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General introduction

Background

Chronic heart failure (CHF) is a clinical syndrome characterized by a cluster of typical 
symptoms and signs, caused by a reduced cardiac output, which in turn is the result of a cardiac 
abnormality (100). Symptoms may include breathlessness, ankle swelling and fatigue, and signs 
can consist of pulmonary crackles, peripheral edema, and elevated jugular venous pressure. 
This definition of CHF encompasses a wide range of cardiac disorders, either structural 
or functional, of which the origins usually lay in coronary artery disease and hypertension, 
and less frequently in valvular disease, arrhythmias, dilated or hypertrophic cardiomyopathy, 
congenital heart disease, alcohol abuse, and metabolic disorders. Confirmation of the diagnosis 
is usually performed by echocardiographic analysis of cardiac dimensions and ventricular 
function. The left ventricular ejection fraction (LVEF) is an echocardiographic parameter used 
to differentiate between patients with normal and reduced ejection fraction. For this thesis, we 
focused on patients with heart failure with reduced ejection fraction (HFrEF; LVEF < 40%), 
since their diagnosis is more straightforward and the disease course shows less influence of co-
morbidities (e.g. hospitalization for non-cardiovascular causes). In contrast, heart failure with 
preserved ejection fraction (HFpEF) has an equivocal echocardiographic diagnosis, very limited 
pharmacological treatment efficacy, and is associated with (a complex of) different underlying 
etiologies (100).
 CHF has become an extensive health care problem. It has been estimated that more 
than 225.000 people suffer from CHF in the Netherlands (21), of which approximately 50% 
are patients with HFrEF (100). The prevalence of CHF is 1–2% of the adult population (100), 
with a prevalence of less than 0.3% of those under 54 years, and higher with increasing age, in 
that CHF is present in almost 25% of those over 85 years (21). Moreover, annually, over 40,000 
people are newly diagnosed with CHF, and this number is expected to rise because of the ageing 
population and increasing prevalence of precursors such as hypertension, obesity, and diabetes. 
Expedited diagnosis and improved medical treatment may further increase the number of 
people with CHF. In effect, calculations predict that between 2011 and 2040 the prevalence of 
CHF will increase with 111% (16). However, in spite of progress in effective therapeutic options 
[e.g. cardiac resynchronization therapy (CRT) and pharmacological treatment] (100), prognosis 
is poor and has hardly improved since the 1980’s (21). To illustrate this, mortality remains high, 
with 17% of hospitalized patients dying in the first year after diagnosis, and 44% after 5 years 
(92). This accounts to almost 7,700 CHF related deaths every year in the Netherlands. Moreover, 
hospital admissions are estimated to exceed 29,000 (21), and patients with CHF are at an 
increased risk of readmission (14% within 6 months) (108). When including costs for hospital 
care, nursing, medication, and organization of health care, annual spending on CHF grew from 
455 million euro in 2007 to 940 million euro in 2011 (21). With the expectation that within 25 
years the prevalence of CHF will double, challenges to constrain health care consumption and 
CHF related costs are imminent.
 For patients, the burden of CHF extends beyond premature death and repeated 
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hospitalization. For example, quality of life is usually limited because of debilitating symptoms 
which jeopardize independency and which are associated with increased prevalence of 
depression (55, 84). One of the foremost symptoms of patients with CHF is exercise intolerance 
(132), which presents as early exertional fatigue and dyspnea, and is expressed in a reduced 
exercise capacity during testing.

Exercise testing

Because exercise capacity in patients with CHF is strongly linked to survival (86, 91), exercise 
parameters are valuable markers to grade the severity of the syndrome, and to support medical 
treatment decisions (e.g. heart transplantation, mechanical circulatory support, or exercise 
prescription) (72, 100). Other assessment parameters, like resting indices of cardiac function and 
perception of exertional symptoms, have shown to be less informative about maximal exercise 
capacity (123, 145, 146). Therefore, cardiopulmonary exercise testing (CPET) has become a 
well-established technique for stratifying cardiovascular risk and objectifying symptoms in 
the evaluation of CHF, but also for the assessment of the pathophysiological basis of exercise 
intolerance, and the prescription of exercise training (58, 78).

