In order to find the right treatment for CHF patients, it is crucial to find
out whether these patients are primarily limited by oxygen delivery or by oxy-
gen utilization in the muscle. CHF treatment aims to improve the quality of
life. Currently, the treatment of CHF includes both pharmacological and non-
pharmacological interventions, such as physical training, medicines or cardiac
resynchronization therapy (CRT). While the effect of CRT is mainly determined
by an improvement of the central hemodynamic response (oxygen delivery) to
exercise, the effect of physical training is primarily determined by peripheral
skeletal muscle alterations (oxygen utilization), such as improvements in the
oxidative capacity of skeletal muscles [32]. The continuing appearance of novel
treatment modalities has beneficial effects on the group outcome of CHF pa-
tients. However, rising costs and potential adverse effects of these treatments
require a more individualized approach in some patients. The ability to distin-
guish different types of limitations (i.e. oxygen delivery or oxygen utilization)
and to tailor treatment, has the potential of reducing the large number of non-
responders (30-50 %) to these interventions, which is reported in recent liter-
ature [1, 36]. The current tests (i.e. ECG, echocardiography) cannot identify
these non responders. Ideally, to disclose the nature of the limitation, a reliable
and preferably non-invasive test should be available to guide the clinician deal-
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ing with CHF treatment. Near-InfraRed Spectroscopy (NIRS) is a promising
tool in exercise physiology, as it has the ability to monitor changes in muscle
oxygenation in a totally non-invasive setup.

1.2 Near-InfraRed Spectroscopy (NIRS)

Near-InfraRed Spectroscopy (NIRS) is an optical method which is used for the
non-invasive measurements of tissue oxygenation. It is based on the fact that bi-
ological tissues (skin, muscle, fat) have a relatively good transparency for light in
the near-infrared region (700-1300 nm). Biological tissues consists of numerous
compounds (i.e. hemoglobin) whose absorption characteristics of light highly
depend on the concentration of oxygen. By selecting distinct wavelengths of
near-infrared light and with knowledge of the absorbing spectra of hemoglobin
(Hb), NIRS enables us to measure the time evolution of the Hb concentration
of blood in the tissue [61].

NIRS provides a continuous assessment of changes in tissue oxygenation. It
is based on the principle that HbO2 and HHb (oxygenated and deoxygenated
hemoglobin respectively) have a distinct absorption characteristics for near-
infrared light [26]. The measured absorption changes at discrete wavelengths
are converted into changes in concentration of hemoglobin. The NIRS device
used in the present study is extended with another technique called Spatially
Resolved Spectroscopy (SRS). This device measures in addition to the changes
in hemoglobin concentration an absolute value of the tissue oxygenation, the
Tissue Saturation Index (TSI). The TSI signal reflects the dynamic balance be-
tween oxygen delivery and utilization in the volume of interest, which in our
case is the skeletal muscle tissue.

Since the end of the 1980s, NIRS has been used to investigate local muscle
oxygenation at rest and during exercise in a totally non-invasive set up. The
advantages of using NIRS are that if proper care is taken, the movements arti-
facts are minimal, resulting in an acceptable signal to noise ratio during exercise
at a low cost. Another major advance of NIRS, is that it is possible to use the
onset and recovery kinetics of oxygen saturation to evaluate the dynamics of
oxygen utilization and oxygen delivery during exercise in more detail [26].

1.3 Aim of the study

One of the most widely used measure of physiological limitation in patients
with CHF is peak oxygen uptake (VO2,peak), which describes the maximum
rate of oxygen consumption, measured during an incremental maximal exercise
test. This maximal exercise parameter provides objective information on aer-
obic capacity, symptomatology, and prognosis. The daily life of CHF patients
is characterized mainly by submaximal activities. Therefore, changes in vari-
ables measured at maximal exercise may not be representative for changes in
daily physical activity. Moreover, the outcome of maximal exercise tests can
be affected by the patients motivation, the presence of encouragement and the
criteria used by the physician to terminate the exercise test. Therefore, submax-
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imal exercise parameters may be more representative and even more sensitive to
detect changes in functional capacity in CHF patients than parameters obtained
by maximal exercise tests [32]. One of these parameters is the measurement of
the rate of change in the pulmonary oxygen uptake kinetics (VO2 kinetics) dur-
ing a constant load submaximal exercise test. The VO2 kinetics is measured
breath by breath by subtracting the exhaled amount of oxygen from the inhaled
amount of oxygen. The rate of change in the pulmonary oxygen uptake kinetics
is defined in terms of an overall time constant (time to reach 63 percent of the
response) and is determined by the cardiac output and the oxygen extraction
of the tissues. The time constant of the VO2 kinetics has been considered to
have better prognostic value in CHF than the VO2,peak [16]. Several studies
[36, 55, 57] have shown the time constant of the oxygen uptake kinetics may be
increased in CHF patients compared to age matched healthy individuals. This
increased time constant in CHF patients implicates a slow oxygen consumption,
which can be related to limitations in oxygen delivery or utilization (or a com-
bination).

NIRS can be useful in investigating the influence of oxygen delivery and utiliza-
tion on slow oxygen kinetics. A constant load submaximal cycling exercise test
in combination with NIRS measurements is performed in moderately impaired
CHF patients to determine the changes in tissue oxygenation in the skeletal
muscle. The NIRS measurements are made over the vastus lateralis (muscle on
the outside of the thigh), because this muscle is active during exercise (cycling).
Several studies have evaluated the changes in the HHb signal obtained by NIRS.
Other studies [13, 28] demonstrate that exercise-induced changes in total blood
volume under the NIRS probe significantly influence the kinetics of oxygenated
hemoglobin (HbO2), but also of deoxygenated hemoglobin (HHb), irrespective
of changes in tissue oxygenation. The NIRS device used during this study mea-
sures in addition to the changes in hemoglobin concentration an absolute value
of the tissue saturation index, the Tissue Saturation Index (TSI = [HbO2]/
[HbO2 + HHb]). The TSI signal is expected to be a more accurate signal than
the HHb signal, because of the division by the total hemoglobin concentration
([tHb]= [HbO2] +[HHb]) which makes the TSI signal less sensitive to changes in
total hemoglobin content compared with the HHb signal. Therefore, during ex-
ercise the TSI signal is expected to be a more useful signal to quantify the tissue
oxygenation in the skeletal muscle. The present study focuses on the evaluation
of the TSI signal instead of the more commonly used HHb signal. By using the
TSI signal, it is possible to obtain various parameters during rest, exercise and
recovery from exercise. These parameters can be useful for clinical purposes in
moderately impaired CHF patients. In order to be able to use NIRS as a routine
measurement in a clinical setting it is necessary to know more about the appli-
cability and reproducibility of these exercise parameters in this specific patient
group. To our knowledge the reproducibility of NIRS parameters during exer-
cise in CHF patients has not been reported before. Therefore, the first goal of
this study is to evaluate the reproducibility of various NIRS parameters during
constant load submaximal exercise tests in moderately impaired CHF patients.
Next to the evaluation of the reproducibility of various NIRS parameters, we
will explore novel analyzing techniques in order to determine already described
NIRS parameters in previous studies [13, 20].
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A previous study [57] using the HHb signal obtained by NIRS of the skele-
tal muscle during high intensity exercise revealed that the onset kinetics during
exercise is more rapid in CHF patients than in healthy controls. This suggests
that oxygen delivery is impaired relative to oxygen utilization in CHF patients.
Although, other research indicates that this might be not correct in some cases
and for certain degrees of exercise [47, 52]. Therefore, our expectation is that
CHF patients are not only limited by oxygen delivery, but also by oxygen uti-
lization or a combination of these two.
Other research on differences in exercise-related changes in muscle oxygenation
between CHF patients and healthy subjects is scarce [36, 57]. Therefore, the sec-
ondary goal of this study is comparing the changes of muscle oxygenation during
and after submaximal exercise (onset and recovery) between healthy subjects
and CHF patients in combination with a breath by breath gas exchange anal-
ysis technique. In this way we can investigate the differences between healthy
subjects and CHF patients and try to understand the nature of the slowing
of oxygen kinetics during exercise onset and recovery in moderately impaired
CHF patients. This may contribute to a better understanding of the exercise
pathophysiology of heart failure.

1.4 Outline report

The outline of this project is structured in this report by providing a clinical
background about the oxygen transport cycle in Chapter 2 followed by a back-
ground about Near-InfraRed Spectroscopy (NIRS) in Chapter 3. Chapter 4
outlines the reproducibility of various NIRS parameters obtained during sub-
maximal exercise tests in chronic heart failure (CHF) patients. In Chapter 5,
the differences in NIRS parameters and pulmonary oxygen uptake kinetics pa-
rameters between healthy subjects and CHF patients are discussed. This can
contribute to an improved understanding of the slowing of the pulmonary oxy-
gen uptake kinetics during the onset and recovery from exercise in moderately
impaired CHF patients. It is expected that the results of Chapter 4 and 5 will
be published in an article. Therefore, these chapters are written in the style of
an article where some elements of the previous chapters are repeated. The data
analysis and statistical analysis of these chapters are written in a more extensive
way. The conclusions of the results of this project and the outlook are given
in Chapter 6. We end this report with giving additional recommendations in
Chapter 7.
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Chapter 2

Oxygen transport system

The aim of this chapter is to describe the oxygen transport cycle. The oxygen
transport cycle consists of three systems: the pulmonary system, the cardio-
vascular system and the cellular respiration in the muscle. Oxygen transport
is the process by which oxygen from the atmosphere is transferred to the tis-
sues. Oxygen is taken up by the lungs, after which it is carried via the blood
and transported to the heart (pulmonary system). Thereafter, the cardiovas-
cular system transports the oxygen to the tissues. The cardiovascular system
supplies oxygen to the mitochondria, where it is used to maintain the cellular
metabolism. Figure 2.1 illustrates the coupling of the pulmonary and the cel-
lular respiration. In this chapter, we will elaborate on the oxygen transport
system in more detail.

Figure 2.1: A schematic view of the oxygen transport between the lungs and
the skeletal muscle tissues. The red arrows indicates the direction in which the
oxygen (O2) rich blood flows from the lungs to the rest of the body (such as
skeletal muscle tissues). The blue arrows indicates the direction in which the
oxygen poor blood flows from the rest of the body back to the lungs.

2.1 Oxygen delivery

Gas exchange between the atmosphere and the human body occurs in the so
called alveoli, which are tiny, thin-walled air sacs, located in the lungs. Oxygen
diffuses from the alveoli into the pulmonary capillary blood. This occurs because
the oxygen partial pressure (PaO2) in the alveoli is higher than that in the
pulmonary capillary blood. In the other tissues of the body, an increased PaO2

in the capillary blood compared to that in the tissue causes oxygen to diffuse
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into the tissue. In fact, the oxygen dissolves in the blood such that only a
small fraction of oxygen remains unbound. The remainder of the oxygen is
carried by the erythrocytes (red blood cells) which contain hemoglobin (Hb)
that can bind oxygen. The binding of oxygen to hemoglobin is determined by
the partial pressure of oxygen (PaO2) and the affinity of hemoglobin for oxygen.
Quantitatively, hemoglobin can bind 1.34 ml of O2 per gram. Not only oxygen
bound to hemoglobin, but also oxygen dissolved in the blood can be transported
to the tissues. The oxygen content of arterial blood (CaO2

) is then composed
of the sum of dissolved oxygen and oxygen which is bound to hemoglobin:

CaO2
= k1 × PaO2

+ k2 × [Hb]× SaO2
, (2.1)

where k1 equals 0.003 (ml.dl−1 ×mmHg−1), PaO2
is the arterial oxygen partial

pressure, k2 the oxygen binding capacity of hemoglobin (1.34 ml× g−1), [Hb]
the hemoglobin concentration and SaO2 the arterial hemoglobin saturation. The
global oxygen delivery (DO2) is now the product of cardiac output (CO) and
the oxygen content of arterial blood (CaO2

), which represents the amount of
oxygen delivery from the lungs to the entire body and is given by:

DO2 = CO × CaO2
. (2.2)

Here the cardiac output (CO) is the volume of blood pumped by the heart per
minute [l/min], which is a function of stroke volume (SV) [l/beat] and heart rate
(HR) [beats/min]. The cardiac output plays a key role in the oxygen supply to
the cells. It varies from 5 liters per minute at rest to over 20 liters per minute
during exercise. Under resting conditions and a normal distribution of cardiac
output, the oxygen delivery is sufficient to meet the total oxygen requirements
of all the tissues [15, 43]. During exercise the cardiac output increases such that
it can supply the muscle cells with the required oxygen. The fraction of cardiac
output diverted to the exercising skeletal muscles increases, whereas the fraction
diverted to other tissues decreases. The increase in CO is obtained by increasing
both heart rate and stroke volume. Cardiac output increases rapidly during the
transition from rest to exercise. At first, the SV increases instantaneously, where
the magnitude depends on the relative degree of the individual’s fitness, age, and
size. Further increases in CO are predominantly a result of an increasing HR,
where the HR usually increases linearly with the exercise intensity and oxygen
consumption (VO2). Thereafter, cardiac output rises gradually until it plateaus
at the point where the blood flow meets the exercise metabolic requirements. In
response to exercise, pulmonary oxygen uptake or oxygen consumption (VO2)
from the lungs reflects the oxygen consumed by the cells. It is a measure of how
much oxygen is consumed by the body [30, 15]. The next section will explain
the pulmonary oxygen uptake or oxygen consumption.

2.2 Oxygen consumption

Global oxygen consumption (VO2) is the volume of oxygen consumed by the
tissues per minute. It can be determined directly by analyzing the concentra-
tions of oxygen and carbon dioxide in expired air during exercise, or derived
from Ficks principle:

VO2 = CO(CaO2 − CvO2), (2.3)
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where CO is the cardiac output [ml/min], and (CaO2
−CvO2

) the arterial-venous
oxygen difference [ml/100 ml]. The arterial-venous oxygen difference describes
the difference in oxygen content between arteries and veins and is a measure
of oxygen extraction by the tissues. Ficks principle shows that exercise oxygen
consumption increases by two mechanisms:

• Increased total quantity of blood pumped by the heart (i.e. increased
CO). This occurs by increasing the heart rate and stroke volume.

• Greater use of the already existing relatively large quantity of oxygen
carried by the blood (i.e. expanded arterial-venous oxygen difference)

The global oxygen consumption (VO2) can be reported in absolute terms [L/min]
or relative to body mass [ml/kg.min].

The highest achievable level of oxygen consumption is symbolized by VO2max .
This is determined by the maximal CO, the potential for O2 extraction by the
exercising muscle, the ventilatory capacity and the ability of the alveoli to ex-
tract oxygen from air. The VO2max

is the highest VO2 achieved for a given
maximal exercise effort. Traditionally, maximum oxygen uptake (VO2max

) is
considered as the best measure of the capacity of the cardiovascular system,
provided that there is no pulmonary disease. A progressively increasing work
rate exercise test can determine the maximum VO2max . The work rate incre-
ments should be uniform in magnitude and duration and the exercise test should
last between eight and twelve minutes [30].

In healthy individuals, VO2max
is usually defined as the point at which VO2

reaches a plateau despite a further increase in work rate during a symptom-
limited exercise test. However, in CHF patients such a plateau in VO2 is rarely
seen, suggesting that most of these patients do not attain a maximal exercise
level during symptom-limited exercise testing. Therefore, the highest attainable
VO2 in CHF patients is referred to peak oxygen uptake (VO2,peak), rather than
VO2,max. VO2,peak is thus defined as the point that the subject withdraws vol-
untarily from the test [32]. It is demonstrated that peak oxygen consumption
is one of the strongest predictors of mortality in patients with CHF.

Although VO2 measurements are made from respired gas measured at the
mouth, they reflect oxygen consumption by the cells, including the muscle cells
performing the work of exercise. The oxygen demand of skeletal muscle varies
over a wide range according to its level of activity. To meet this changing de-
mand, blood flow to muscles also varies widely. Increasing oxygen delivery to
active skeletal muscle tissue during exercise involves increasing cardiac output,
redistribution of blood flow, and increasing the arterial-venous oxygen differ-
ence [41]. Pulmonary oxygen uptake kinetics (VO2 kinetics) describes the rate
at which aerobic energy transfer (oxygen delivery) adapts to changing energy
demands. During exercise, pulmonary oxygen uptake will increase and the char-
acteristics of this increase differ with exercise intensity. These characteristics of
the pulmonary oxygen uptake kinetics will be described in the following section.
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2.3 Pulmonary oxygen uptake kinetics

A treadmill or cycle-based symptom-limited peak exercise test, with pulmonary
gas exchange measurement to determine VO2,peak, is the most widely used mea-
sure of physiological limitation in CHF. It provides objective information on
aerobic capacity, symptomatology, and prognosis. However, activities of daily
living rarely occur at or around VO2,peak[13]. Therefore, the rate at which
aerobic energy transfer adapts (oxygen uptake kinetics, VO2 kinetics) to chang-
ing energy demands, may provide objective information on the ability of CHF
patients to perform daily activities. More knowledge of the physiological deter-
minants of oxygen uptake kinetics may lead to a better understanding of the
mechanisms causing functional impairments in CHF patients.

Pulmonary oxygen uptake kinetics describe the rate of change in VO2 during or
after exercise ( VO2 onset and recovery kinetics, respectively). When exercise is
performed at a constant given work rate which is below the anaerobic threshold
(AT), VO2 increases exponentially to a steady state value. The AT is defined
as the level of exercise where lactate starts to accumulate in the blood.
The pulmonary oxygen uptake kinetic response can be divided into three phases:
a fast increase in VO2 of approximately fifteen to twenty seconds (phase I)
that is primarily related to increased pulmonary blood flow and changes in
end-expiratory lung volume; a fundamental component (phase II) that closely
reflects the dynamics of muscle O2 consumption; and a steady state in VO2

(phase III) where energy transfer is wholly aerobic. During phase II, VO2 in-
creases as a single exponential, where the fundamental component is determined
by a time constant τVO2. Compared to healthy individuals, the time constant
(τVO2) of the fundamental response is increased in patients with chronic heart
failure (CHF), resulting in early fatigue and slow recovery after exertion due
to a greater reliance on anaerobic metabolism [32], [33]. An increased time
constant of VO2 kinetics will mandate a greater O2 deficit leading to greater
intracellular perturbations that accelerate glycogen depletion and sow the seeds
for exercise intolerance. The oxygen deficit represents the difference between the
amount of energy that is required to perform exercise at the desired intensity
for a certain period of time and the amount of energy that is supplied through
oxidative (aerobic) metabolism in this same period. Figure 2.2 shows the pul-
monary oxygen uptake during exercise and recovery. During the initial minutes
of recovery, even though muscle activity has stopped, oxygen consumption does
not immediately decrease. Rather, oxygen consumption remains temporarily
elevated. This consumption, traditionally has been referred to as the oxygen
debt. This oxygen debt is repaid within five minutes of recovery [63].
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Figure 2.2: The pulmonary oxygen uptake (VO2) during exercise and recovery
from exercise as function of time, illustrating the oxygen deficit and oxygen debt.
The pulmonary oxygen uptake can be divided into three phases: a fast increase
of VO2 of approximately fifteen to twenty seconds (phase I); a fundamental
component (phase II) and a steady state VO2 (phase III) ][63].

At the onset of exercise the now active muscle cells can use oxygen that is
already present in the body (bound to hemoglobin). Hemoglobin will partly
and temporarily desaturate to help maintain mitochondrial respiration until the
cardiovascular and pulmonary systems increase their activity enough to increase
oxygen delivery to the muscle cells to meet the demand for oxygen [63].

2.4 Cellular respiration

Physical activities lasting a minute or more require the presence and use of oxy-
gen in active muscle. To sustain the physical activity, it is necessary to replenish
adenosine triphosphate (ATP), which is the direct energy source for the muscle
contraction. Within muscle cells are specialized structures, called mitochondria
which are the powerhouses of the cell (see figure 2.3). Mitochondria are oval
shaped organelles, which have two membranes; a smooth outer membrane and
a folded inner membrane. Many infoldings (cristae) of the inner membrane
form shelves onto which oxidative enzymes are attached. In addition, the inner
cavity of the mitochondria is filled with a matrix that contains large quantities
of dissolved enzymes that are necessary for extracting energy from nutrients.
The number of mitochondria per cells varies depending on the energy require-
ments: tissues with a high capacity to perform aerobic metabolic functions such
as skeletal muscle will have a larger number of mitochondria [30, 63].

Almost all oxidative reactions occur inside the mitochondria and the energy that
is released is used to form the high-energy compound adenosine triphosphate
(ATP). The principal substances from which cells extract energy are foodstuffs
that react chemically with oxygen (carbohydrates, fats, and proteins). The de-
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tails of ATP is a nucleotide composed of (1) a nitrogenous base (adenine), (2)
a five-carbon sugar (ribose), and (3) three phosphates. When ATP releases its
energy, a phosphoric acid is split away, and adenosine diphosphate (ADP) is
formed. This released energy is used to energize virtually all of the cells other
functions, such as synthesis of substances and muscular contraction [30, 63].

Figure 2.3: Schematic view of a mito-
chondrion [30].

Figure 2.4: Chemical structure of
adenosine triphosphate (ATP) [30].

Aerobic metabolism includes processes in the Krebs Cycle (citric acid cycle)
in the mitochondrial matrix followed by oxidative phosphorylation. Carbohy-
drates, most notable glucose, are processed by glycolysis into pyruvate. Under
aerobic conditions, the pyruvate product is taken into the mitochondria and is
further oxidized to form acetyl-CoA:

Pyruvate + CoA + NAD+ → Acetyl− CoA + CO2 + NADH + H+ (2.4)

In the citric acid cycle, acetyl-CoA substrate is degraded to carbon dioxide and
hydrogen atoms within the mitochondria:

2Acetyl− CoA + 6H2O + 2ADP 
 4CO2 + 16H+ + 2CoA + 2ATP (2.5)

Oxidation is a spontaneous process that is linked or coupled to the phospho-
rylation, the union of Pi with ADP to make ATP. Equation 2.4 and 2.5 shows
that other products besides ATP are generated, namely NADH. The transfer
of electrons from NADH to oxygen through protein complexes located in the
mitochondrial inner membrane leads to the pumping of hydrogen ions (protons)
out of the mitochondrial matrix. In oxidative phosphorylation, the hydrogen
ions combine with oxygen to form water. The associated electrons transfer to
the mitochondrial electron chain use their energy to form ATP molecules. This
results in the formation of ATP by oxidative phosphorylation of ADP [9]. Figure
2.5 shows these reactions.
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Figure 2.5: The citric acid cycle constitutes the first stage in cellular respiration,
the removal of high energy electrons from carbon fuels (left). These electrons
reduce oxygen (O2) to generate a proton gradient (red pathway), which is used
to synthesize ATP (green pathway) [9].

It is widely recognized that several mechanisms can contribute to a reduction
in the diffusive and/or convective transport of oxygen to skeletal muscle mito-
chondria (oxygen delivery), which can explain the slowness of VO2 kinetics in
patients with CHF. On the other hand the limitation of oxygen utilization could
explain the slow VO2 kinetics. This limitation can be caused by mitochondrial
dysfunction and / or a reduction in the number of mitochondria. The slowness
of VO2 kinetics is strongly correlated with the tolerable duration of constant
load exercise tests. It predisposes a more rapid accumulation of fatigue-related
metabolites, which can lead to exercise intolerance.

The origin of exercise intolerance in CHF remains unclear, but several stud-
ies indicated that skeletal muscle alterations can have a predominant role in
the pathophysiology of exercise intolerance [18, 47]. In other words, patients
with severe heart failure appear not to be limited mainly by impaired tissue
oxygenation but more by slowed skeletal muscle metabolism. Naturally, car-
diac dysfunction is central to the pathophysiology of CHF, but whether slow
VO2 kinetics are due to limitations in microvascular oxygen delivery, slowed
intracellular control of oxygen utilization, or both is yet to be elucidated [13].
To investigate this, Near-InfraRed Spectroscopy (NIRS) is a promising tool,
as it has the ability to monitor changes in tissue oxygenation during exercise
in a totally non-invasive setup. In the next chapter the principle of NIRS is
described.
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Chapter 3

Near-InfraRed Spectrocopy
(NIRS)

Near-InfraRed Spectroscopy (NIRS) is an optical technique which can be used
for non-invasive measurements of the tissue oxygenation. It uses light in the
near-infrared wavelength range (700-1300 nm), because light in the ultraviolet
(10-400 nm) and the visible (380-740 nm) range of the spectrum are almost com-
pletely absorbed in the skin. Near-infrared light penetrates deep into the tissue,
through the skin and subcutaneous fat layer. The propagation of near-infrared
light through tissues depends on a combination of reflection, scattering and ab-
sorption properties of light. While reflection is mainly determined by the angle
of the light beam relative to the surface of the tissue, scattering and absorption
of light within the tissue depends on the wavelength of the light. Scattering
decreases with increasing wavelength, whereas the absorption pattern is more
subtle. Absorption occurs at specific wavelengths, determined by the molecular
properties of the absorbing compounds in the light path [61]. In the proceeding
of this chapter we will discuss the absorption and scattering of near-infrared
light in the skeletal muscle tissue. Based on the scattering and absorption prop-
erties of light, one can determine the changes in light attenuation in the skeletal
muscle tissue. By using a technique called continuous wave (CW) NIRS, which
is based on the Lambert-Beer law, the changes in light attenuation are con-
verted into changes in concentration of the different absorbing compounds in
the skeletal muscle tissue. The majority of commercially available NIRS in-
struments are CW spectrophotometers. The NIRS instrument used during this
study (Portamon) measures in addition to the changes in concentration of the
different absorbing compounds, an absolute value of the tissue oxygenation (the
Tissue Saturation Index (TSI)) with a new technique called Spatially Resolved
Spectroscopy (SRS). The CW and the SRS technique are also explained in the
proceeding of this chapter.
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3.1 Physical principles of Near-InfraRed Spec-
troscopy (NIRS)

Biological tissues contain a variety of compounds (for example hemoglobin and
myoglobin) whose absorption spectra at near-infrared wavelengths are well de-
fined. These light absorbing compounds in the spectral region of interest are
called chromophores. By choosing distinct wavelengths of near-infrared light
and knowledge of the absorption spectra of the chomophores, it is possible to
measure concentration changes of these chromophores in the tissue.

First, we consider the simplified case of a solution in a laboratory cuvette. This
cuvette contains a non-absorbing medium in which an absorbing compound of
concentration c is dissolved. This solution does not scatter light, so the light
travels through the medium in a straight line covering a distance L. The in-
tensity of the transmitted light (I) is lower than that of the incident light (I0),
because some of the light has been absorbed by the compound in the solution.
The loss of light intensity by absorption is referred to as light attenuation (A),
which is the logarithmic ratio of two intensities and is measured in units of opti-
cal density (OD). The light attenuation can be described by the Lambert-Beer
law:

A(λ) = log(
I

I0
) = µaL = ε(λ) · c · L, (3.1)

where µa is the absorption coefficient [cm−1], L the direct pathlength of the
photon between the light entry and light exit point [cm], ε(λ) the extinction co-
efficient [millimolar ·cm−1] and c the concentration of a chromophore [millimolar
(mM)]. The absorption coefficient µa describes the absorption properties of the
tissue and is defined as the inverse of the average distance traveled by a photon
before being absorbed. So, the Lambert-Beer law shows that the absorption of
light in a clear, non-scattering medium can be related to the concentration of
chromophores in the tissue [60].

The technique of NIRS relies on the law of Lambert-Beer. When we apply this
law to a scattering medium, e.g. biological tissue, the optical pathlength will
increase due to scattering in the tissue. Therefore, a dimensionless pathlength
correction factor, DPF , must be incorporated. The modified Lambert-Beer law
is given by:

A(λ) = ε(λ) · c · L ·DPF +OD(λ)R, (3.2)

where A(λ) is the light attenuation measured in units of optical density (OD),
ε(λ) the extinction coefficient of the chromophore [mM−1 · cm−1], c the con-
centration of the chromophore [mM], L the distance between the light entry
and the light exit point [cm], λ the wavelength [nm], and OD(λ)R represents
the light lost because of scattering and absorption by other oxygen-independent
chromophores in the tissue [21].

The light attenuation and the specific extinction coefficients in the modified
Lambert-Beer law are not strictly linear related, the degree of non-linearity is
a function of the scattering coefficients. The scattering coefficient of the tis-
sue together with the alignment of the optical fibers are described in the term
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OD(λ)R. This term is generally unknown, but it is reasonable to assume that
OD(λ)R has the same constant value for all chromophores in the tissue [27].
As a consequence, the solution of the modified Lambert-Beer law cannot pro-
vide a measure of absolute concentrations of the chromophores in the medium.
However, if OD(λ)R does not change during the measurement period, it is pos-
sible to determine changes in the chromophores concentration from changes in
attenuation:

∆c =
∆A(λ)

ε(λ) · L ·DPF
. (3.3)

This equation is valid for a medium with one chromophore. In the case of
multiple chromophores we need to measure at least as many wavelengths as
there are chromophores present. This results in a set of linear equations (see
equation 3.4). The solution of this set leads to the algorithm used in most NIRS
systems. With this algorithm it becomes possible to convert changes in light
attenuation to changes in concentration of the studied chromophores [61].

3.2 Absorption of chromophores

There are many compounds in tissue that absorb light and they are known as
chromophores. Hemoglobin and cytochrom c. oxidase (Cyt.ox) are the most
important chromophores absorbing NIR light in the skeletal muscle tissue, be-
cause the absorption of light of these chromophores varies with time and the
changes in absorption are oxygen dependent.

Hemoglobin is the main component of red blood cells (erythrocytes) and the
oxygen carrier of the blood. It can be divided into two different forms: oxy-
genated hemoglobin (HbO2) and deoxygenated hemoglobin (HHb). The absorp-
tion spectra of oxy- and deoxygenated hemoglobin are significantly different as
shown in Figure 3.1, where we plot the specific extinction coefficient ε(λ) as
function of wavelength λ, from which the absorption spectra can be deduced.
The extinction coefficient describes how strongly a chromophore absorbs light
at a particular wavelength [61]. By using NIRS at two different wavelengths
(for example 760 and 850 nm), changes in the concentration of both forms can
be monitored continuously. Apart from the changes in concentration of HbO2

and HHb ([HbO2] and [HHb] respectively), a third parameter is derived from
the sum of the these concentrations, [tHb]. The sum of [HbO2] and [HHb] re-
flects the total amount of hemoglobin [tHb]. Changes in [tHb] are interpreted
as changes in local blood volume [3].
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Figure 3.1: Extinction coefficients ε(λ) [mM−1.cm−1] as function of the wave-
length λ [nm] of adult oxygenated hemoglobin [O2Hb] and deoxygenated
hemoglobin (HHb) [65]. The extinction coefficients are significantly different
around the wavelengths 760 nm and 850 nm.

The NIRS signal can be related to the regional oxygenation, but NIRS cannot
differentiate between venous, arterial or capillary blood. Since light is almost
completely absorbed in large arteries and veins due to a high concentration of
red blood cells and hemoglobin, NIRS is thought to measure changes in tissue
oxygenation at the level of small blood vessels, capillaries and intracellular sites
of oxygen transport and uptake. Any change in oxygenated and deoxygenated
hemoglobin reflects the balance between oxygen delivery and oxygen utilization
in the localized region of the muscle [12, 44].

Apart from hemoglobin, another important tissue chromophore is cytochrome
c. oxidase (Cyt. ox). Cyt. ox is the terminal protein in the electron transport
chain within the inner mitochondrial membrane and describes the intracellular
oxygenation. The amount of Cyt. ox in the muscle is relatively low compared
with hemoglobin, such that the changes in Cyt. ox are lost within the noise of
the signal. Therefore, we neglected the contribution of Cyt. ox. in this study
[61].

A third chromophore found within the cells of the skeletal muscle, is myoglobin
(Mb). Mb is a red pigment that binds oxygen, similar to Hb in erythrocytes.
Using NIRS, it is not possible to distinguish between Mb and Hb, because both
these chromophores have similar absorption spectra. However, several studies
have shown that the contribution of Mb desaturation to the NIRS signal is
estimated to be less than twenty percent [26, 42].

24



3.3 Continuous wave (CW) NIRS

During this study, we have chosen to perform the NIRS measurements with a
continuous wave (CW) near-infrared spectrometer (NIRS) with a sampling rate
of 10 Hz (Portamon, Artinis Medical Systems BV). The CW technique is based
on constant illumination of the tissue and measures the attenuation of light
through the tissues. The Portamon is a portable NIRS system that uses light
emitting diodes (LEDs) that generates light at two different wavelengths (850
and 760 nm (see figure 3.1)), which is transported to the tissue by means of
an optical fiber, the so called optode. The PortaMon consists of three pairs of
LEDs (transmitters Tx) which are mounted in a spatially resolved configuration,
such that the three light sources and one receiver (Rx) provide three source-
detector separation distances (30, 35, 40 mm). The light sources are pulsed,
such that they transmit pulses of multiple wavelengths of light into the tissue.
The receiver is a high sensitive photodiode with ambient light protection. Figure
3.2 schematically presents the PortaMon.

Figure 3.2: Illustration of the experimental setup with the transmitters (Tx)
of the spectrophotometer emitting light at two different wavelengths (760 and
850 nm). L is the direct pathlength of the photon from the emitting to the re-
ceiving optode, i.e. the inter-optode distance [cm]. The light which is detected
by the receiver (Rx) is thought to describe a banana-shaped wave front trav-
eling through the tissue. The penetration depth of the light into the tissue is
approximately equal to half the distance between light transmitter and receiver
[3].

The measured light attenuation at the receiving optode cannot be quantified in
CW NIRS, as it contains an unknown light loss due to tissue scattering. This
loss is assumed constant. However, Portamon converts the measured changes
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in attenuation at discrete wavelengths into concentration changes of HbO2 and
HHb using the modified Lambert-Beer law, where the spectral extinction coef-
ficients of the chromophores are included into a two wavelength algorithm:[

∆(HHb + Mb)
∆(HbO2 + MbO2)

]
=

1

DPF.L

[
εi,j
]−1 [∆A(λ1)

∆A(λ2)

]
(3.4)

where i is the corresponding change in concentration of HbO2+ MbO2 or HHb+
Mb, j is the corresponding 850 or 760 nm, DPF = 4.0 the dimensionless path-
length correction factor in skeletal muscle tissue, L the direct pathlength of the
photon from the emitting to the receiving optode, i.e. the inter-optode distance
[cm], εi,j a matrix of different extinction coefficients for different i and j, and
∆A(λ) is the light attenuation of the medium [3].

In the Portamon, the technique of CW NIRS is combined with another new
technique called Spatially Resolved Spectroscopy. This technique can quantify
an absolute parameter for the tissue oxygenation and is described in the next
section.

3.4 Spatially Resolved Spectroscopy (SRS)

The continuous wave (CW) NIRS technique measures the relative concentration
change in deoxy- and oxygenated hemoglobin using the modified Lambert-Beer
law as we have presented in the previous section. It does not provide an abso-
lute signal for the oxygenation. An absolute signal for the oxygenation can be
determined with a new technique called Spatially Resolved Spectroscopy (SRS).
SRS is based on measuring with two or more transmitter channels (Tx) which
measure at various source detector distances (multi distance approach). The
principle of the SRS technique can be determined via a diffusion approxima-
tion, which describes the propagation of light in a multiple scattering medium,
such as biological tissue.

Assume the pulsed light beam incidents normally on the surface of a semi-infinite
homogeneous tissue slab. The propagation of light in this slab is described by
the photon (quanta of light) diffusion equation. For a semi-infinite half-space ge-
ometry, the solution of this photon diffusion equation for an impulse (δ-function)
input is expressed as (see Appendix A):

R(ρ, t) = (4πDv)−3/2.
1

µst
.t−5/2. exp(−µa.v.t). exp

(
−ρ

2 + µ−2st

4Dvt

)
, (3.5)

where R(ρ, t) is the intensity of the reflected light at a distance ρ, t the time
from the impulse input [sec], µa and µst the absorption and transport scattering
coefficients [cm−1], D the diffusion coefficient (D = 1/3(µa + µst) [cm2sec−1]),
and v the velocity of light in a medium [cm sec−1] In the case of a continuous
wave (CW) system, the light intensity I(ρ) is expressed as the integral of R(ρ, t)
over time. The light attenuation is given by the negative logarithm of the
reflectance and therefore A(ρ) is expressed as:

A(ρ) = − log

∫ ∞
0

R(ρ, t)dt (3.6)
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Differentiating A(ρ) to the optode spacing ρ and assuming that µa + µst ≈ µst,
we obtain the following relation:

∂A

∂ρ
=

1

ln 10
.

(√
3.µst.µa +

2

ρ

)
, (3.7)

which is generally true for soft tissues and light in the 650-1300 nm range [50].

In SRS, ∂A/∂ρ is measured at several wavelengths, such that µa.µst can be
calculated by rewriting equation 3.7. If the wavelength dependence of µst in the
tissues is known, one can calculate the wavelength dependence of µa by con-
sidering the change in light intensity as a function of the spacing. Using this,
the relative concentrations of [HbO2] and [HHb] can be calculated. Straight-
forwardly, one can now determine the ratio of [HbO2] to total hemoglobin [tHb
= HbO2 + HHB] which is the so called Tissue Saturation Index (TSI) [2, 59].
Figure 3.3 shows a schematic view of the principle of SRS.

Figure 3.3: Schematic view of the determination of the Tissue Saturation In-
dex (TSI) using Spatially Resolved Spectroscopy (SRS). The slope of the light
attenuation (A) versus the distance between the receiver (Rx) and transmit-
ters (Tx) (ρ), ∂A/∂ρ, is measured at two different wavelengths, λ1 and λ2.
By measuring at two different wavelengths, the absorption coefficient µa can
be determined. Using this, the relative concentrations of [HbO2] and [HHb]
can be calculated. From this the absolute signal, the Tissue Saturation Index
(TSI = [HbO2]/[HbO2 + HHb]) signal can be determined [3, 59].

3.5 Tissue Saturation Index (TSI)

The Tissue Saturation Index (TSI) is the absolute signal quantified by using
Spatially Resolved Spectroscopy (SRS) and represents the ratio of oxygenated
hemoglobin ([HbO2]) to total hemoglobin ([tHb]) in the microcirculation of a
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volume of illuminated tissue:

TSI =
[HbO2]

[HbO2 + HHb]
× 100. (3.8)

The TSI signal reflects the dynamic balance between oxygen supply and oxygen
utilization in the volume of interest, which in our case is the skeletal muscle tis-
sue. The advantages of this technique are that the signal is independent of the
near-infrared light pathlength in skeletal muscle tissue and the independence
of the signal for blood volume changes. These advantages are useful in mea-
surements performed during exercise as we will perform during this study. An
example of the changes in the TSI signal and hemoglobin concentrations in the
skeletal muscle tissue during a constant load cycling test are shown in figure
3.4.