Maximal exercise testing
The exercise parameter that is most widely used to assess aerobic exercise capacity is the maximal 
pulmonary oxygen uptake (V̇O

2
max). During maximal exercise testing, V̇O

2
max is the highest 

obtainable O2 uptake, which is evidenced by O2 uptake leveling off despite sustaining further 
increases of over work rate. However, V̇O

2
max is not always confirmed by attainment of such 

a ‘V̇O
2
 plateau’, especially not in patients with CHF (15, 63). Therefore, the highest O2 uptake 

in these patients is usually expressed as peak oxygen uptake (peakV̇O
2
) (78). However, failure 

to reach a true maximal effort, for example due to the patient’s motivation, the duration and 
magnitude of the steps of the incremental exercise protocol, or (lack of) encouragement by the 
observer, compromises the interpretation of peakV̇O

2
 (2, 95). Consequently, secondary criteria 

(e.g. respiratory exchange ratio, lactate measurements) and strategies have been developed 
to verify maximal effort (78). For instance, additional tests have been proposed to determine 
true V̇O

2
max (17, 105). However, if criteria are not fulfilled, or when additional tests are 

poorly tolerated or deemed time inefficient, practical applicability of these strategies is limited. 
Therefore, interest in objective exercise variables for the assessment of exercise capacity and 
prognosis in patients with CHF which are independent of the patient’s effort, is growing.
 There are two main parameters that can be derived from ventilatory and gas exchange 
data from an exercise test that is not completed until exhaustion: the slope of pulmonary 
ventilation versus carbon dioxide output (V̇E versus V̇CO

2
 slope) and the oxygen uptake 

efficiency slope (OUES) (5, 128). Both slopes discriminate between patients with CHF and 
healthy subjects (30, 56), and show similar or enhanced prognostic value in patients with CHF 
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in terms of survival, hospitalization, and other cardiac related events, compared with peakV̇O
2 

(3, 4, 30, 86, 99, 148). Whereas the OUES seems a useful parameter to assess effects of exercise 
training (45, 47, 63, 67, 87, 127), increased exercise capacity with training has not always 
been accompanied with improvements of the V̇e versus V̇CO

2
 slope (63, 87, 118). The OUES 

therefore parallels the clinical utility of V̇O
2
max, however, independent of the exercise level 

that is achieved (6). Nevertheless, the optimal method of determination of the OUES has not 
received much attention. Unlike with the V̇e versus V̇CO

2 
slope (128), it is not known if onset 

of metabolic acidosis (i.e. anaerobic threshold) during exercise testing influences the OUES. 
Moreover, because the OUES is derived from the logarithmic relation between V̇O

2
 and V̇e, 

the above-mentioned plateau in O2 uptake during maximal exercise may cause a downward 
deflection of the OUES. Knowledge of these attributes may lead to a more standardized method 
of determination and could further reinforce the application of the OUES in clinical practice.

Submaximal exercise testing
Activities of daily life for patients with CHF are generally short lasting and are almost always 
performed at a workload intensity lower than maximal intensity (e.g. household tasks, walking 
up the stairs, et cetera) (126). In fact, efforts are usually constrained to an intensity whereby one 
can avoid symptoms of metabolic acidosis (e.g. fatigue and breathlessness) (88), or to a duration 
that prevents metabolic perturbations to escalate (1). Therefore, while maximal exercise testing 
may provide clinically important information, it does not necessarily reflect relevant functional 
capability, and submaximal exercise capacity may be better represented by constant work rate 
testing at a more moderate intensity (i.e. below the anaerobic threshold).
 It has been shown that the rate of change of O2 uptake during transitions from 
rest to exercise (V̇O

2 
onset kinetics) and from exercise to rest (V̇O

2
 recovery kinetics) during 

submaximal exercise tests is slower in patients with CHF compared with healthy subjects 
(14, 50, 62, 110, 120). Additionally, slowed V̇O