Figure 3.4: Dynamics of the Tissue Saturation Index (TSI) and the changes in
the concentration of the hemoglobin signals ([tHb] (blue), [HbO2] (red), [HHb]
(black)) during a constant load exercise test. The TSI signal is quantified with
a new technique called Spatially Resolved Spectroscopy (SRS). The first dotted
vertical line indicates the start of exercise and the second dotted vertical line
indicates the end of exercise.

In order to determine the actual change in local tissue oxygenation we consid-
ered the TSI signal. This signal shows in every subject the same global pattern
during a constant load exercise test: before exercise oxygen delivery and oxygen
utilization are in equilibrium such that the TSI signal remain constant. After
the start of exercise oxygen demand increases in comparison to the oxygen sup-
ply. Therefore, the TSI signal decreases until the oxygen demand and supply
are at a lower oxygenation level in equilibrium again. After the exercise, the
TSI signal will increase again, as a result of an abundance of oxygen supply.
The change in the TSI signal depends on the balance between oxygen delivery
and utilization.
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The near-infrared SRS technique relies on the fact that the light intensity is
measured at several distances from the source detector. Therefore, this nonin-
vasive technique allows the measurement of the slope of light attenuation ∂A/∂ρ
as function of the distance (ρ), measuring the absolute signal TSI in addition
to the changes in concentration of the different forms of hemoglobin which are
measured using the modified Lambert-Beer law. It should be noted that the
signal to noise ratio of the TSI signal is high [26] and that it is expected that
blood volume changes are canceled out. Therefore, we focus on the TSI signal,
which reflects an absolute value of the balance between oxygen delivery and
utilization in the illuminated tissue, which in our case is the skeletal muscle
tissue. In the next chapter, we will proceed with addressing the reproducibility
of various TSI parameters during constant load exercise tests in chronic heart
failure (CHF) patients.
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Chapter 4

Reproducibility of the
skeletal muscle tissue
saturation index in patients
with chronic heart failure

As mentioned in the introduction, patients with chronic heart failure (CHF)
suffer from a decreased cardiac output in combination with impaired skeletal
muscle function. It can be hypothesized that skeletal muscle alterations can
ultimately have a predominant role in the pathophysiology of exercise intoler-
ance in CHF [47]. However, research indicates that not all CHF patients are
impaired in a similar manner, which might explain the large number of non-
responders to various types of treatment [1, 36]. Ideally, to disclose the nature
of the impairment, a reliable and preferably non-invasive test should be avail-
able to guide the clinician dealing with CHF treatment and reduce the large
number of non-responders.

Near-InfraRed Spectroscopy (NIRS) is a promising non-invasive tool that has
the ability to discern between impairments of oxygen (O2) delivery and O2 uti-
lization at the skeletal muscle level. NIRS provides a continuous assessment of
changes in tissue oxygenation and is based on the principle that HbO2 and HHb
(oxygenated and deoxygenated hemoglobin respectively) have different absorp-
tion characteristics for near-infrared light [61]. New NIRS devices are extended
with another technique which measures an absolute signal of the tissue oxygena-
tion, the Tissue Saturation Index (TSI) [26].

The daily life of CHF patients is characterized mainly by submaximal activ-
ities. Therefore, submaximal exercise testing in combination with NIRS mea-
surements, may provide objective information on the ability of CHF patients to
perform daily activities. From the NIRS data, it is possible to obtain various
parameters, which can be useful for clinical purposes in patients with CHF.
The rate of adaptation of oxygenation to a certain level of exercise reflects the
relative contribution of impaired oxygen delivery to exercise intolerance. A pre-
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vious study [57], revealed that the rate of decline of muscle tissue oxygenation
(onset kinetics) during high intensity exercise is more rapid in CHF patients
than in healthy controls, suggesting that this variable may be useful for clinical
purposes in this population.

Previous studies [13, 57] show that the microvascular deoxygenation transiently
overshoots the steady-state level during exercise in most patients with CHF.
This overshoot in deoxygenation has also been reported in other studies dur-
ing exercise in patients with type II diabetes [6], peripheral arterial disease [5]
and chronic obstructive pulmonary disease [17], while this phenomenon could
be observed only in a minority of healthy controls. It is hypothesized that this
overshoot in muscle deoxygenation reflects a mismatch between oxygen delivery
and utilization during the initial part of exercise. For this reason this overshoot
has the potential to grade impairments of oxygen delivery in CHF patients.

For these kind of clinical applications, it is necessary to know the reproducibility
of these NIRS parameters and other NIRS parameters in patients with CHF. To
our knowledge the reproducibility of NIRS parameters during exercise in CHF
patients is not reported before.

The aim of this chapter is to evaluate the reproducibility of the various NIRS
parameters during rest, onset and recovery from submaximal exercise in mod-
erately impaired CHF patients. We will explore novel analyzing techniques in
order to determine already described NIRS parameters in previous studies in a
more reliable way [13, 20]. In our study we will focus on the evaluation of the
Tissue Saturation Index (TSI).

4.1 Material and methods

4.1.1 Subjects

Thirty one subjects (25 men, 6 women) with stable systolic CHF (New York
Heart Association (NYHA) class I, II or III (without change in class or medi-
cation ≤ 3 months prior to inclusion) and echocardiographical ejection fraction
≤ 40 %) were selected at the department of Cardiology or Sports Medicine at
Máxima Medical Center (Veldhoven, The Netherlands). Subject characteristics
are listed in table 4.1. Exclusion criteria for CHF patients were recent myocar-
dial infarction (≤ three months prior), angina pectoris at rest, clinical signs
of decompensated heart failure, pulmonary, neurological or orthopaedic disease
limiting the ability to exercise and clinical signs of peripheral vascular disease.
The research protocol was approved by the local Research Ethics Committee
of the Máxima Medical Center, and all included patients provided written in-
formed consent.

4.1.2 Equipment and exercise protocol

The thirty one subjects performed a symptom limited maximal exercise test
with respiratory gas analysis followed by two constant load tests on another day
(measurement 1.1 and 1.2). These tests were repeated at the same time on an-
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Table 4.1: Characteristics of chronic heart failure (CHF) patients (n=31)

Characteristics Value

Male/female (n) 25/6
Age (yr) 64 ± 9
Height (cm) 175 ± 10
Weight (kg) 85 ± 16
Skinfold thickness (mm) 9 ± 7
BMI (kg/m2) 27 ± 5
NYHA functional class (n):

I 1
II 20
III 9

Etiology (ICM/DCM) (n) 18/11
Duration of HF (months) 80 ± 88
Drug therapy (n):

Diuretic 20
ACE-inhibitor 18
Bèta blocker 28
ARB 6
Digoxin 1
Anticoagulant 24
Calcium antagonist 2
Statin 18
Nitrate 7
Antiarythmicum 3

Note: Data are presented as mean ± SD for continuous variables and as numbers for

dichotomous variables. CHF = Chronic Heart Failure Patients; BMI = Body Mass Index;

LVEF = Left Ventricular Ejection Fraction; ICM = Ischemic Cardiomyopathy; DCM =

Dilated Cardiomyopathy; NYHA = New York Heart Association; HF = heart failure; ACE

= Angiotensin Converting Enzym; ARB = Angiotensin II Receptor Blocker.

other day within two weeks (measurement 2.1 and 2.2). Figure 4.1 shows a flow
chart of the different exercise tests performed by the thirty one included CHF
patients. Before the tests, body composition was performed by skinfold mea-
surements with a skinfold calliper using linear regression equations of Durnin
and Womersley [25]. In addition, the skinfold thickness at the site of the NIRS
measurement was recorded because of potential influence of the cutaneous and
subcutaneous layers on the signal amplitude.

The symptom limited maximal exercise test was performed in an upright seated
position on a electromagnetically braked cycle ergometer (Corival, Lode, Gronin-
gen, The Netherlands), using an individualized ramp protocol aiming at a total
test duration of eight till twelve minutes [46]. During the test, a twelve lead
electrocardiogram (ECG) was registered continuously and blood pressure was
measured every 2 minutes (Korotkoff sounds). Patients were instructed to main-
tain a pedaling frequency of 70 per minute. The test ended when the patient was
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unable to maintain the required pedaling frequency. During the exercise test,
respiratory gas exchange analysis was measured breath by breath (Zan 680 USB,
ZAN Messgeräte, Oberthulba, Germany). Volume and gas analyzers were cali-
brated before each test. The peak workload was defined as the final registered
workload after exercise. Peak oxygen uptake (VO2,peak) and peak respiratory
exchange ratio (RER) were defined as the final 30-second averaged value of the
test, where RER reflects the gas exchange at cellular level (RER = VCO2/VO2).
The anaerobic threshold (AT) was determined by the V-slope method by two
blinded experienced physicians, using the mean value as described in [7]. When
a difference of more than 10 % between the assessed values occurred, or if one
physician could not identify a threshold, a third physician gave a final judgment.

Constant load exercise test
The submaximal constant load exercise tests were performed on a cycle ergome-
ter in combination with NIRS measurements. These tests started with a two
minute resting period, followed by six minutes cycling at 80 percent of the work-
load corresponding with the anaerobic threshold. After this, there was a five
minute recovery phase. During this phase, there was no movement of the legs
in order to study the recovery kinetics. During the submaximal tests all pa-
tients were instructed to maintain a pedaling frequency of 70 per minute. After
storage of the data of the first test (measurement 1.1), a second (measurement
1.2) and identical exercise protocol was started. These tests were repeated at
the same time on another day within two weeks (measurement 2.1 and 2.2).
All subjects took their medication at the usual time and were instructed not to
perform any extra physical activity on testing days.
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Figure 4.1: Flow chart of the different exercise tests performed by the thirty
one included chronic heart failure (CHF) patients. These patients performed a
symptom limited maximal exercise test with respiratory gas analysis followed by
two submaximal exercise tests on another day (measurement 1.1 and 1.2) with
Near-Infrared Spectroscopy (NIRS) measurements. These tests were repeated
at the same time on another day within two weeks (measurement 2.1 and 2.2).

Near-InfraRed Spectroscopy (NIRS)
The theory of Near-InfraRed Spectroscopy (NIRS) has been described in de-
tail in the previous chapter. Briefly, the emitted light from the NIRS device
penetrates through the skin, subcutaneous fat layer and muscle, and is ei-
ther scattered or absorbed within the tissue. The absorption changes at dis-
crete wavelengths (760 and 850 nm) are converted in changes in concentration
of oxygenated hemoglobin and myglobin ([HbO2 + MbO2]) and deoxygenated
hemoglobin and myglobin ([HHb+Mb]) with use of the modified Lamber-Beer
law in which a pathlength factor was incorporated to correct for scattering of
photons in the tissue. For convenience, both hemoglobin and myoglobin will be
referred to as hemoglobin since their absorption spectra cannot be distinguished.
It is possible to distinguish between the oxygenated and deoxygenated form of
hemoglobin, because both forms have a different absorption spectrum. The sum
of both signals reflects the total amount of hemoglobin ([tHb]=[HHb]+[HbO2]).

Next to the measurements of the changes in concentration of oxygenated and
deoxygenated hemoglobin, an absolute signal was measured using a technique
called Spatially Resolved Spectroscopy (SRS), which is described in the previous
chapter. The SRS technique provides an absolute measure for the tissue oxygen
saturation, the Tissue Saturation Index (TSI = [HbO2]/[tHb]), which reflects
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the dynamic balance between oxygen delivery and utilization in the investigated
muscle tissue [2, 3, 61].

The tissue oxygenation of the skeletal muscle was determined during constant
load tests, by a continuous wave (CW) NIRS device (Portamon, Artinis Medi-
cal Systems BV) capable of SRS. The NIRS instrument was placed on the skin
of the right leg of the subject with Velcro straps, approximately 20 cm from
the lateral patellar edge over the vastus lateralis (muscle on the outside of the
thigh). The device was occluded from ambient light by cloth. Data were sam-
pled at 10 Hz and stored for off-line analysis. Figure 4.2 shows an example of
the complete experimental setup in use.

Figure 4.2: The complete experimental setup, where a subject performed an
exercise test on a cycle ergometer. During the test a twelve lead electrocardia-
gram (ECG) was registered and the tissue oxygenation of the skeletal muscle
was measured using Near-InfraRed Spectroscopy (NIRS) which was placed on
the skin of the right leg of the subject. During the exercise test, respiratory gas
exchange analysis was measured breath by breath.

4.2 Data analysis

We observed different patterns during exercise and recovery of the Tissue Sat-
uration Index (TSI) signal in different CHF patients. First, we tried to classify
the TSI signal of the CHF patients into these different observed patterns in or-
der to address the reproducibility of different NIRS parameters during exercise.
The idea was, that this classification could help us finding reliable analyzing
techniques for determining various NIRS exercise parameters. These various
NIRS exercise parameters and the analyzing techniques for determining these
parameters are described after we shortly discuss the classification of the differ-
ent observed patterns.
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4.2.1 Classification

We observed four distinct patterns in the onset of the TSI signal. Figure 4.3
shows the schematic representations of these different observed patterns in the
TSI onset signal. From figure 4.3 we see that the TSI onset signal has three
distinct patterns with a so called undershoot and one pattern without an under-
shoot. In the recovery of the TSI signal we can observe three different patterns.
Figure 4.4 shows these patterns schematically.

Figure 4.3: Schematic representation of the different observed patterns in the
onset of the Tissue Saturation Index (TSI) signal. Figures a) till c) show the
observed patterns with a so called undershoot. Figure d) shows the schematic
representation of a pattern without an undershoot.

Figure 4.4: Schematic representations of the different observed patterns in the
recovery of the Tissue Saturation Index (TSI) signal. Figure a) shows a pattern
that reaches a steady state value and figure c) shows a schematic representation
of a pattern that does not reach a steady state value.

Five independent observers classified the complete measured TSI signal in the
various observed patterns for both the TSI onset and recovery signal. This
classification was performed to help us interpreting the TSI signal onset and
recovery of the various patients, which may support new analyzing techniques
for determining NIRS parameters.
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The variety in observed patterns in onset and recovery of the TSI signal were
to our knowledge not described in previous studies. Therefore, the methods for
determining various NIRS parameters, described in previous studies [13, 20],
may not apply to this study. We will describe these methods and the novel
analyzing techniques for determining these various NIRS parameters next.

4.2.2 Near-InfraRed Spectrocospy (NIRS) parameters

Several studies demonstrated that exercise-induced changes in total blood vol-
ume under the NIRS probe not only significantly influence the kinetics of oxy-
genated hemoglobin (HbO2), but also that of deoxygenated hemoglobin (HHb)
[13, 26]. It was expected that changes in the blood volume are canceled when
the Tissue Saturation Index (TSI) signal was used as derived in Chapter 3. This
because the concentration of HbO2 is divided by that of the total hemoglobin
(tHb) and hence represents a ratio. Therefore, during this study we focused
on the TSI data to evaluate the onset and recovery kinetics of the muscle oxy-
genation. Figure 4.5 shows the changes in the TSI signal (A)) and hemoglobin
signals (B)) during a constant load exercise test in a representative subject.

Figure 4.5: A) Dynamics of the Tissue Saturation Index (TSI) signal during
a constant load exercise test, from which various parameters are determined
during rest, exercise and recovery from exercise. The various parameters are:
TSIbl which is the baseline value of the TSI signal, ∆TSIonset the total amplitude
of the TSI signal, TSImin the first minimum value of the TSI onset signal, AUC
the area under the curve, τonset the time constant of the onset kinetics and
τrec the time constant of the recovery kinetics. The first dotted vertical line
indicates the start of exercise and the second dotted vertical line indicates the
end of exercise. B) Dynamics of the hemoglobin signals ([tHb] blue, [HbO2] red
and [HHb] blue) during a constant load exercise test. The first dotted vertical
line indicates the start of exercise and the second dotted vertical line indicates
the end of exercise.

During the first two minutes of rest, the TSI signal was stable (rest). After the
start of exercise (onset), the TSI signal declined to a minimum value (TSImin).
During exercise the TSI signal changed, until it reached a steady state value at
the end of the exercise. After the exercise the signal increased again (recovery).
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In the proceeding of this section, we will analyze the dynamics of these three
phases, which are shown in figure 4.5A.

Rest

First, the TSI signal was resampled from 10 Hz into 1 Hz (1 sec intervals) to
remove high frequency noise. After this, the rest value of the TSI signal was
calculated as the average of the last twenty seconds of the rest phase. The TSI
signal was stable during these last twenty seconds. We call this rest value the
baseline value of the TSI signal, TSIbl.

Exercise

Onset: Study [13] demonstrated that the TSI onset kinetics during submaxi-
mal exercise are exponential in nature. Therefore, the TSI signal for the onset
was fitted with an exponential function using a nonlinear least squares regres-
sion:

TSI = TSIbl −A(1− exp(−(t− Td,onset)/τonset)), (4.1)

where TSIbl indicates the baseline value before exercise onset of the TSI signal,
A the amplitude of the TSI onset signal, τonset the time constant in seconds
and Td,onset the time delay in seconds. The total amplitude of the TSI onset
signal is indicated by ∆TSIonset, and it represents the amplitude between the
maximum value of the TSI onset signal after rest until the first minimum of the
TSI onset signal (TSImin). This first minimum value of the TSI onset signal was
reached after approximately thirty until forty seconds. The mean response time
(MRT) for the TSI onset signal, which approximates the time to reach 63% of
the response, was calculated as MRTonset = τonset + Td,onset.

Starting point fit:

The starting point of the fit of the TSI onset signal was determined as the
point where the TSI signal falls to 1 standard deviation below the value of the
baseline (TSIbl) as described in previous studies [13, 20]. Unfortunately, this
way of determining the starting point did not always produces reliable results.
One of the main issues was that the size of the amplitude of the TSI onset
signal. The amplitudes of the TSI onset signal of some patients were too small
(∆TSIonset < 2 %) compared to the amplitudes of the TSI onset signal of other
patients. For these patients were insufficient data points for the TSI onset signal
to determine a reliable mono-exponential fit. Therefore, several other analyzing
techniques were examined to determine the starting point of the fit. The best
analyzing technique to define the starting point of the fit is as follows.

As we can see from equation 5.3, the onset kinetics is described by a mono-
exponential function. By sliding a mono-exponentially shaped kernel over the
original TSI signal, we could determine the correlation between this mono-
exponentially shaped kernel and the TSI signal [38]. The time constant of
the mono-exponentially shaped kernel was iterated until maximal correlation is
obtained. Maximal correlation between the kernel and the data was obtained
when the kernel and the data best coincide. The time corresponding to maxi-
mum correlation provided the starting point for the fitting procedure (see figure

38



4.8). Figure 4.6 shows an example of the dynamics of the TSI signal during rest
and exercise together with the mono-exponential fit for the onset.

Figure 4.6: Dynamics of the Tissue Saturation Index (TSI) signal during rest
and exercise (black). The mono-exponential fit of the onset of the TSI signal is
shown in red. The corresponding time constant τonset, the mean response time
MRTonset and the coefficient of determination R2 of this mono-exponential fit
are given. The dotted vertical line indicates the start of exercise.

Area of the undershoot (AUC): Based on previous studies ([13, 57], we
systematically sought for the presence of an undershoot in the TSI signal after
the initial decline of the TSI signal after the onset of exercise. The area of this
undershoot (AUC) was determined using the following method as described in
the study of Bowen et al. [13]:

The steady state TSI (TSIss) was measured from the average of the final two
minutes of exercise. The difference between TSImin and TSIss was defined as
an undershoot. The area bounded by the undershoot (AUC) was measured
by integration [13]. This method was expected to be not the optimal way for
calculating the AUC of the TSI signal, because of the wide variety of observed
patterns in the TSI onset signal as explained in the previous section (see figure
4.3). Therefore, we defined a new method for determining the parameter AUC:

The dynamic matching between oxygen delivery and utilization during exercise
is impaired for patients showing an undershoot in the first minutes of exercise.
Figure 4.3c shows that the TSI signal does not reach a steady state value after
a couple of minutes of exercise, which makes it difficult to determine a reliable
steady state (TSIss) value. After three minutes of exercise, the pulmonary oxy-
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gen uptake kinetics (VO2 kinetics) increases to a steady state value (as described
in chapter 2, see figure 2.2). Therefore, we based our definition for determining
the area of the undershoot (AUC) on the first three minutes of exercise.

After inspection of the TSI signal for the initial three minutes of exercise, we
saw that the TSI signal of some subjects show a small bump with a duration of
less than twenty seconds. We assumed that this small bump did not physiolog-
ically describe the dynamic matching between oxygen delivery and utilization
during exercise which was defined as an undershoot. Therefore, for determining
the AUC, this small bump was not included in the definition of an undershoot.

In order to determine the AUC, which describes the dynamic matching between
oxygen delivery and utilization during exercise, we identified the first maximal
value of the TSI signal after the onset of exercise. This maximum value was
the end point of the undershoot. The undershoot, which was enclosed by this
maximum value, should have a duration of more than twenty seconds. When
the duration was less than twenty seconds, another maximum value (the second
maximum value in the TSI signal after the onset of exercise) was defined as the
end point of the undershoot. A ten second average of this maximum value of
TSI was calculated. The area bounded by the undershoot was measured by cal-
culating the integral of the area of the TSI signal below this average maximum
value. Figure 4.7 shows two examples of the determination of the parameter
AUC.

Figure 4.7: Two examples of the dynamics of the Tissue Saturation Index (TSI)
signal during a constant load exercise test for the first three minutes of exercise.
The first dotted vertical line indicates the start of exercise. The area under the
curve (AUC) is the area below the red dashed horizontal line. A) represents an
example of the determination of the AUC, where the AUC has a duration of less
than twenty seconds for the first maximum value after exercise onset. Another
maximum value (the second maximum value after the onset of exercise) was
defined as the end point for the determination of the AUC. B) represents an
example of the determination of the AUC, where the AUC has a duration of
more than twenty seconds for the first maximum value after exercise onset.

Next to the quantitative calculation of the AUC, a qualitative analysis of the
presence of an undershoot was performed. Two different observers determined
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whether or not an undershoot was present (according to the definition described
before) in the TSI signal of the CHF patients. The qualitative reproducibility for
the AUC between two different measurements on different days (measurement
1.1 and 2.1) was determined by the evaluation of the TSI signal by one observer.

Recovery

The recovery of the TSI signal was fitted using equation 5.3, but replacing the
subtraction (exponential fall) with an addition (exponential rise):

TSI = TSIbl,rec + B(1− exp(−(t− Td,rec)/τrec)), (4.2)

where the last twenty seconds of exercise were used to establish TSIbl,rec, τrec
is the time constant for recovery in seconds, and Td,rec the time delay for re-
covery in seconds. The amplitude of the recovery signal is indicated by B.
The mean response time (MRT) for the TSI recovery signal, was calculated as
MRTrec = τrec + Td,rec.

The starting point of the fit of the TSI recovery signal was determined as the
point where the TSI signal increases to one standard deviation above the value of
the baseline of the recovery. Unfortunately, this way of determining the starting
point gave no satisfying results. The main reason for this was that the complete
recovery signal shows a sigmoid shape instead of a mono-exponential shape (see
figure 4.8). By determining the point where the recovery signal shows mono-
exponential behavior, we will find the starting point of the fitting procedure.
Therefore, we determined the starting point of the TSI recovery signal by using
the same analyzing technique as for determining the starting point of the TSI
onset signal as described before. So, the starting point for the recovery signal is
the time point of maximal negative correlation between the mono-exponentially
shaped kernel and the original TSI recovery signal. Figure 4.8 shows the dy-
namics of the TSI signal during a constant load exercise test together with its
mono-exponential shaped kernel.
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Figure 4.8: Dynamics of the Tissue Saturation index (TSI) signal during a
constant load exercise test. The first dotted vertical line indicates the start
of exercise and the second dotted vertical line indicates the end of exercise.
By sliding a mono-exponentially shaped kernel over the original TSI signal, we
can determine the correlation between this mono-exponentially shaped kernel
and the TSI signal. The correlation between the TSI signal and its mono-
exponential shaped kernel is shown, from which the starting point of the fit can
be determined. The maximal negative correlation indicates the starting point
of the fit for the TSI recovery signal.

End point fit:
First the fit was made over 120 seconds after the starting point of the recovery
signal. The end point and the corresponding time interval of the fit can be
determined by using the time constant of the fit made over 120 seconds. It was
assumed that the recovery signal reaches a steady state after five time constants.
Therefore, this time interval was defined as the period from the starting point to
five times the time constant (τ ≈ 25 seconds). Figure 4.4 shows three different
patterns in the recovery signal. This makes it difficult to determine the actual
end point of the fit as described before. This because the recovery signal does
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not reach a steady state in all subjects (see figure 4.4 c). Therefore, we defined
a new method to determine the end point of the fit.

To determine the end point of the fitting procedure, we looked at the first initial
increase in the TSI recovery signal. This initial increase describes the recovery
of the tissue oxygenation after exercise. We fitted a linear fit (y1) through the
first ten seconds of the recovery data after the defined starting point, because
the first seconds of the recovery signal of the tissue oxygenation after the de-
termined starting point increase almost linearly. By comparing the linear fit
with a polynomial fit of fourth degree (y2) that describes the complete recovery
signal, we determined the end point of the fitting procedure (see figure 4.9).
This polynomial fit was made over 120 seconds (five times the time constant of
approximately 25 seconds) after the starting point of the recovery signal. The
end point of the fitting procedure was the time point where the polynomial fit
started to deviate more than five percent from the linear fit:

y2 − y1
y1

> 5% (4.3)

This five percent was determined by visual inspection of the TSI recovery signal
and his mono-exponential fit and the coefficient of determination R2 (described
in the next section) for different representative CHF patients of each observed
recovery pattern (see figure 4.4).

Figure 4.9: Tissue Saturation Index (TSI) recovery signal with its polynomial
(red, y2) and linear (blue, y1) fit. The coefficient of determination R2 for the
polynomial and linear fit are given. The end point of the fitting procedure is
the time point where the polynomial fit starts to deviate more than five percent

from the linear fit:
y2 − y1
y1

> 5%
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Figure 4.4 shows that the recovery signal does not reach a steady state value in
all subjects, because the signal increases slowly (slow rise). Therefore, the am-
plitude and the area of the overshoot of the recovery signal were not determined
during this study.

4.2.3 Statistical analysis

Next, we will describe the evaluation of the reproducibility of the various NIRS
parameters which were determined from the TSI signal. First, the reproducibil-
ity of the NIRS parameters determined from the TSI signal of measurement
1.1 and 2.1 were compared. Hereafter, we determined the reproducibility of
the NIRS parameters determined from the TSI signal by comparing the mean
value of the two measurements of day one (mean value of measurement 1.1 and
1.2) with the mean value of the two measurements on day two (mean value of
measurement 2.1 and 2.2).

Results will be presented as mean value ± standard deviation (SD) and were
analyzed with a statistical software program SPSS 22.0. The so called ’good-
ness of fit’ for mono-exponential modeling was evaluated by the coefficient of
determination (R2):

R2 = 1− SSres

SStot
, (4.4)

where SSres is the sum of the squares of residuals, and SStot the total sum of
squares. It indicates how well data points fit with the model.

Agreement between the parameters was assessed by limits of agreement (LA)
[10] and the coefficients of variation (CV). CV is expressed as the standard
deviation (SD) of the difference between the two measurements (or two days),
divided by the mean of these two measurements (or two days) and therefore CV
is a ratio.

For the NIRS parameters TSIbl, AUC, MRTonset and MRTrec we made, so
called, Bland Altman plots. These plots were used to evaluate the agreement
between two different measurements and it quantifies the difference between
the measurements compared to their average. It reveals the existence of any
systematic difference between the measurements and it is used to identify pos-
sible outliers. The Bland Altman plot allows the clinician to determine a bias
(average of the differences), the precision (1 SD) that describes the range for 68
percent of comparison points) and the limits of agreement (mean difference ±
1.96 · SD) which describes the 95 % confidence intervals. These intervals reflect
a range of values for the parameter constructed such that 95 % of the values for
the parameter lies within ± 1.96 · SD of the mean difference [10].

In order to assess differences between the NIRS parameters of two different
measurements, the paired t test was used when the parameters were normally
distributed. When they were not normally distributed, we used a Wilcoxon
signed rank test. Normality of the various NIRS parameters was determined by
the symmetry (skewness) and the peakedness (kurtosis) of the probability curve
on one hand and by a statistical test (Shapiro Wilks test) that tests the null
hypothesis on the other hand. The latter hypothesizes that the parameter was
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normally distributed.
The paired t test and the Wilcoxon signed rank test assessed the differences be-
tween the NIRS parameters of two measurements. Both tests, evaluated a null
hypothesis and assumed that there is no difference between the two different
measurements by comparing the values of the means (paired t test) or medians
(Wilcoxon signed rank test) from two different measurements. The answers of
these tests come in the form of probability values (p-values). A p-value smaller
than 0.05 was considered statistically significant for all tests [49].

Next to the quantitative calculation of the NIRS parameter the area under
the curve (AUC), a qualitative analysis of the presence of an undershoot was
performed. Two different observers determined whether or not an undershoot
was present in the TSI signal. The quantitative reproducibility for the AUC be-
tween two different measurements on different days (measurement 1.1 and 2.1)
was determined by the evaluation of the TSI signal by one observer. To examine
the agreement between two different observers (inter-observer variability) and
the agreement between two different measurements (intra-observer variability),
Cohen’s kappa statistics was used. Here a variable κ is calculated which repre-
sents the difference between how much agreement is actually present (observed
agreement) compared to how much agreement would be expected to be present
by chance alone (expected agreement):

κ =
Observed agreement - expected agreement

1-expected agreement
. (4.5)

A kappa value of 1.00 means perfect agreement and that of 0.00 agreement equal
to that of chance alone [62].

4.3 Results

All subjects (n = 31) completed the exercise tests on two different days. The
Tissue Saturation Index (TSI) measurements could not be analyzed in two of
these subjects, because the TSI signal did not show the typical TSI kinetics
as described in section 4.2.2 (e.g. rising instead of declining of the TSI signal
during the kinetic phase of exercise onset). The skinfold thickness of both these
patients (35 mm and 18 mm) was found to be thicker compared to that of the
other subjects (see table 4.1), which undoubtedly has an influence on the sig-
nal. The Near-InfraRed Spectroscopy (NIRS) device was not working correctly
during the exercise tests of these patients (transmitter Tx 3 did not detect the
signal), because of the skinfold thickness.
The recovery kinetics of four other subjects could not be determined, because
the recovery TSI signal of these subjects could not be described by a mono-
exponential function. Therefore, the time constant of the mono-exponential fit
with the TSI data was not reliable. The group measured average peak oxygen
uptake (n = 31) was found to be 20 ± 6 ml.kg−1.min−1 (mean ± SD) and the
maximum workload 122 ± 45 Watt (mean ± SD).

First, the reproducibility of the exercise parameter MRTonset determined from
the deoxygenated hemogobin ([HHb]) signal was compared with the MRTonset

determined from the TSI signal in order to compare the reproducibility of the
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[HHb] and TSI signal. We determined the MRTonset by using the method de-
scribed in the study of Lorey et al. [20], which we called method 1. After
comparing the reproducibility for the MRTonset for the HHb and TSI signal, we
compared the method described in the study of Lorey et al. [20] with our novel
analyzing technique (method 2) presented in section 4.2.2 for determining the
parameter MRTonset. The results of this comparison are shown in Appendix B.

We have found that the MRTonset for the TSI signal has a better reproducibil-
ity compared to the MRTonset obtained from the [HHB] signal. Therefore, we
focus our analyses on the TSI signal instead of the [HHb] signal. Next, we will
show the results of the reproducibility of the various NIRS parameters, which
are introduced in the previous section, obtained from the TSI signal during the
three phases rest, exercise and recovery from exercise.

4.3.1 Classification

As we explained in the previous section, we observed four different patterns in
the onset of the TSI signal(figure 4.3); one pattern without an undershoot and
three patterns with undershoots. In figure 4.10 we show these different patterns
in four representative chronic heart failure (CHF) patients.

Figure 4.10: Four different patterns as observed in the dynamics of Tissue Sat-
uration Index (TSI) during a constant load exercise test in four chronic heart
failure (CHF) patients. The first dashed vertical line indicates onset of exercise
and the second vertical line the end of exercise. a), b), c) and d) correspond to
the schematic representations of the patterns in figure 4.3.

46



We observed three different patterns in the recovery of the TSI signal (figure
4.4). In figure 4.11 we show these different patterns in three representative CHF
patients.

Figure 4.11: Three different patterns as observed in the dynamics of Tissue
Saturation Index (TSI) during a constant load exercise test in three chronic
heart failure (CHF) patients. The first dashed vertical line indicates onset of
exercise and the second vertical line the end of exercise. a), b) and c) correspond
to the schematic representations of the patterns in figure 4.4.

Five independent observers classified the measured TSI onset and recovery sig-
nal in the observed patterns as described in section 4.2.1 for seventeen chronic
heart failure (CHF) patients. The results of this classification are presented in
Appendix C.

4.3.2 NIRS parameters

The subjects performed two constant load tests (measurement 1.1 and 1.2),
which were repeated at the same time on another day (measurement 2.1 and
2.2). In order to evaluate the reproducibility of the various NIRS parameters
obtained from the TSI signal during rest, exercise and recovery, we compared
the results of measurement one on two different days (measurement 1.1 and
2.1). Table 4.2 shows the mean values of the various NIRS parameters during
measurement 1.1 and 2.1. Apart from the evaluation of the reproducibility
of the parameters determined during measurement one on two different days
(measurement 1.1 and 2.1), we evaluated the reproducibility of the parameters
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determined during two measurements on two different days (day one and day
two). Table 4.3 shows the mean values of the NIRS parameters determined from
two constant load exercise tests on the two different days.

Rest

The rest parameter (TSIbl) of the TSI signal was determined during the differ-
ent constant load tests. There is no statistically significant difference in TSIbl
between the two first constant load tests (measurement 1.1 and 2.1) performed
on two different days (p= 0.75). In the mean value of TSIbl for the two constant
load test of on the first day (measurement 1.1 and 1.2) compared with the mean
value of TSIbl for two constant load tests on the second day (measurement 2.1
and 2.2) we also do not observe a statistically significant difference (p = 0.79).

The coefficient of variation (CV) for the first constant load test (measurement
one) performed on two different days is 5.4 %, which shows a good agreement
between the two measurements one. The reproducibility is even better in terms
of CV for the determination of the mean value of TSIbl (CV = 4.8 %) for two
different measurements on one day compared with the results of determining
TSIbl for one constant load test (measurement 1.1 and measurement 2.1). In
other words, the TSIbl is a reproducible parameter for measurement one and
two.

Exercise

During exercise we have examined the following parameters from the TSI sig-
nal: ∆TSIonset, TSImin,τonset, MRTonset, TD,onset and the area under the curve
(AUC). There are no statistical significant differences in ∆TSIonset, TSImin,
MRTonset, τonset, TD,onset and AUC between the two first constant load tests
(measurement 1.1 and 2.1) performed on two different days. In the mean values
of ∆TSIonset, TSImin,MRTonset, τonset, TD,onset and AUC for the two constant
load tests of the first day compared with the mean values for the two constant
load tests on the second day, we also do not observe any statistically significant
differences.

The coefficient of determination (R2) of τonset is excellent (mean value: 0.99
± 0.02), indicating a good fit of the data to the mono-exponential model.

Next to the quantitative analysis of the AUC, a qualitative analysis of the
presence of an undershoot is performed. The intra observer reproducibility of
AUC is κ = 0.71, which shows a good agreement between the two different ob-
servers who determined whether an undershoot is present in the TSI signal or
not. One of these observers determined whether or not an undershoot is present
in the TSI signal for all measurements. This qualitative analysis of the AUC
revealed that there is a fair agreement between the two different measurements
on different days ( κ = 0.44 for measurement one and κ = 0.31 for measure-
ment two). This indicates that an undershoot is not always present in CHF
patients during each measurement on different days. For measurement one an
undershoot is present for 79.3 % (day one) and for 82.7 % (day two) of the
CHF patients. The presence of an undershoot is for 24 of the 29 patients repro-
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ducible. For measurement two an undershoot is present for 79.3 % (day one)
and for 75.9 % (day two) of the CHF patients. The presence of an undershoot
is for 22 of the 29 patients reproducible.

Recovery

Three different recovery parameters τrec, TD,rec and MRTrec were determined
from the TSI recovery signal. There are no statistically significant differences
in τrec (p=0.12), TD,rec (p=0.54) and MRTrec (p=0.06) between the two first
constant load tests (measurement 1.1 and 2.1) performed on two different days.
We also found that the mean values of τrec (p = 0.39), TD,rec (p=0.76) and
MRTrec (p=0.47) for the two constant load tests of the first day compared with
the mean values for the two tests on the second day, are not statistically signif-
icant different.

The coefficient of determination (R2) of τrecovery is excellent (mean value: 0.97
± 0.02), indicating a good fit of the data to the mono-exponential model.

Considering limits of agreement (LA) and coefficients of variation (CV), TSI
onset kinetics show better reproducibility than TSI recovery kinetics ( see table
4.2).
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Figure 4.12 shows the Bland- Altman plots of the rest parameter of the TSI
signal (TSIbl ), the kinetic parameters during onset and recovery of exercise
(MRTonset and MRTrecovery) and the area of the undershoot (AUC) determined
for measurement one on two different days (measurement 1.1 and 2.1, left) and
the mean value of two measurements of one day (day one and two, right).
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Figure 4.12: Bland- Altman plots of the rest parameter of the TSI signal (TSIbl),
the kinetic parameters during onset and recovery of exercise (MRTonset and
MRTrecovery) and the area of the undershoot (AUC) determined for measure-
ment one on two different days (measurement 1.1 and 2.1) and the mean value
of two measurements of a day (day one and two). The solid lines represent
the mean difference between the two tests, the dotted lines indicate the preci-
sion (one standard deviation) and the dashed lines indicate the 95 % confidence
intervals of the differences (LA).

The Bland- Altman plots for the various NIRS parameters (TSIbl, MRTonset,
AUC and MRTrecovery) show less scattering and smaller 95 % confidence inter-
vals (LA) for the mean values of two measurements determined for two different
days compared with the Bland Altman plots for measurement one on two dif-
ferent days (measurement 1.1 and 2.1).

4.4 Discussion

To our knowledge, this is the first study that evaluated the reproducibility of
Near-InfraRed Spectroscopy (NIRS) parameters obtained from the Tissue Sat-
uration Index (TSI) signal during exercise in patients with chronic heart failure
(CHF). The principal finding of this study is that, using the applied exercise
protocol, TSI onset kinetics are more reproducible in moderately impaired pa-
tients with chronic heart failure (CHF) than TSI recovery kinetics. We will
discuss the main results of the parameters obtained by NIRS as presented in
the previous section.
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Rest

In the study of Bowen et al. [13] the rest parameter (TSIbl) determined from the
TSI signal was evaluated for CHF patients. A lower resting muscle oxygenation
(i.e. a smaller TSIbl) correlated with a longer time constant of the pulmonary
oxygen onset kinetics. Therefore, this rest parameter (TSIbl) was considered
clinical relevant and we addressed the reproducibility of this parameter. The
reproducibility of this parameter was not discussed in the study of Bowen et al.
[13].