2
 kinetics in CHF are associated with reduced 

submaximal exercise tolerance (29), reduced functional mobility (57), and aggravated HF 
symptoms (20). Also, V̇O

2 
kinetics have shown prognostic value (114), and responsiveness 

to exercise training (63). More importantly in the context and aim of this thesis, kinetics of 
O2 uptake and other determinants of aerobic metabolism (e.g. cardiac output, skeletal muscle 
oxygenation, or skeletal muscle blood flow) during transitions to and from exercise offer greater 
insight in the mechanisms impairing the response to exercise (18, 62, 101, 111, 125), than 
comparable measurements during rest or steady-state exercise (39, 44, 104).

Pathophysiology of exercise intolerance

Until the advent of the ‘muscle hypothesis’, advocated by Coats et al. (25), the prevailing 
conception was that the response to exercise in patients with CHF was primarily impaired by 
cardiac dysfunction. Since then, attention has been widened towards the peripheral sequelae of 



16

Chapter 1

the heart failure syndrome. The most important of these is peripheral vasoconstriction, which 
after the initial cardiac insult serves to maintain perfusion pressure of vital tissues (e.g. brain) 
at the expense of skeletal muscle tissue and splanchnic organs (i.e. kidney, liver, and gut) (103). 
However, in the long term, persistent vasoconstriction may become exaggerated and may result 
in many adverse skeletal muscle adaptations (131).
 The mechanisms that mediate vasoconstriction consist of overactivation of endocrine 
and nervous systems [i.e. renin–angiotensin–aldosterone system (RAAS) and sympathetic 
nervous system, respectively]. The sympathetic overactivation may be further increased by 
altered sensitization of nerve endings within skeletal muscle that are triggered by mechanical 
and metabolic stimuli upon muscle contraction (i.e. group III and IV afferents) (28, 142). Also, 
biochemical compounds that can oppose local vasoconstriction, as for instance nitric oxide, show 
a reduced bioavailability (27, 134). The resulting effect is that blood flow, and its redistribution 
from non-exercising tissues during exercise, towards skeletal muscle is compromised (22, 83).
 Such a state of chronic underperfusion relative to the demands, especially during 
exercise, leads to a greater reliance on anaerobic metabolism and early metabolic acidosis (111). 
Together with sympathetic hyperactivity, byproducts from anaerobic metabolism stimulate 
ventilation, creating a status of excess ventilation with increased work of breathing (128). 
The consequence is that breathing muscles compete with locomotor muscles for oxygen and 
nutrients during heavy-intensity exercise, and possibly ‘steal’ a significant share of total cardiac 
output, effectively reducing skeletal muscle blood flow even further (52, 94). Underperfusion of 
skeletal muscle and other tissues in CHF not only impairs aerobic metabolism, but also induces 
oxidative and inflammatory stress (41, 137), which in turn are associated with systemic anemia 
and muscle wasting (59, 119, 143).
 Considering that O2 is the critical component in aerobic metabolism, and therefore in 
sustaining exercise, every step in the O2 transport pathway offers a potential cause for exercise 
intolerance. Whereas pulmonary function is normally only mildly affected in optimally-treated 
CHF (19, 24, 51), impairments of O2 transport related to reduced cardiac output, exaggerated 
vasoconstriction and anemia suggest that it is mainly insufficiency of O2 delivery that contributes 
to exercise intolerance. However, there is controversy on the extent wherein intrinsic properties 
of skeletal muscle tissue can impair exercise performance in CHF (32, 79, 96, 98, 103, 107), that 
is, in the (in)ability to use oxygen for aerobic metabolism (i.e. O2 utilization).