The rest parameter (TSIbl) determined from the TSI signal by NIRS is a good
reproducible parameter in moderately impaired CHF patients. This conclu-
sion is based on the coefficient of variations (CVs) and the limits of agreement
(LA’s) determined for 29 CHF patients. The narrow limits of agreement (see
figure 4.12) indicates that his parameter can be used for clinical applications.
The position of the NIRS device can be slightly different on different days. Al-
though this may result in a shift of the rest parameter TSIbl of the TSI signal
on different days, we can conclude, based on the LA’s and the CVs, that the
day to day reproducibility of TSIbl (CV = 4.8 %) is better compared to the
reproducibility of TSIbl for measurement one (CV = 5.4 %). This indicates
that the influence of the position of the NIRS device should be minimal on the
absolute value of the rest parameter TSIbl.

Exercise

The absolute parameters TSImin and ∆TSIonset determined from the TSI onset
signal are good (8.1 %) and acceptable (22.8 %) reproducible parameters respec-
tively obtained for measurement one (measurement 1.1 and 2.1). The parameter
TSImin can be used for clinical applications. The day to day reproducibility (day
one versus day two) of both these parameters is slightly better compared with
the reproducibility for measurement one (measurement 1.1 versus measurement
2.1) (see table 4.3).

Onset: As explained in the introduction of this chapter, the rate of adaptation
of skeletal muscle oxygenation to a certain level of exercise reflects the relative
contribution of impaired oxygen delivery or utilization to exercise intolerance.
Therefore, kinetics parameters can be useful for clinical purposes in patients
with CHF. Based on the limits of agreement and coefficients of variation, we
conclude that TSI onset kinetics are more reproducible in moderately impaired
CHF patients than TSI recovery kinetics. We determined three different onset
kinetics parameters from the TSI onset signal (MRTonset, τonset and TD,onset),
where MRTonset was found to be the most reproducible parameter. To our
knowledge the reproducibility of MRTonset determined from the TSI onset sig-
nal in moderately impaired CHF patients was not reported before. Therefore,
we compare the reproducibility of this parameter with the reproducibility of the
time constant of the oxygen uptake kinetics in moderately impaired CHF pa-
tients during the onset of exercise, as reported in the study of Kemps et al. [33].
They obtained a coefficient coefficient of variation (CV) of 17.1 % (10 seconds
intervals), which indicates that this parameter is moderate reproducible. The
CV for MRTonset for measurement one is 27.1 %. This represents an acceptable
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agreement between the two different measurements on two different days (mea-
surement 1.1 and 2.1).

The discrepancy in reproducibility between MRTonset and the time constant
of the pulmonary oxygen onset kinetics can depend on methodological and
physiological factors that can have an influence on the value of MRTonset. We
compared the current method of analyzing with the method described in previ-
ous studies and found that the current method of analyzing is more optimal in
terms of reproducibility. In addition, the current method yielded an excellent so
called ’goodness of fit’ (R2: 0.99 ± 0.02). Therefore, we do not expect that it is
possible to improve the reproducibility of MRTonset determined in moderately
impaired CHF patients with the use of the current NIRS device Portamon and
the current methods of analyzing. Considering physiological factors, the onset
kinetics of the TSI signal depends on different processes such as local muscle
blood flow, capillary recruitment, enzymatic control of cellular respiration, etc.
[52]. These processes can influence the rate of adaptation of the TSI onset signal
during exercise and it can thus influence the exercise parameter MRTonset, which
might explain the acceptable reproducibility of this parameter. In addition to
this, these processes can be considered as an explanation for the discrepancy
in reproducibility between MRTonset and the time constant of the oxygen onset
kinetics.

Based on the LA’s and CVs determined for MRTonset, we can conclude that
the day to day reproducibility of MRTonset (CV = 21.5 %) is better compared
with the reproducibility of MRTonset for measurement one (CV = 27.1 %).
Therefore, it is better to perform two measurements on one day and calculate
the average of the parameter for these two measurements. We can conclude
that the parameter MRTonset has an acceptable reproducibility for two mea-
surements on one day. Based on our study, variations in MRTonset of at least 9
seconds are needed to exceed the limits of the 95 % confidence interval, which
represents the normal test-to-test variations. Therefore, this parameter is not
clinical applicable in moderately impaired CHF patients.

Area under the curve (AUC): Bowens study [13] showed that the TSI sig-
nal undershoots the steady state value during exercise in most CHF patients
and therefore quantifies this undershoot (or area under the curve). We proposed
that Bowens method [13] for quantifying the area under the curve (AUC) may
perhaps not be an optimal way to calculate the AUC of the TSI signal. The
reason for this is that we observed a wide variety of patterns in the TSI signal
during exercise. To overcome this, we defined a new method to calculate the
AUC, which was explained in the section data analysis. Based on CV’s and
LA’s, the AUC is not a reproducible parameter determined by invoking this
new method. One of the main reasons is that in general the different observed
patterns in the TSI signal, varies during the two different measurements. The
value of the AUC is significantly different on different days due to the change
in pattern. As we explained before, the AUC describes the dynamic matching
between oxygen delivery and utilization during exercise. This may depend on
the same processes as for the TSI onset kinetics. The change of the TSI sig-
nal in other patterns of some of the CHF patients can be provoked by another
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regulation of these processes during the exercise tests on the second day com-
pared to the exercise tests on the first testing day. Based on the LA’s and CVs
determined for the AUC, we can conclude that the day to day reproducibility
of AUC (CV = 88.4 %) is better compared with the reproducibility of AUC
for measurement one (CV = 117.4 %). Nevertheless, the reproducibility of the
AUC is still poor. Therefore, this parameter is not clinical applicable in mod-
erately impaired CHF patients.

The qualitative analysis of the AUC revealed that there is a fair agreement be-
tween measurement 1.1 and measurement 2.1( κ = 0.44). This analysis shows
the same result as the quantitative analysis of the AUC, which indicates that
methodological factors as the manner we define the parameter AUC cannot be
an explanation of the poor reproducibility of the parameter AUC.

Recovery

Next to the rate of adaptation of oxygenation to a certain level of exercise (on-
set), we also determined the rate of adaptation of reoxygenation after exercise
(recovery). In general the complete TSI recovery signal cannot be described
by a mono-exponential function and therefore we defined a new analyzing tech-
nique for the fitting procedure as explained in the section data analysis. A bi
or multi-exponential analysis was not considered as option for fitting the TSI
recovery data, as the interpretation of the resulting parameters from these fits
is difficult. The new analyzing technique for the recovery yielded an excellent
’goodness of fit’ (0.97 ± 0.02). Therefore, we expect that this technique is reli-
able in order to determine the recovery kinetics of the TSI signal.

We determined three different recovery parameters from the TSI recovery signal
(MRTrec, τrec and TD,rec), where MRTrec is found to be the most reproducible
parameter. Table 4.3 showed that the recovery kinetics of the TSI signal are
less reproducible in moderately impaired CHF patients than the onset kinetics.
The recovery kinetics of the TSI signal may depend on the same processes (e.g.
blood flow, enzymatic control of cellular respiration) as the onset kinetics of the
TSI signal. It seems that the tuning of these processes is more variable during
the recovery of exercise compared to the onset of exercise. The wide limits of
agreement restrict the use of MRTrec for clinical applications in an individual,
but this parameter can still be interesting when different groups (CHF patients
versus healthy control subjects) are compared.

Based on the LA’s and CVs determined for MRTrec, we can conclude that
the day to day reproducibility of MRTrec (CV = 27.6 %) is better compared
with the reproducibility of MRTrec for measurement one (CV = 45.0 %), which
is the same as for MRTonset and the other NIRS parameters.

4.5 Concluding Remarks

This study addressed the reproducibility of various Near-InfraRed Spectroscopy
(NIRS) parameters from the Tissue Saturation Index (TSI) signal. All these pa-
rameters are more reproducible when you compare the average of two measure-

56



ments on a first day with the average of two measurements of the second day,
compared to that of a single measurement on two different days (measurement
1.1 and 2.1). Therefore, we recommend to perform two constant load exercise
tests on one day in moderately impaired CHF patients in order to determine
the various parameters from the TSI signal.

The rate of change in muscle oxygenation during exercise and recovery were
characterized by the parameters MRTonset and MRTrec respectively. This study
showed that the TSI onset kinetics (MRTonset) are more reproducible in moder-
ately impaired CHF patients compared to the TSI recovery kinetics (MRTrec).
The mono-exponential fits yielded an excellent ’goodness of fit’ for both the
onset and the recovery kinetics, which show that our novel analyzing techniques
work well for determining the TSI onset and recovery kinetics. Based on the
reproducibility of the parameters determined from the TSI onset and recovery
signal, we expect that these parameters are not clinical applicable in moderately
impaired CHF patients. For example, it is difficult to determine the effects of
physical training in patients with chronic heart failure for the parameters that
describe the onset and recovery kinetics of the TSI signal, because of the wide
limits of agreement. However, these parameters can still be useful when making
comparisons on a group level.

Next to the kinetics of the TSI signal, various absolute parameters were deter-
mined from the TSI signal (TSIbl, TSImin, ∆TSIonset and AUC). The resting
parameter of the TSI signal (TSIbl) and TSImin are good reproducible param-
eters in moderately impaired CHF patients using the applied exercise protocol.
Based on this good reproducibility, one may consider their use for clinical ap-
plications.
The undershoot in the TSI signal reflects a mismatch between oxygen delivery
and utilization and was quantified by the parameter AUC. Although the AUC
is generally considered a valuable parameter to quantify this mismatch, both
our quantitative and qualitative analysis of the AUC showed that this param-
eter is not reproducible in moderately impaired CHF patients. However, not
reproducible on the individual level, this parameter may still be useful on the
level of different groups.

4.6 Study limitations

During this study, the reproducibility of various NIRS parameters were deter-
mined in moderately impaired CHF patients. To our knowledge, reproducibility
of these NIRS parameters determined from the TSI signal has not been reported
in literature before. Future research should determine the reproducibility of the
various NIRS parameters in healthy subjects. This may improve the reliability
of our novel analyzing techniques. The reason for this is that we expect that
healthy subjects are in general less influenced by physiological factors (e.g. tun-
ing of the different processes) compared to CHF patients. Therefore, we expect
a better reproducibility of the different NIRS parameters in healthy subjects.

Remarkably, some of the observed patterns in the TSI recovery signal do not
always reach a steady state value. The exercise protocol of the submaximal
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constant load exercise test performed by the different CHF patients consists of
a five minute recovery phase. In addition to this study, we recommend an ex-
ercise protocol with an increased recovery time to see if the TSI recovery signal
reaches a steady state value.
The subjects were instructed not to move their legs during the recovery phase
of the exercise protocol. We did not fixate their legs during the recovery of
exercise. The movements of the legs may affect the recovery kinetics of the TSI
signal.

Appendix D shows that the skinfold thickness has an influence on the TSI
signal. Therefore, we expect that the absolute values determined from the TSI
signal ( TSIbl, TSImin, ∆TSIonset and AUC) may be influenced by the skinfold
thickness and should be corrected for the influence of the skinfold thickness.
Unfortunately, we have not invoked a correction factor for the influence of the
skinfold thickness. Therefore, we recommend to perform an occlusion test in
addition to the exercise protocol. A cuff is placed around the leg to apply occlu-
sion in order to determine the maximal amplitude of the TSI signal. A pressure
cuff is placed around the leg to supply occlusion. The TSI signal decreases until
it reaches a plateau, then the pressure will be relieved. The slope of change
in the TSI signal during the initial portion (first two minutes) of the occlusion
test can be calculated. By using linear regression, the relationship between the
slope of change in the TSI signal and the skinfold thickness is approximated.
From this relationship a correction factor can be determined. The amplitude of
the TSI signal can be corrected (i.e. divided) with this correction factor [37].

The study of Koga et al. [37] validated the dynamic heterogeneity of muscle
deoxygenation within skeletal muscle tissue during cycle exercise. The results of
this study show that regional heterogeneity in the magnitude and temporal pro-
file of muscle deoxygenation is a consequence of differential matching of oxygen
delivery and utilization, not an artifact caused by changes in optical properties
of the tissue during exercise or variability in the overlying adipose tissue. Based
on these results, we can speculate that changes in NIRS parameters are a con-
sequence of differential matching of oxygen delivery and utilization. In order
to know this certainly, we recommend to determine the spatial heterogeneity
of the skeletal muscle during exercise in moderately impaired CHF patients.
During this study, we measured only one sampling site of the muscle for NIRS.
In order to determine the heterogeneity of the muscle, we should measure at
various places at the skeletal muscle (i.e. the vastus lateralis).
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Chapter 5

Limitations of oxygen
delivery and utilization
during submaximal exercise
in moderately impaired
patients with chronic heart
failure

Chronic heart failure (CHF) is a clinical syndrome characterized by various
symptoms such as fatigue, shortness of breath and exercise intolerance. Com-
monly, exercise capacity in CHF patients is evaluated by means of maximal
exercise testing, with peak oxygen uptake (VO2,peak) being a strong marker
for aerobic capacity, exercise limitation and prognosis. However, activities of
daily living rarely occur around VO2,peak [13]. Therefore, submaximal exercise
testing with measurements of the rate at which aerobic energy transfer adapts
(pulmonary oxygen uptake, (VO2) kinetics) to changing energy demands, may
provide objective information on the ability of CHF patients to perform daily
activities. Indeed, the kinetics of VO2 during onset and recovery of submaximal
exercise appear to be stronger parameters in terms of prognosis and functional
capacity thanVO2,peak. Several studies [35, 55, 57] have shown that pulmonary
oxygen uptake kinetics (onset and recovery) are slower in CHF patients com-
pared with healthy subjects. Nevertheless, the mechanisms influencing VO2

kinetics are still not well understood.

For a long time, exercise intolerance has been generally attributed to a oxy-
gen delivery problem as a consequence of a decreased cardiac function, which
is central to the disease. Nowadays, skeletal muscle alterations are thought to
have a predominant role in the pathophysiology of exercise intolerance [18, 47].
In other words, patients with chronic heart failure appear not to be limited
mainly by impaired tissue oxygenation (oxygen delivery) but more by a slow
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skeletal muscle metabolism (oxygen utilization).

Near-InfraRed Spectroscopy (NIRS) is a promising non-invasive tool that has
the ability to discern between impairments of oxygen (O2) delivery and O2 uti-
lization at the skeletal muscle level. The speed of adaptation of oxygenation to a
certain level of exercise reflects the intrinsic pathophysiology of exercise intoler-
ance, as for instance slow deoxygenation at exercise onset indicates a metabolic
limitation (utilization), while fast deoxygenation coincides with a limitation in
oxygen delivery. Previous studies have postulated that moderately impaired
CHF patients are limited by oxygen delivery in case of transitions to moderate
and high intensity exercise and by oxygen utilization in more severely limited
patients performing moderate intensity exercise [13, 57]. Other research on dif-
ferences in exercise related changes in muscle oxygenation between healthy and
CHF patients is scarce.

The main objective of this study is comparing the changes of muscle oxygena-
tion during and after submaximal exercise between healthy subject and CHF
patients in combination with a breath by breath gas exchange analysis technique
in order to obtain the VO2 kinetics. In this way we can investigate the nature
of the slowing of VO2 kinetics at exercise onset and recovery in moderately
impaired CHF patients when compared to healthy subjects.

5.1 Material and methods

5.1.1 Subjects

Twenty subjects (16 men, 4 women) with stable systolic CHF (New York Heart
Association (NYHA) class I, II or III and echocardiographical ejection fraction
≤ 40 %) were selected at the department of Cardiology or Sports Medicine
at Máxima Medical Center (Veldhoven, The Netherlands). Measurements were
also performed in a control group, consisting of twenty healthy subjects, matched
for age (± 5 years) and body mass index (BMI ± 2 kg/m2). Subject character-
istics are listed in table 5.1.

Exclusion criteria for both CHF patients and healthy subjects were recent my-
ocardial infarction (≤ 3 months prior), angina pectoris at rest, clinical signs
of decompensated heart failure, pulmonary, neurological or orthopaedic disease
limiting the ability to exercise and clinical signs of peripheral vascular disease.

5.1.2 Equipment and exercise protocol

Th subjects performed a symptom limited maximal exercise test with respi-
ratory gas analysis followed by two constant load tests on another day (mea-
surement 1.1 and 1.2). Before the tests, body composition was performed by
skinfold measurements with a skinfold caliper using linear regression equations
of Durnin and Womersley [25]. In addition, the skinfold thickness at the site
of NIRS measurement was recorded because of the potential influence by the
subcutaneous layer on the signal amplitude.
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Table 5.1: Clinical characteristics of the study population: chronic heart failure
(CHF) patients (n=20) and healthy control subjects (n=20)

Characteristics CHF patients Control subjects
(n=20) (n=20)

Male/Female 16/4 16/4
Age (yr) 63 ± 5 64 ± 6
Body mass index, (kg/m2) 26 ± 3 27 ± 5
Height (cm) 178 ± 9 177 ± 7
Weight (kg) 82 ± 14 83 ± 14
Skinfold thickness (mm) 9 ± 6 10 ± 6
NYHA functional class (n)

I 1
II 12
III 5

Etiology (ICM/DCM) (n) 11/ 7
Duration of HF (months) 65 ± 75
Drug therapy (n):

Diuretic 12 2
ACE-inhibitor 11 1
Bèta blocker 17
ARB 4 2
Digoxin 1
Anticoagulant 14
Calcium antagonist 1 2
Statin 11 1
Nitrate 5
Antiarythmicum 1

Note: Data are presented as mean ± SD for continuous variables and as numbers for

dichotomous variables. CHF = Chronic Heart Failure; BMI = Body Mass Index; HF =

Heart failure; ICM = Ischemic Cardiomyopathy; DCM = Dilated Cardiomyopathy; NYHA

= New York Heart Association; ACE = Angiotensin Converting Enzym; ARB =

Angiotensin II Receptor Blocker.

The symptom limited maximal exercise test was performed in an upright seated
position on a electromagnetically braked cycle ergometer (Corival, Lode, Gronin-
gen, The Netherlands), using an individualized ramp protocol aiming at a total
test duration of eight till twelve minutes [46]. During the test, a twelve lead
electrocardiogram (ECG) was registered continuously and blood pressure was
measured every two minutes (Korotkoff sounds). Patients were instructed to
maintain a pedaling frequency of 70 per minute. The test ended when the pa-
tient is unable to maintain the required pedaling frequency. During the exercise
test, respiratory gas exchange analysis was measured breath by breath (Zan
680 USB, ZAN Messgeräte, Oberthulba, Germany). Volume and gas analyzers
were calibrated before each test. The peak workload was defined as the final
registered workload. Peak oxygen uptake (VO2,peak) and peak respiratory ex-
change ratio (RER) were defined as the final 30-second averaged value of the
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test, where RER reflects the gas exchange at cellular level (RER = VCO2/VO2).
The anaerobic threshold (AT) was determined by the V-slope method by two
blinded experienced physicians, using the mean value as described in [7]. When
a difference of more than 10 % between the assessed values occurred, or if one
physician could not identify a threshold, a third physician gave a final judgment.
The rate of perceived exertion was recorded after exercise as a Borg score [11],
together with rates of breathlessness and leg discomfort.

Constant load exercise test
The submaximal constant load exercise tests were performed on a cycle er-
gometer in combination with NIRS measurements and respiratory gas analyz-
ing technique. The submaximal constant load exercise tests started with a two
minute resting period, followed by six minutes at 80 percent of the workload
corresponding to the ventilatory threshold. After this, there was a five minute
recovery phase. During this phase, there was no movement of the legs in order
to study the recovery kinetics. During the submaximal tests all patients were
instructed to maintain a pedaling frequency of 70 per minute. All subjects took
their medication at the usual time and were instructed not to perform any extra
physical activity on testing days.

Near-InfraRed Spectrocospy (NIRS)
The theory of Near-InfraRed Spectroscopy (NIRS) has been described in detail
in Chapter 3. Briefly, the emitted light from the NIRS device penetrates through
the skin, subcutaneous fat layer and muscle, and is either scattered or absorbed
within the tissue. The absorption changes at discrete wavelengths (760 and
850 nm) are converted in changes in concentration of oxygenated hemoglobin
and myglobin ([HbO2 + MbO2]) and deoxygenated hemoglobin and myglobin
([HHb+Mb]) with use of the modified Lamber-Beer law in which a pathlength
factor is incorporated to correct for scattering of photons in the tissue. For
convenience, both hemoglobin and myoglobin will be referred to as hemoglobin
since their absorption spectra cannot be distinguished. It is possible to distuin-
guish between the oxygenated and deoxygenated form of hemoglobin, because
both forms have a different absorption spectrum. The sum of both signals re-
flects the total amount of hemoglobin ([tHb]).

Next to the measurements of oxygenated and deoxygenated hemoglobin, an
absolute signal was measured using a technique called Spatially Resolved Spec-
troscopy (SRS), which is described in the previous chapter. The SRS technique
provides an absolute measure for the tissue oxygen saturation, the Tissue Satu-
ration Index (TSI = [HbO2]/[tHb]), which reflects the dynamic balance between
oxygen delivery and utilization in the investigated muscle tissue [2, 3, 61].

In the present study, tissue oxygenation of the skeletal muscle was performed
during constant load tests, by a continuous wave (CW) NIRS device (Portamon,
Artinis Medical Systems BV) capable of SRS. The NIRS instrument was placed
on the skin of the right leg of the subject with Velcro straps, approximately 20
cm from the lateral patellar edge over the vastus lateralis (muscle on the outside
of the thigh). The device was occluded from ambient light by cloth. Data were
sampled at 10 Hz and stored for off-line analysis.
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5.2 Data Analysis

During this study we focused on the Tissue Saturation Index (TSI) signal as
explained in the previous chapter. The various Near-InfraRed Spectroscopy
(NIRS) parameters and the analyzing techniques for determining these param-
eters were also explained in this chapter. In this section we will explain the
analyzing techniques for determining various parameters from the pulmonary
oxygen uptake (VO2) and we will shortly explain the analyzing techniques for
determining the various NIRS parameters.

5.2.1 Pulmonary oxygen uptake (VO2) kinetics

Pulmonary oxygen uptake kinetics describes the rate of change in VO2 during
or after exercise (see Chapter 2). In order to be able to compare NIRS param-
eters during exercise onset and recovery from exercise, VO2 onset and recovery
kinetics were calculated. To determine the kinetics of VO2 during onset and
recovery of the constant load tests, all data were resampled into ten seconds
intervals. The study of Kemps et al. [33] showed that the use of 10 seconds
sampling intervals yielded the best results in terms of reproducibility for the
onset kinetics.

First, occasional errant breaths (e.g. due to coughing, swallowing or talking)
were deleted from the data set when VO2 exceeded three standard deviations of
the mean, defined as the average of two following and two preceding sampling
intervals [40]. Regarding the onset of exercise, the first twenty seconds of the
data set were omitted, as during this period (cardiodynamic phase, phase I)
the increase in VO2 reflects merely an increase in pulmonary blood flow, rather
than changes in tissue gas exchange as explained in Chapter 2.
To calculate the time constants of onset (from twenty seconds after the start of
exercise until six minutes of exercise) and recovery (from the end of exercise un-
til five minutes of recovery) kinetics of VO2, the onset and recovery VO2 signal
were fitted to an exponential function using nonlinear least squares regression
[64]:

Onset kinetics:

VO2(t) = VO2,baseline + C(1− exp(−(t− TDVO2,onset)/τVO2,onset)) (5.1)

Recovery kinetics:

VO2(t) = VO2,steadystate −D(1− exp(−(t− TDVO2,recovery)/τVO2,recovery)),
(5.2)

where C indicates the VO2 amplitude between V O2,baseline and exercise (L/min),
D the VO2 amplitude between exercise and recovery (L/min), TD VO2 the time
delay (sec) and τVO2 the time constant of the exponential function (sec).

The baseline value VO2,baseline was defined as the average value of the last
minute of the rest phase (L/min) and the steady state value VO2,steadystate as
the average value during the last minute of exercise. The other parameters in
the fitting procedure (C, D, τ and TD) were used as free parameters that were

63



allowed to vary to optimize the fit [33]. Figure 5.1 shows the changes in the pul-
monary oxygen uptake kinetics (VO2 kinetics) during a constant load exercise
test in a representative subject together with the mono-exponential fits for the
onset and recovery of the VO2.

Figure 5.1: The changes in pulmonary oxygen uptake kinetics(VO2) during a
constant load exercise test in a representative subject. The mono-exponential
fits for the onset and recovery of VO2 are shown in red. The corresponding
time constants for onset τon (τVO2,onset) and recovery τrec (τVO2,recovery) are
given. R2 represents the coefficients of determination of the mono-exponential
fits. The first dotted line indicates the start of exercise and the second dotted
vertical line indicates the end of exercise.

5.2.2 Near-InfraRed Spectrocospy (NIRS)

The dynamics of the three different phases of the Tissue Saturation Index TSI
signal (rest, exercise and recovery) were analyzed. First, the TSI signal was
resampled from 10 Hz into 1 Hz (1 sec intervals). After this, the rest value of
the TSI signal was calculated as the average of the last twenty seconds of the
pre-exercise resting period. We call this rest value the baseline value of the TSI
signal, TSIbl.

The TSI signal for the onset was fitted to an exponential function using nonlin-
ear least squares regression:

TSI = TSIbl −A(1− exp(−(t− Td,onset)/τonset)), (5.3)

where TSIbl indicates the baseline value before exercise onset of the TSI signal,
A the amplitude of the TSI onset signal, τonset the time constant in seconds and
Td,onset the time delay in seconds. The total amplitude of the TSI onset signal
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is indicated by ∆TSIonset, and is the amplitude between the maximum value of
the TSI onset signal after rest until the first minimum of the TSI onset signal
(TSImin). The first minimum value of the TSI onset signal was reached after
approximately thirty until forty seconds. The mean response time (MRT) for
the TSI onset signal, which approximates the time to reach 63% of the response,
was calculated as MRTonset = τonset + Td,onset.

As we can see from equation 5.3, the onset kinetics is described by a mono-
exponential function. By sliding a mono exponentially shaped kernel over the
original TSI signal, we could determine the correlation between this mono-
exponentially shaped kernel and the TSI signal [38]. The time constant of the
mono-exponentially shaped kernel was iterated until maximal correlation was
obtained. Maximal correlation between the kernel and the data was obtained
when the kernel and the data best coincide. The time corresponding to maxi-
mum correlation gave the starting point for the fitting procedure.

Based on previous studies [13, 57], we systematically sought for the presence
of an undershoot in the TSI signal after the initial declination of the TSI signal.
In order to determine the area of this undershoot AUC, which describes the
dynamic matching between oxygen delivery and utilization during exercise, we
identified the first maximal value of the TSI signal after the onset of exercise.
This maximum value is the end point of the undershoot. The undershoot which
is enclosed by this maximum value should have a duration of more than twenty
seconds. When the duration was less than twenty seconds, another maximum
value was defined (the second maximum value in the TSI signal after the onset
of exercise) as the end point of the undershoot. A 10-sec average of this max-
imum value of TSI was calculated. The area bounded by the undershoot was
measured by calculating the integral of the area of the TSI below this average
maximum value. Next to the quantitative analysis of the parameter AUC, a
qualitative analysis of the presence of an undershoot was performed. One ob-
server determined whether or not an undershoot was present (according to the
definition described before) in the TSI signal of the CHF patients and healthy
control subjects.

The recovery of the TSI signal was fitted using equation 5.3, but replacing
the subtraction (exponential fall) with an addition (exponential rise):

TSI = TSIbl,rec + B(1− exp(−(t− Td,rec)/τrec)), (5.4)

where the last twenty seconds of exercise were used to establish TSIbl,rec, τrec
is the time constant for recovery in seconds, and Td,rec the time delay for re-
covery in seconds. The amplitude of the recovery signal is indicated by B.
The mean response time (MRT) for the TSI recovery signal, was calculated as
MRTrec = τrec + Td,rec.

The complete recovery signal shows a sigmoid shape instead of a mono-exponential
shape. By determining the point where the recovery signal shows mono-exponential
behavior, we will find the starting point of the fitting procedure. Therefore, we
determined the starting point of the TSI recovery signal by using the same
method as determining the starting point of the TSI onset signal. So, the start-
ing point for the recovery was the time point of maximum negative correlation
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between the mono-exponentially shaped kernel and the original TSI recovery
signal.
In order to determine the end point of the fitting procedure, we looked at the
first initial increase in the TSI recovery signal. This initial increase describes the
recovery of the tissue oxygenation after exercise. We fitted a linear fit through
the first ten seconds of the recovery data after the defined starting point, be-
cause the first seconds of the recovery signal of the tissue oxygenation after the
determined starting point increase almost linearly. By comparing the linear fit
with a polynomial fit (degree four), that describes the complete recovery sig-
nal, we determined the end point of the fitting procedure. This polynomial fit
was made over 120 seconds (five times the time constant of approximately 25
seconds) after the starting point of the recovery signal. The end point of the
fitting procedure was the time point where the polynomial fit started to deviate
more than five percent from the linear fit.

5.2.3 Statistical analysis

The data obtained of the two consecutive constant load exercise tests were av-
eraged as this yields more reproducible results for the various NIRS parameters
(see Chapter 4). The results of the pulmonary oxygen uptake of the two consec-
utive constant load exercise tests were also averaged averaged in order to match
these results with the results of the NIRS measurements.

The results will be presented as mean value ± standard deviation (SD) and
were analyzed with a statistical software program SPSS 22.0. The so called
’goodness of fit’ for mono-exponential modeling was evaluated by the coefficient
of determination (R2). After assessing normality of the parameters, a compari-
son was made between both groups (CHF patients and healthy control subjects)
for all described physiological parameters. The paired t test was used when the
parameter was normally distributed and a Wilcoxon rank test when the param-
eter was not normally distributed.

For correlations between the different parameters, Pearson’s correlation coef-
ficient symbolized by r, was assessed. This coefficient can range from -1.00 and
1.00, where positive indicates a positive relationship between the two parame-
ters and negative indicates a negative relationship between the two parameters.
When r is 0.70 or higher, there is a very strong relationship between the param-
eters, 0.40 to 0.69 a strong relationship, 0.30 to 0.39 a moderate relationship,
0.20 to 0.29 a weak relationship and 0.01 to 0.19 no or negligible relationship.
A p-value < 0.05 was considered statistically significant for all tests [49].

For the parameter the area under the curve (AUC) we performed next to the
quantitative analysis, a qualitative analysis whether or not an undershoot is
present in the TSI signal. To examine the difference between healthy control
subjects and CHF patients of the presence of an undershoot, Cohen’s kappa
statistics was used. A kappa value of 1.00 means perfect agreement between
both groups and that of 0.00 agreement equal to that of change alone.
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5.3 Results

All subjects (n=20) completed the two different exercise tests on one day. In
two healthy subjects and one chronic heart failure (CHF) patient analysis of the
Tissue Saturation Index (TSI) signal failed, because of paradoxical behavior of
the measurements during exercise (e.g. rising TSI during kinetic phase of exer-
cise onset or TSI values approaching the value of 100 %). This was likely due
to a larger skinfold thickness (22, 23 and 25 mm) at the leg, not permitting the
device to acquire sufficient signal from the exercising muscle. In Chapter 3 we
explained that the penetration depth of the light into the tissue is approximately
half the distance between the light transmitter and receiver, which is equal to
17.5 mm and thus smaller than the skinfold thickness. Data of these healthy
subjects and their CHF counterparts were omitted from further analysis. The
measured responses to the maximal incremental exercise test are listed in table
5.2 (n=17). The Borg scores show no significant difference between rate of per-
ceived exertion, breathlessness and leg discomfort for CHF patients and healthy
control subjects.

Table 5.2: Maximal exercise test parameters for chronic heart failure (CHF)
patients and healthy control subjects (n=17).

CHF patients Control subjects p value

Ramp duration (min) 10 ± 2 10 ± 1 n.s.
Ramp rate (W/min) 13 ± 5 24 ± 3 ***
Peak Work Rate (W) 123 ± 47 247 ± 44 ***
VO2,peak

(ml/min/kg) 20 ± 6 34 ± 7 ***
(ml/min) 1662 ± 494 2794 ± 535 ***

VAT (n=10) (n=17)
(ml/min/kg) 16 ± 5 23 ± 4 *
(ml/min) 1235 ± 354 1867 ± 400 *

% VO2,peak 75 ± 10 67 ± 10 n.s.

Note: Data are presented as means ± SD. SD = standard deviation; VO2,peak =

peak oxygen consumption; VAT = ventilatory anaerobic threshold; n.s.= not

significant. * p < 0.05 ** p < 0.01 *** p < 0.001

5.3.1 Pulmonary oxygen uptake (VO2) kinetics

We determined four different parameters from the pulmonary oxygen uptake
VO2 kinetics data: VO2,baseline, τVO2,onset, τVO2,recovery and VO2,steadystate.
Table 5.3 shows the results of the oxygen uptake kinetics parameters deter-
mined in CHF patients and healthy control subjects. One CHF patient and his
healthy counterpart were excluded from the VO2 recovery kinetics, because it
was not possible to determine the mono-exponential fit for the VO2 recovery
data of this CHF patient. The coefficient of determination (R2) of τVO2,onset

is 0.82 ± 0.13 for CHF patients and 0.84 ± 0.04 for healthy control subjects,
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indicating a good fit of the VO2) kinetics onset data to the mono-exponential
fit. The coefficient of determination (R2) of τVO2,recovery is 0.94 ± 0.05 for CHF
patients and 0.96 ± 0.02 for healthy control subjects, indicating a excellent fit
of the VO2) kinetics recovery data to the mono-exponential fit.

The pulmonary oxygen uptake kinetics at exercise onset (τVO2,onset) and dur-
ing recovery (τVO2,recovery) are statistically significant faster in healthy control
subjects than in CHF patients (see table 5.3), p=0.002 and p=0.004 respec-
tively. We do not observe a statistically significant difference in VO2,baseline

(p=0.33) between CHF patients and healthy subjects. The VO2,steadystate value
is significant higher in healthy subjects than in CHF patients (p=0.0002).

Oxygen onset (τVO2,onset) and recovery (τVO2,recovery) kinetics are very well
correlated in both healthy control subjects (r=0.64, p=0.008) and CHF patients
(r=0.77, p=0.001), showing no major disparity or asymmetry between these two
parameters among subjects. The time constant (τVO2,onset) for pulmonary oxy-
gen uptake kinetics for exercise onset correlates with the peak oxygen uptake
(peak VO2) in healthy control subjects (r=-0.56, p=0.02), however not in CHF
patients (p=0.08). Oxygen recovery kinetics correlates well with peak VO2 in
CHF patients (r=-0.54, p=0.03) and not in healthy control subjects (p=0.24).

5.3.2 Near-InfraRed Spectroscopy (NIRS)

We determined several parameters from the Tissue Saturation Index (TSI) signal
measured by NIRS during rest (TSIbl), exercise (∆TSIonset, TSImin, MRTonset,
TD,onset and AUC) and recovery from exercise (MRTrec and TD,rec). All these
parameters were determined for seventeen CHF patients and their seventeen
healthy counterparts. Table 5.3 shows the results of the NIRS parameters de-
termined in CHF patients and healthy subjects.
The coefficient of determination (R2) of the parameter MRTonset is excellent
in both groups; CHF patients (mean value: 0.99 ± 0.02) and healthy control
subjects (mean value: 0.99 ± 0.01). This indicates a good fit of the TSI on-
set data to the mono-exponential fit. The coefficient of determination (R2) of
MRTrec is also excellent for both CHF patients (mean value: 0.98 ± 0.03) and
healthy control subjects (mean value: 0.98 ± 0.03), indicating a good fit of the
TSI recovery data to the mono-exponential fit.

We do not observe statistically significant differences in ∆TSIonset, TSImin,
AUC, TD,onset and TD,rec between CHF patients and healthy subjects. On
the other hand, the baseline value of the TSI signal (TSIbl) is significant higher
in healthy control subjects compared to CHF patients (p=0.03)

The onset (MRTonset) and recovery kinetics (MRTrec) of the TSI signal are
statistically significant faster in healthy control subjects (i.e. shorter MRT)
compared to CHF patients (see table 5.3), p=0.003 and p=0.02 respectively.
The parameters MRTonset and MRTrec do not correlate with the peak oxygen
uptake (peak VO2) for healthy control subjects and CHF patients. The time
delay for the onset of the TSI signal is not statistically significant different be-
tween healthy control subjects and CHF patients (p=0.12), but the time delay
for the recovery of the TSI signal is statistically significant different between
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Table 5.3: Derived muscle oxygenation parameters from the Tissue Saturation
Index (TSI) signal and the pulmonary oxygen uptake (VO2 ) parameters during
day one of two consecutive constant load exercise tests (measurement 1.1 and
1.2) for chronic heart failure (CHF) patients and healthy control subjects.

CHF patients Control subjects p value

Muscle oxygenation (n=17):

TSIbl (%) 69 ± 5 71 ± 5 *
∆TSIonset (%) 11 ± 7 12 ± 5 n.s.
TSImin (%) 60 ± 9 62 ± 8 n.s.
MRTonset (sec) 22 ± 5 18 ± 2 **
TD,onset (sec) 13 ± 3 12 ± 2 n.s.
AUC (sec.%) 91 ± 96 115 ± 83 n.s.
MRTrec (sec) 44 ± 30 24 ± 11 *
TD,rec (sec) 15 ± 14 8 ± 4 *

V O2 kinetics :

VO2,baseline (L/min) (n=17) 0.37 ± 0.08 0.39 ± 0.09 n.s.
τVO2,onset (sec) (n=17) 59 ± 21 38 ± 8 **
VO2,steadystate (L/min) (n=17) 1.2 ± 0.3 1.8 ± 0.3 **
τVO2,recovery (sec) (n=16) 55 ± 22 37 ± 8 **

Note: Data are presented as means ± SD. SD = standard deviation; TSI=Tissue

Saturation Index; TD= time delay; τ = time constant; MRT = mean response time;

AUC = area under the curve; VO2= pulmonary oxygen uptake; n.s.= not

significant. * p < 0.05, ** p < 0.01

healthy control subjects and CHF patients (p=0.04) (see table 5.3).

Table 5.3 shows a significant difference between onset kinetics (MRTonset) and
recovery kinetics (MRTrec) of the TSI signal for healthy control subjects (p=0.03)
and CHF patients (p=0.005). We find that the parameter MRTonset does not
correlate with the parameter MRTrec in CHF patients (p=0.18) and healthy
control subjects (p=0.70). The time delay for onset (TD,onset) and recovery
kinetics (TD,rec) is different in healthy control subjects (p=0.01), but not in
CHF patients (p=0.83). Therefore, the significant difference between MRTonset

and MRTrec is due to a difference in the time constant for onset and recovery
kinetics.
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Figure 5.2: The mean response time (MRT), time delay (TD) and time con-
stant (τ) for the onset and recovery kinetics of the Tissue Saturation Index
(TSI) signal for chronic heart failure (CHF) patients (black) and healthy con-
trol subjects (white). A) shows these parameters for the onset kinetics of the
TSI signal (n=17) and B) shows these parameters for the recovery kinetics of
the TSI signal (n=17). Values are represented as means ± standard error (SE)
for healthy control subjects and CHF patients. * p < 0.05, ** p < 0.01.

Next to the quantitative analysis of the parameter the area under the curve
(AUC), a qualitative analysis of the presence of an undershoot in the TSI signal
was performed for both consecutive constant load exercise tests (measurement
1.1 and 1.2). This analysis revealed that there is no agreement between healthy
control subjects and CHF patients in the presence of an undershoot. For mea-
surement 1.1 an undershoot is present in 70.6 % of the healthy control subjects
and in 76.5 % of the CHF patients. For measurement 1.2 an undershoot is
present in 58.8 % of the healthy control subjects and in 76.5 % of the CHF
patients.

5.3.3 Relationship between pulmonary oxygen uptake (VO2)
kinetics and tissue oxygenation kinetics

In the previous chapter, we concluded that the NIRS parameters MRTonset and
MRTrec are acceptable reproducible parameters in moderately impaired CHF
patients. The wide limits of agreement restrict the use of these parameters in an
individual. In addition, we did not determine the standard errors for the various
NIRS parameters and therefore we should be careful to consider correlations for
these parameters.

During the onset of exercise, there is no correlation between the parameters
τVO2,onset and MRTonset in both groups. For recovery of exercise, there is a
very strong correlation between the parameters τVO2,recovery and MRTrec in
CHF patients (r = 0.80) and a strong correlation in healthy control subjects (r
= 0.54). Figure 5.3 shows the correlation between the parameters τVO2,recovery

and MRTrec during the recovery of exercise in healthy control subjects (black)
and CHF patients (red).
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The baseline value of the TSI signal (TSIbl) is a good reproducible parame-
ter (see Chapter 4). As explained in the previous chapter, the study of Bowen
et al. [13] demonstrated that this parameter correlates with the time constant
of the oxygen onset kinetics τVO2,onset in CHF patients. We find that the rest-
ing parameter TSIbl does not correlate with the parameter τVO2,onset in CHF
patients (p=0.66) and healthy control subjects (p=0.37).

Figure 5.3: Correlation between the parameter determined from the pulmonary
oxygen uptake kinetics (τVO2,recovery) and the parameter determined from the
Tissue Saturation Index (TSI) signal (MRTrec) during the recovery of exercise in
healthy control subjects (black) and CHF patients (red) (n=16). The two solid
lines represent the corresponding linear fits with the black line for the healthy
control subjects (coefficient of determination R2 = 0.29, r=0.54 p=0.03) and the
red line for the CHF patients (coefficient of determination R2 = 0.63, r=0.80,
p=0.001).

5.4 Discussion

Various absolute parameters (TSIbl, ∆TSIonset, TSImin and AUC) were deter-
mined from the Tissue Saturation Index (TSI) signal and compared between
chronic heart failure (CHF) patients and healthy control subjects. Next to
comparing these absolute parameters, the present study evaluated the onset
and recovery kinetics of the TSI signal during and after submaximal exercise
in CHF patients and healthy control subjects. These results are matched with
the results of the pulmonary oxygen uptake (VO2) kinetics in order to under-
stand the slowing of VO2 kinetics at exercise onset and recovery from exercise
in moderately impaired CHF patients.
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5.4.1 The absolute values of the Tissue Saturation Index
(TSI) signal

The baseline value of the TSI signal (TSIbl) was found to be statistically sig-
nificant higher in healthy control subjects compared to CHF patients. This
result is in agreement with an animal study by Diederich et al. [23]. This study
demonstrated that the microvascular oxygen pressure in muscles, reflecting the
ratio between local oxygen delivery and oxygen utilization, during rest is lower
in CHF rats (moderate and severe group) compared to that in healthy controls.
The difference in TSIbl between healthy control subjects and CHF patients can
be rationalized by an increased oxygen storage in healthy control subjects during
rest which can be caused by an increased capillary recruitment (i.e. improved
skeletal muscle capillary perfusion) in rest. The capillary recruitment depends
on several factors, such as the proportion of capillaries supporting the red blood
cell flow. The study of Richardson et al. [53] shows that this proportion is
smaller in CHF patients during rest. Another possibility to explain the lower
TSIbl value in CHF patients, is an increased venous volume in CHF patients
compared to healthy control subjects as a consequence of venous congestion in
CHF patients [19].

As explained in Chapter 4, the study of Bowen et al. [13] demonstrated that
the pulmonary oxygen uptake kinetics during the onset of exercise (τVO2,onset)
are correlated with the resting value of the TSI signal (TSIbl) in CHF patients.
They show that a higher resting value corresponds with faster oxygen uptake
kinetics (i.e. a higher τVO2,onset), which suggests that the processes control-
ling the pulmonary oxygen uptake kinetics during the onset of exercise are more
sensitive to oxygen delivery processes in CHF patients than in the healthy popu-
lation [29]. In our study, we did not find the correlation between the parameters
TSIbl and τVO2,onset in moderately impaired CHF patients. An explanation for
the discrepancy between our results and the study of Bowen et al. [13] can be
the influence of the skinfold thickness on the TSI signal as we will explain next.
The study of Bowen et al. [13] did not measure the skinfold thickness at the
site of the NIRS measurement, which makes it difficult to compare our results
with the results of the study of Bowen et al. [13].

We did not observe statistically significant differences in the other absolute
parameters (∆TSIonset, TSImin, AUC) determined from the TSI signal between
healthy control subjects and CHF patients. In Appendix D we show the influ-
ence of the skinfold thickness on the parameter ∆TSIonset. Based on this result
and on the results of previous studies [14, 48], we expect that the absolute values
(∆TSIonset, TSImin, AUC, TSIbl) are severely influenced by the skinfold thick-
ness by changes in the skin blood flow. In order to correctly interpret these ab-
solute parameters we will have to correct these values for the skinfold thickness.
Unfortunately, this current study did not invoke such a correction. A correc-
tion may induce a bias in the absolute parameters (∆TSIonset, TSImin, AUC,
TSIbl), which can lead to the misinterpretation of these parameters. Therefore,
we could not interpret these absolute parameters on an individual level.

Theoretically, the undershoot in the TSI signal (AUC) reflects a mismatch be-
tween oxygen delivery and utilization during the initial part of exercise [13].
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The quantitative analysis of the parameter AUC revealed that there is no dif-
ference in this parameter between healthy control subjects and CHF patients.
Next to this quantitative analysis of the area of the deoxygenation undershoot
AUC, a qualitative analysis of the presence of an undershoot in the TSI signal
was performed for both consecutive constant load exercise tests (measurement
1.1 and 1.2). This qualitative analysis revealed that for both measurements an
undershoot is present in the TSI signal of a percentage of the healthy control
subjects (measurement 1.1: 70.6 %, measurement 1.2: 58.8 %) and a percent-
age of the CHF patients (measurement 1.1: 76.5 %, measurement 1.2: 76.5 %).
This is in contrast with the finding of Sperandio et al. [57]. which demonstrated
that an overshoot in the deoxygenated hemoglobin (HHb) signal(representing
an undershoot in the TSI signal) is solely present in CHF patients and thus
absent in healthy control subjects. In their study, they point at the fact that
this overshoot is more likely to be found in older subjects [8], but our subjects
(64 ± 6 years ) have the same age as the subjects included in their study (61
± 9 years). However, several methodological differences between our study and
the study of Sperandio et al. [57] could have contributed to the discrepancy
between our finding and their findings (see section 5.4.2).
Both quantitative and qualitative analysis show that the parameter AUC is not
different in CHF patients and healthy control subjects. From the poor repro-
ducibility of the parameter AUC(see Chapter 4), we can expect that the value
of the AUC is not sensitive enough in order to determine differences between
both groups. Therefore, we hypothesize that the parameter AUC is a less im-
portant parameter in moderately impaired CHF patients in order to quantify
the mismatch between oxygen delivery and utilization.

5.4.2 Relation between pulmonary oxygen uptake (VO2)
kinetics and Tissue Saturation Index (TSI) param-
eters

The pulmonary oxygen uptake kinetics describes the rate of change in VO2 dur-
ing or after exercise. The speed of the response to exercise are defined as the
VO2 kinetics in terms of the overall time constant (time to reach 63 %) of the
response. Several studies show that this time constant may be twenty to thirty
seconds in young healthy individuals, but slowed (i.e. longer time constant)
in patients with chronic heart failure (CHF) [35, 55, 57]. In agreement with
these studies, we found that the pulmonary oxygen uptake (VO2) kinetics are
significant slower in moderately impaired CHF patients compared to healthy
control subjects during onset (τVO2,onset) and recovery (τVO2,recovery) of mod-
erate intensity exercise. In order to understand the nature of the slowing of
the pulmonary oxygen kinetics during onset and recovery of exercise in CHF
patients, we matched various NIRS parameters with the parameters from the
pulmonary oxygen uptake kinetics.

Using Near-InfraRed Spectroscopy (NIRS), we determined the onset and re-
covery kinetics of the Tissue Saturation Index (TSI) signal. We found slower
TSI onset kinetics (i.e. longer MRTonset) in CHF patients compared to healthy
control subjects. As explained in the data analysis, MRTonset depends on a
time constant and a time delay and represents the time to reach 63 % of the
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response on the constant load exercise test. We observed that the time delay
is similar for CHF patients and healthy control subjects, which indicates that
the difference in MRTonset between both groups depends on the time constant
of the mono-exponential fit and not on the time delay.
From a physiological point of view, changes in tissue oxygenation are determined
by changes in the ratio between local oxygen delivery and oxygen utilization.
As explained in Chapter 2, oxygen delivery depends on different processes, in-
cluding oxygen diffusion in the lungs, oxygen content of the blood, cardiac
function, diffusion of oxygen from the blood to the tissues and the vascular
function. Oxygen utilization is determined by the number and functional ca-
pacity of mitochondria, which is influenced by muscle fibre type distribution in
skeletal muscles and mitochondrial enzyme activity [32]. Potential mechanisms
leading to an impaired oxygen delivery include the central hemodynamic effects
of CHF, vasodilation and/or an impaired blood flow redistribution [57]. An
impaired oxygen utilization can be a consequence of limitations in the mito-
chondrial enzyme activity of the muscle [51].
The mean response time (MRT) is a measure for the changes in local tissue
oxygenation of the skeletal muscle of interest, i.e. the vastus lateralis, which
represents a ratio between oxygen delivery and utilization. A faster MRTonset

(i.e. shorter MRTonset) means that VO2 (oxygen utilization) faster adapts to
exercise relative to oxygen delivery. From this, a slower MRTonset (i.e. longer
MRTonset) indicates a more pronounced limitation in oxygen utilization. Our
results suggest that during the onset of exercise, moderately impaired CHF pa-
tients seem to be more limited by oxygen utilization than oxygen delivery.

Our findings of a faster TSI onset kinetics (i.e. shorter MRTonset) in healthy
control subjects is not in agreement with the study of Sperandio et al. [57].
However, several methodological differences may have contributed to this dis-
crepancy with our present results as we will discuss next. First, the exercise
protocol we apply in this study is different from that used by Sperandio et
al. [57]. In this present study, the exercise test is a submaximal exercise test
which consists of a two minute rest phase, followed by six minutes exercise at
80 percent of the workload corresponding with the ventilatory threshold and
a five minute recovery phase, whereas the exercise test used in the study of
Sperandio et al. [57] is a heavy-intensity cycling exercise test at 70-80 % of the
peak workload to the time point at which the subjects could not maintain the
pedaling frequency. In addition, based on the results of the study of Sperandio
et al., it seems that the group CHF patients involved in their study are more
severely impaired in terms of τVO2,onset (65 ± 17 sec versus 59 ± 21 sec) and
peak oxygen uptake VO2,peak (15 ± 3 ml/min/kg versus 20 ± 6 ml/min/kg).
Another important methodological difference compared with our present study
is the fact that during the present study we determine the onset kinetics for
the TSI signal, instead of determining this from the deoxygenated hemoglobin
(HHb) signal as the study of Sperandio et al. [57] does. The HHb signal repre-
sents the muscle deoxgyenation that is thought to come mainly from the venous
blood (the oxygen saturation of the arterial blood is SaO2

> 97% in CHF patients
and healthy control subjects), where the TSI signal is a signal which represents
the muscle oxygenation of the arterial and venous blood. It is possible that
the kinetics of both these signals are different, because the contribution of the
venous and arterial blood to both the signals is different. The exact influence
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of these differences however, is difficult to establish.

The study by Bowen et al. [13] investigated the TSI onset kinetics in CHF pa-
tients. During this study, the subjects performed a second exercise test, where
the prior exercise test was used as priming intervention. They found faster VO2

onset kinetics after this intervention. Therefore, the group of CHF patients was
split into two subgroups on the fact that a lower τVO2,onset is associated with a
better prognosis in CHF [54]. The fast group (i.e. τVO2,onset ≤ 40 sec) showed
faster MRTonset whereas the slow group (i.e. τVO2,onset > 40 sec) showed slower
MRTonset after the warm up intervention. Based on these results they concluded
that the factors controlling the onset of the VO2 kinetics may be more sensitive
to oxygen delivery in the fast group of CHF patients and to oxygen utilization
in the slow group of CHF patients. During this study, we did split the group
CHF patients into two different subgroups based on the parameter τVO2,onset,
but did not find the results demonstrated by Bowen et al. [13].
The group CHF patients involved in our study compared to these in the study
of Bowen et al. [13] are more severely impaired patients in terms of τVO2,onset

(59 ± 21 sec versus 49 ± 19 sec). This may rationalize, in contrast to Bowen
et al. [13], that the CHF patients in our study could not be differentiated into
two different groups based on the parameter τVO2,onset.

The results of our study suggest that during the onset of a submaximal exercise
test, moderately impaired CHF patients are more limited by oxygen utilization
than healthy control subjects. Impaired oxygen utilization depends on several
processes, such as an induced shift in fiber type recruitment and limitations in
the mitochondrial enzyme activity [51]. One way to determine these processes in
moderately impaired CHF patients, is to characterize alterations in the skeletal
muscle. This can be performed by taking biopsies from the skeletal muscle (i.e.
the vastus lateralis) of CHF patients. In the early nineties, Drexler et al. [24]
demonstrated that the volume density, cristae surface density, and cytochrome
oxidase activity of skeletal muscle mitochondria are substantially reduced in
patients with severe chronic heart failure, indicating a decreased oxidative ca-
pacity of the working muscle. It is, however, not well established whether these
derangements also play a role in contemporary treated CHF patients using béta
blockers and ACE inhibitors. Therefore, more research is needed in order to
clarify the mechanisms of impaired oxygen utilization in moderately impaired
CHF patients.

Next to an increased MRTonset in CHF patients, we also found that the MRTrec

is significantly increased in CHF patients. This increased MRTrec of the TSI
recovery signal indicates a lower oxygen delivery relative to the metabolic de-
mands in these CHF patients. This suggests that an impairment in oxygen
delivery plays an important role in the slower MRTrec (i.e. longer MRTrec)
during recovery of exercise in moderately impaired CHF patients. This result
is in agreement with the study of Kemps et al. [34] which demonstrated that
the kinetics of the deoxygenated hemoglobin (HHb) signal during exercise were
prolonged in CHF patients compared to healthy control subjects. Next to the
evaluation of the HHb kinetics, Kemps et al. [34] determined the capacity of
the muscle to use oxygen (metabolic recovery) with 31-P Magnetic Resonance
Spectroscopy (31- P MRS). They found that the metabolic recovery is prolonged
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in CHF patients, which was associated with an even slower muscle tissue reoxy-
genation. These results suggested that recovery from submaximal exercise in
CHF patients is mainly limited by a reduced muscle blood flow, rather than
an impaired oxygen utilization. Other studies determining the recovery kinetics
of the tissue oxygenation in the skeletal muscle in healthy control subjects and
CHF patients are scarce.

We observed a significant difference between the parameters MRTonset and
MRTrec in healthy control subjects and CHF patients. Both groups show that
it takes longer to recover from exercise than to adapt to it, which manifests
itself in a discrepancy between MRTonset and MRTrec and there corresponding
time constants. As we explained before, a prolonged MRTonset in CHF pa-
tients is associated with a greater impairment in oxygen utilization, whereas a
prolonged MRTrec in CHF patients is associated with a greater impairment in
oxygen delivery. Together with the finding of no correlation between the pa-
rameters MRTonset and MRTrec, it is suggested that the onset of exercise and
the recovery from exercise are influenced by different processes which regulate
the oxygen delivery and utilization, which may explain the discrepancy between
the timescale of MRTonset and MRTrec. However, the degree of activity of the
various processes regulating oxygen delivery and oxygen utilization can also be
different during the onset and recovery from exercise.

In order to understand the nature of the slowing of the pulmonary oxygen
uptake kinetics in CHF patients, we combined the results from the onset and
recovery kinetics of the TSI signal with the results from the onset and recovery
kinetics of the pulmonary oxygen uptake kinetics. We did not find a correlation
between the parameters MRTonset and τVO2,onset in both groups during the
onset of exercise, suggesting a heterogeneity in physiological impairments of the
ability to adapt to submaximal exercise in CHF patients. For the recovery of
exercise, we found a very strong correlation between the parameters MRTrec

and τVO2,recovery in CHF patients and a strong correlation in healthy control
subjects. This correlation shows that a longer τVO2,recovery corresponds to a
prolonged MRTrec. These results suggest that in moderately impaired CHF pa-
tients the oxygen recovery kinetics are mainly slowed by impairments in oxygen
delivery. However, additional research is needed in order to determine which
mechanisms are responsible for the slowing of the oxygen onset and recovery
kinetics (i.e. longer τVO2,onset and τVO2,recovery) in moderately impaired CHF
patients.

5.5 Concluding Remarks

This study provides new insights in the nature of the slowing of pulmonary
oxygen kinetics during onset and recovery of exercise in moderately impaired
CHF patients. We found an increased MRTonset in CHF patients compared
to that in healthy control subjects, which indicates a more pronounced limi-
tation in oxygen utilization in moderately impaired CHF patients during the
onset of exercise. Next to this finding, we observed an prolonged MRTrec in
CHF patients compared to that in healthy control subjects which indicates
a greater impairment in oxygen delivery in moderately impaired CHF patients
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during the recovery of exercise. The correlation between the parameters MRTrec

and τVO2,recovery showed that a slower oxygen recovery kinetics (i.e. longer
τVO2,recovery) in moderately impaired CHF patients is more governed by the
processes which describe oxygen delivery than the processes which describe oxy-
gen utilization. However, additional research is needed in order to determine the
exact mechanisms behind the slowing of the pulmonary oxygen kinetics during
the onset and recovery of exercise in moderately impaired CHF patients.

5.6 Study limitations

The skinfold thickness has on influence on the TSI signal as described in Ap-
pendix D. Therefore, we expects that the absolute values from the TSI signal
(TSIbl, TSImin, ∆TSIonset and AUC) may be influenced by the skinfold thick-
ness and should be corrected for the influence of the skinfold thickness. Unfor-
tunately, we have not invoked a correction factor for the influence of the skinfold
thickness. Therefore, we recommend to perform an occlusion test in addition to
the current used exercise protocol. A pressure cuff is placed around the leg to
supply occlusion. The TSI signal decreases until it reaches a plateau, then the
pressure will be relieved. The slope of change in the TSI signal during the ini-
tial portion (first two minutes) of the occlusion test can be calculated. By using
linear regression, the relationship between the slope of change in the TSI signal
and the skinfold thickness is approximated. From this relationship a correction
factor can be determined. The amplitude of the TSI signal can be corrected
(i.e. divided) with this correction factor [37].

The exercise test is a constant load submaximal cycling test. In order to de-
termine whether the discrepancy in results of the parameter MRTonset between
the present study and the study by Sperandio et al. [57], we recommend to use
different exercise intensities. By using different exercise intensities, we can see
the effects on the onset and recovery kinetics of the TSI signal. Next to the
effects on the kinetics of the TSI signal, we can see the effects on the parameter
AUC. This can be interesting in order to understand the exact meaning of this
parameter.

Only a few females participated in this study (n=2/17). In order to compare
the various NIRS parameters between men and female, we need to perform the
experiments in more female subjects.

During this study, we performed the experiments only in moderately impaired
CHF. We cannot assume that the results can be generalized to more severely
impaired CHF patients. Therefore, we recommend to perform the experiments
as explained in this study in severely limited CHF patients.
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Chapter 6

Conclusions and outlook

In order to invoke Near-InfraRed Spectroscopy (NIRS) as a routine measure-
ment in a clinical setting it is necessary to know more about the applicability
and reproducibility of various NIRS parameters in moderately impaired chronic
heart failure (CHF) patients. The majority of commercially available NIRS in-
struments are continuous wave (CW) spectrophotometers. These specotropho-
tometers have a proven reliability in the measurement of changes in hemoglobin
concentrations; changes in the concentration of oxygenated hemoglobin (HbO2)
and deoxygenated hemoglobin (HHb). The NIRS device used during this study
(Portamon) measures in addition to the changes in hemoglobin concentration,
an absolute value of the tissue oxygenation, the so called Tissue Saturation In-
dex (TSI). The TSI signal is expected to be less sensitive to changes in total
hemoglobin content compared to the HHb signal. Therefore, during exercise
the TSI signal is a more useful signal to quantify the local tissue oxygenation
in the skeletal muscle. In addition, we have argued that the TSI signal shows
a better reproducibility compared to the HHb signal. Therefore, the present
study focused on the TSI signal instead of the more commonly used HHb signal.

The first goal of this study was to evaluate the reproducibility of various NIRS
parameters obtained from the TSI signal during rest, onset and recovery from
constant load submaximal exercise tests in moderately impaired CHF patients.
The various parameters obtained from the TSI signal were more reproducible
when you compare the average of two measurements on a single day with the
average of two measurements on a second day, compared to that of a single mea-
surement on two different days. Next to the evaluation of the reproducibility
of various NIRS parameters, we explored novel analyzing techniques in order
to determine already described NIRS parameters in previous studies [13, 20]
(onset kinetics, recovery kinetics and the area under the curve AUC). The sec-
ond goal of this study was to compare the various NIRS parameters between
healthy subjects and CHF patients. We combined the NIRS measurements with
the measurements of the pulmonary oxygen uptake kinetics (VO2 kinetics). In
this way we could investigate the nature of the slowing of VO2 kinetics during
exercise onset (i.e. longer )τVO2,onset) and recovery (i.e. longer τVO2,recovery)
in moderately impaired CHF patients compared to healthy control subjects.
This may contribute to a better understanding of the exercise pathophysiology
of heart failure.

78



We concluded that the resting parameter of the TSI signal (TSIbl), the first
minimum of the TSI onset signal (TSImin) and the total amplitude of the TSI
onset signal (∆TSIonset) are good reproducible parameters in moderately im-
paired CHF patients using the applied exercise protocol. Based on this good
reproducibility, one may consider their use for clinical applications in the future.
The resting parameter TSIbl was found to be significantly higher in healthy
control subjects compared to CHF patients. This points at increased oxygen
storage in healthy control subjects during rest, which is caused by an increased
capillary recruitment (i.e. improved skeletal muscle capillary perfusion) in rest.
Another possibility for explaining a lower TSIbl in CHF patients, is an increased
venous volume in CHF patients compared to healthy subjects as a consequence
of venous congestion in CHF patients.
Next to these absolute parameters, we determined another absolute value from
the TSI signal during exercise, the area of the undershoot (AUC). It was hy-
pothesized that the undershoot in the TSI signal reflects a mismatch between
oxygen delivery and utilization. Although the AUC is generally considered a
valuable parameter to quantify this mismatch, both our quantitative and qual-
itative analysis of the AUC showed that this parameter is not reproducible in
moderately impaired CHF patients. Next to the poor reproducibility, the AUC
is not significant different (qualitative and quantitative) for healthy control sub-
jects compared to CHF patients. From this, we can expect that the value of
the AUC is not sensitive enough in order to determine differences between both
groups. Therefore, we hypothesize that the parameter AUC is a less important
parameter in moderately impaired CHF patients in order to quantify the mis-
match between oxygen delivery and utilization.
In Appendix D we showed the influence of the skinfold thickness on the param-
eter ∆TSIonset. Therefore, we expect that the absolute values determined from
the TSI signal ( TSIbl, TSImin, ∆TSIonset and AUC) are severely influenced
by the skinfold thickness. In order to correctly interpret these parameters, we
will have to correct them for the skinfold thickness. Unfortunately, this current
study did not invoke such a correction. Additional experiments (for example
an occlusion test) need to be performed in order to determine a correction factor.

Next to the determination of various absolute values from the TSI signal, we
explored novel analyzing techniques for determining the parameters for the on-
set kinetics (MRTonset) and the recovery kinetics (MRTrec) of the TSI signal
by applying a mono-exponential fit to the TSI data. These techniques yielded
an excellent ’goodness of fit’ for both onset and recovery kinetics. Therefore,
we argued that these novel techniques are valuable for the determination of the
onset and recovery kinetics from the TSI signal in moderately impaired CHF
patients. Future research should determine the reproducibility of these various
NIRS parameters in healthy subjects. This may improve the reliability of our
current analyzing techniques as healthy subjects are in general less influenced
by pathophysiological factors compared to CHF patients. Therefore, we expect
a better reproducibility of the various NIRS parameters in healthy subjects.

We concluded that the TSI onset kinetics are more reproducible in moderately
impaired CHF patients than the TSI recovery kinetics. Based on the acceptable
reproducibility of the parameters determined from the TSI onset and recovery
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signal, we concluded that these parameters are not clinical applicable in mod-
erately impaired CHF patient, yet they can still be useful when you compare
the CHF patients with a group of healthy control subjects. The TSI onset
(MRTonset) and recovery kinetics (MRTrec) are slower (i.e. longer MRT) in
moderately impaired CHF patients compared to healthy control subjects. The
slower onset and recovery kinetics of the TSI signal are associated with slower
pulmonary oxygen kinetics. It was suggested that a longer MRTonset indicates a
more pronounced limitation in oxygen utilization in moderately impaired CHF
patients during exercise onset, where a longer MRTrec indicates a greater im-
pairment in oxygen delivery during the recovery from exercise. The correlation
between the parameters MRTrec and τVO2,recovery suggests that the slowing of
the oxygen recovery kinetics in CHF patients are more governed by the processes
which regulate the oxygen delivery (i.e. oxygen content of the blood, cardiac
function, microvascular function) than the processes which regulate the oxygen
utilization (number of mitochondria, mitochondrial enzyme activity).

The combination of the TSI signal and the pulmonary oxygen uptake kinet-
ics contributed to an improved understanding of the slowing of the pulmonary
oxygen uptake kinetics during the onset and recovery from exercise in moder-
ately impaired CHF patients. From the results of this study, we conclude that
treatments that improve both the skeletal muscle oxygen delivery and utiliza-
tion may be necessary to ameliorate exercise intolerance in moderately impaired
CHF patients. In practice this means that some patients are in need of an
improved cardiac output for instance with cardiac resynchronization therapy
(CRT), while others are better helped with physical exercise. However, addi-
tional research (i.e. other exercise intensities, biopsies of the skeletal muscle) is
needed in order to determine which exact mechanisms are responsible for the
slowing of pulmonary oxygen onset and recovery kinetics.
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Chapter 7

Additional
recommendations

7.1 Patterns in the Tissue Saturation Index (TSI)
onset signal

As explained in Chapter 4, we observed four different patterns in the Tissue
Saturation Index (TSI) onset signal during exercise (see figure 4.3). The pat-
terns shown in figure 4.3 b) and c) (pattern b and pattern c respectively) were
to our knowledge not described in literature before. We think that the observed
pattern c is just an extension of pattern a. We expect that a steady state value
would be reached in the subjects showing this pattern if the exercise time was
longer than six minutes.

All observed patterns appeared in more than one of the CHF patients (see
Appendix C). Therefore, we expect that the different observed patterns can
give us an improved understanding whether oxygen delivery or utilization is
limited in a CHF patient. This can rationalize the variation in the parameter
the area under the curve (AUC) determined from the TSI signal. In order to
understand the observed pattern in the TSI onset signal visualized in figure
4.3b (pattern b), we first ruled out if experimental control features such as the
heart rate, fixed constant cadence, slow rise in the oxygen uptake kinetics, work
rate submaximal exercise and the skinfold thickness were different in subjects
showing pattern b compared with subjects showing another pattern. This was
not the case. Therefore, we made a simplified model of the key factors which
have an influence on the TSI signal (i.e. the matching of blood flow and oxygen
utilization) based on the model described in the study of Barbosa et al. [4].
This model revealed whether or not an undershoot is present in the TSI signal,
but did not show the other described patterns. A more extensive model which
modeled the muscle oxygenation measured by NIRS was described by Nicola Lai
et al. [39]. This model could also not explain the different observed patterns
in the TSI onset signal. We recommend to further investigate the possibilities
for a new model based on the factors which determine oxygen delivery and uti-
lization. This in order to understand the different observed patterns and the
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exact meaning of the area of the undershoot (AUC). In this way we can better
understand the relevance of the parameter AUC.

7.2 Oscillatory pattern

We observed an oscillatory pattern in the Tissue Saturation Index (TSI) signal
of some of the CHF patients. We speculated that these oscillations could be
related to an oscillatory breathing pattern. This oscillatory breathing pattern
is a form of irregular breathing which can be determined during exercise using
breath-by-breath expired gas exchange analysis (i.e. pulmonary oxygen uptake
VO2, ventilation VE). Various investigators have defined OB, based on arbitrary
criteria but currently there is no standardized definition of OB. Recent studies
have shown that an oscillatory breathing pattern (OB) in CHF patients predicts
premature death, but mechanisms that explain OB in CHF patients remain
not completely understood [22, 58]. Therefore, we sought the presence of a
coupling between the oscillatory pattern in the TSI signal and the ventilation.
Unfortunately, it was hard to determine whether or not a CHF patient shows
an oscillatory breathing pattern in the ventilation. This made it difficult to find
a correlation between the oscillatory pattern observed in the TSI signal and the
ventilation. We recommend to investigate this further, because of the clinical
relevance of the oscillatory breathing pattern.
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Appendix A

Diffusion equation

In the Spatially Resolved Spectroscopy (SRS) technique light pulses are pro-
duced on the tissue surface by three small sources. A small detector some dis-
tance away (ρ) from the sources is used to measure the light attenuation. The
light attenuation is given by the negative logarithm of the reflectance R(ρ, t).
The reflectance R(ρ, t) is derived in the paper by Patterson et al. [50]. In this
chapter we will give this derivation.
In the derivation is assumed that the diffuse photon fluence rate (photon den-
sity) φ(r, t) satisfies the diffusion equation:

1

v

∂φ(r, t)

∂t
−D∇2φ(r, t) + µaφ(r, t) = S(r, t), (A.1)

where v is the velocity of light in the medium, D is the diffusion coefficient,
D = 1/3(µa +µst) ([cm2sec−1]), µa the absorption coefficient, µst the transport
scattering coefficient and S(r, t) the photon source term. Assume µa << µst,
which is true for soft tissues (e.g. biological tissue) in the 650-1300 nm range.
The source term S(r, t) = δ(0, 0) represents an isotropic source term as a func-
tion of space and time. For this source term the solution of A.1 for a infinite
medium is [2]:

φ(r, t) = v(4πDvt)−3/2 · exp

(
− r2

4Dvt
− µavt

)
(A.2)

We can use this Green’s function (derivation is shown in [2]) to solve the problem
posed in figure A.1 by making two other assumptions. The first assumption is
that all incident photons from the source are scattered at depth z= zo = µst.
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Figure A.1: The geometry for the calculation of the reflectance R(ρ, t) for a
semi-infinite homogeneous medium. The boundary condition φ(r, t) = 0 can be
met by adding a negative source indicated by the open circle [50].

The second assumption is that φ(r, t) = 0 on the boundary z=0. This boundary
condition can be met by adding an extra negative source of photons at z= -zo
(see figure A.1). The fluence rate per incident photon can then be written in
cylindrical coordinates as the sum of contributions from two sources:

φ(r, t) = v(4πDvt)−3/2 · exp (µavt) ·
{

exp

(
−(z − zo)2 + ρ2

4Dvt

)
− exp

(
−(z + zo)2 + ρ2

4Dvt

)}
.

(A.3)

The number of photons reaching the surface area at distance ρ can be calculated
from Fick’s law:

J(ρ, 0, t) = −D∇φ(ρ, z, t)|z=0 (A.4)

which leads to the final expression for the reflectance R(ρ, t) at a distance ρ:

R(ρ, t) = |J(ρ, 0, t)| = (4πDv)−3/2.
1

µst
.t−5/2. exp(−µa.v.t). exp

(
−ρ

2 + µ−2st

4Dvt

)
(A.5)
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Appendix B

Reproducibility of the
deoxygenated hemoglobin
([HHb]) signal versus the
Tissue Saturation Index
(TSI) signal

We analyzed the deoxygenated [HHb] hemoglobin signal next to the Tissue Sat-
uration Index (TSI) signal for nineteen subjects with stable systolic CHF New
York Heart Association (NYHA) class II or III. We compared the reproducibil-
ity of measurement one (measurement 1.1 and 2.1) of the mean response time
(MRTonset) of the onset for the [HHb] and TSI signal by using the method de-
scribed in [20] (method 1). The TSI signal of the nineteen subjects were also
analyzed by the method described in section 4.3 (method 2). Table B.1 shows
the comparison between the reproducibility of the MRTonset for the [HHb] sig-
nal and the TSI signal (method 1 and 2).

The MRTonset for the [HHb] signal could only be determined for seven of the
nineteen CHF patients. One of the main problems for this, was the influence
of movement artifacts on the [HHb] signal. On the other hand, the MRTonset

for the TSI signal could be determined for fifteen of the nineteen CHF patients
for method 1 and seventeen of the nineteen CHF patients for method 2. The
determination of two more CHF patients by using method 2 for the TSI signal
was due to the size of the amplitude of the TSI signal as explained in section
4.2.2. Considering limits of agreement (LA) and coefficients of variation (CV),
the MRTonset for the TSI signal (both methods) show better reproducibility
than for the [HHb] signal. The TSI signal seems far less sensitive to changes
in total hemoglobin content than the [HHb] signal. Therefore, we focused on
the TSI signal instead of the [HHb] signal. Below we show the advantages and
disadvantages of using the TSI signal or [HHb] signal.
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The TSI signal is :

• an absolute parameter

• less sensitive to blood volume changes, due to division by the total hemoglobin
content [tHb].

The [HHb] signal is:

• less influenced by skin perfusion

• not an absolute concentration

• the onset kinetics are less reproducible
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Appendix C

Classification of the
different observed patterns
in the Tissue Saturation
Index (TSI) signal

Five different observers classified the chronic heart failure (CHF) patients (n=17)
into the different observed patterns in the onset and recovery of the Tissue Sat-
uration Index (TSI) signal as described in section 4.2.1 (see figure 4.3 and 4.4).
Figure C.1 shows the results of the agreement between the different observers
for the classification of the TSI onset signal and the TSI recovery signal.

Figure C.1: A) Classification of the Tissue Saturation Index (TSI) onset signal
into the different described patterns and B) Classification of the TSI recovery
signal into the different described patterns (n=17).

Figure C.1 shows that the agreement between the different observers for the
classification of the patterns is poor. This made it difficult to define novel
analyzing techniques for determining the NIRS parameters (especially the area
of the undershoot (AUC) and the TSI recovery kinetics parameters) in a way
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that the analyzing technique can be used for every observed pattern.
Table C.1 gives an indication of the appearance of the observed patterns in
percentage (mean value of the five different observers) in the onset(see figure
4.3) and recovery (see figure 4.4)of the TSI signal for all measurements (n=17).

Table C.1: An indication of the appearance of the observed patterns in percent-
age (mean value of the five different observers) in the onset and recovery of the
Tissue Saturation Index (TSI) signal for all measurements (measurement 1.1,
1.2, 2.1 and 2.2) in chronic heart failure (CHF) patients (n=17).

Measurement 1.1 Measurement 1.2 Measurement 2.1 Measurement 2.2

Onset
Pattern a 41.2 % 35.3 % 33.0 % 30.6 %
Pattern b 28.2 % 21.2 % 21.2 % 2.0 %
Pattern c 28.2 % 15.3 % 28.2 % 16.5 %
Pattern d 2.4 % 28.2 % 17.6 % 32.9 %

Recovery
Pattern a 29.4 % 30.6 % 27.1 % 32.9 %
Pattern b 47.1 % 45.9 % 50.6 % 40.0 %
Pattern c 23.5 % 23.5 % 22.3 % 27.1 %
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Appendix D

Correcting for the skinfold
thickness

Several researchers examined the influence of the skinfold thickness on light
propagation in leg muscles [48, 14]. It is expected that the skinfold thickness
influences the NIR signal intensity from the muscle tissue below. To account
for the effect of the skinfold thickness on the NIRS signal of the muscle, several
correction algorithms for determining a correction factor for the deoxygenated
hemoglobin signal (HHb) have been developed:

1. The changes in [HHb] can be corrected by dividing by a correction factor:

Smuscle = exp(−(
h

A
)2). (D.1)

The values of constant A for the source-detector separations of 20, 30, and 40
mm are 6.9, 8.0 and 8.9, respectively [48].

2. The determination of a correction factor based on the relation between the
resting value of the total hemoglobin [tHb] signal and the skinfold thickness [14].

During the present study it was not possible to determine these correction fac-
tors described in previous studies. Therefore, we tried to find a new correction
factor for the influence of the skinfold thickness on the TSI signal. Therefore,
we examined the relation between various TSI parameters (the resting param-
eter TSIbl and ∆TSIonset) and the skinfold thickness. Figure D.1A) shows that
there is no relationship between the resting parameter TSIbl and the skinfold
thickness for day one in CHF patients (n=29). We find a correlation between
the resting parameter TSIbl and the skinfold thickness (r = 0.58, p = 0.02) in
healthy control subjects (n=17), but not in CHF patients (n = 17, r = 0.37, p=
0.15).
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Figure D.1: A) The relationship between TSIbl (%) and skinfold thickness (mm)
for day one for chronic heart failure (CHF) patients (n=29). B) The relationship
between ∆TSIonset (%) and skinfold thickness (mm) for day one for chronic heart
failure (CHF) patients (n=29).

We find a correlation between the amplitude of the TSI onset signal indicated
by the parameter ∆TSIonset and the skinfold thickness (r = - 0.64, p = 0.01)
in healthy control subjects (n=17) and in CHF patients (n = 17, r = -0.65,
p= 0.004). Figure D.1B) shows a decreasing trend between the TSI parameter
∆TSIonset and the skinfold thickness. Although there is a clear decreasing trend,
there is no obvious relation between the parameter ∆TSIonset and the skinfold
thickness. We expect that the the parameter ∆TSIonset is higher in subjects
with a smaller skinfold thickness. Additional measurements of the parameter
∆TSIonset at other skinfold thicknesses are needed in order to obtain a reliable
correction factor for the skinfold thickness based on the parameter ∆TSIonset.
Another possibility in order to obtain a correction factor, is to perform another
experiment (occlusion test) where a pressure cuff is placed around the leg to
supply occlusion.

97