Skeletal muscle abnormalities
The significance of skeletal muscle properties in CHF is that greater structural and functional 
abnormalities are correlated with the severity of the disease (18, 79, 103), and the degree of 
exercise impairment. For instance, muscle mass (23, 46, 53), muscle strength (113), and ex vivo 
muscle oxidative capacity (12, 35, 74, 116) all show strong relationships with maximal and/or 
submaximal exercise capacity. At the level of muscle fibers, lower peakV̇O

2
 in CHF is associated 

with a greater percentage of fast twitch muscle fibers (i.e. type II) (71, 115, 129, 138), which have 
lower resistance to fatigue and are metabolically more anaerobic. In line with these findings, 
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comparisons with healthy subjects show a smaller percentage of slow twitch fibers (i.e. type 
I) in CHF (Table 1 and 2) (13, 33, 69, 70, 80, 116, 130), which has been confirmed in animal 
studies to be a temporal adaptation to HF (112, 121, 124, 141). Similar conclusions can be drawn 
on the basis of density measurements of fast and slow twitch contractile proteins of muscle 
fibers [Myosin Heavy Chain (MHC) isoforms; Table 2] (35, 75, 129, 139, 140). However, in 
the comparison of fiber dimensions between patients with CHF and healthy subjects (Table 3), 
muscle fiber atrophy has been demonstrated (13, 68, 71, 74, 140, 144), but has not stood out 
as an ever recurring feature of skeletal myopathy in CHF (11, 69, 70, 80, 115, 116). Likewise, 
muscle fiber atrophy is associated with exercise intolerance in some (74, 131, 140), but not 
in all studies (68, 71, 115, 116). In explaining these findings, it has been argued that muscle 
fiber atrophy might be more a result of disuse and deconditioning, whereas the muscle fiber 
type shift is more the consequence of the HF related cascade of sympathetic overactivation, 
underperfusion, oxidative stress, and inflammation (79). Thus, while it has been shown that 
skeletal muscle oxidative capacity is compromised in CHF, the role of muscle fiber dimensions 
in exercise intolerance in CHF remains unclear. More importantly, there is no consensus on 
whether oxidative capacity is reduced to adjust to the failing relation between O2 supply and 
demand (leaving little excess of oxidative capacity) (79, 152), or that it eventually can form the 
predominant limitation to exercise performance for certain patients (48).
 Other skeletal muscle abnormalities that can impact exercise capacity are impairments 
of the skeletal muscle microvascular network in facilitating transport of oxygen and nutrients 
into muscle fibers. The assessment of muscle fiber capillarization in CHF has generally shown 
a lower number of capillaries per fiber (11, 13, 115–117, 130, 144), while there are exceptions 
in the literature that do not show a difference (38, 71). Moreover, most of the reduction of 
capillaries is explained by an adaptation to smaller fiber size (especially for type I fibers) (115–
117, 130, 144), which keeps the number of capillaries per muscle fiber surface area (i.e. capillary 
density) unchanged (Table 4). However, there are indications that muscle capillary function 
is compromised, in that the proportion of capillaries that support flowing of red blood cells is 
reduced (109), as well as that the resistance for oxygen to cross the outer muscle fiber membrane 
may be higher (11). Together, these abnormalities can impair O2 diffusion into muscle fibers 
(102). Because, to the best of our knowledge, no more than one single study was able to show 
a significant relationship of muscle capillarization with peak exercise capacity (36), the relative 
importance of capillarization for exercise performance in CHF remains questioned. More 
specifically, the role of capillarization with regard to oxygen delivery and diffusion in skeletal 
muscle tissue of patients with CHF, particularly during exercise, has thus far received little 
attention.

Skeletal muscle oxygenation
The separate, direct assessments of O2 supply and consumption in human muscle are complex 
and invasive (39). Therefore, a strong interest in non-invasive identification of the relative 
contributions of O2 delivery and utilization to exercise intolerance has led to alternative 
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measurements. A way to evaluate the balance between O2 delivery and O2 utilization in active 
muscle tissue is the monitoring of skeletal muscle microvascular oxygenation (SmO2) (42). 
SmO2 is a representation of O2 extraction, in that it will increase when local O2 delivery exceeds 
O2 utilization, and vice versa. An example of the ability of oxygenation monitoring to detect 
skeletal muscle underperfusion in the presence of circulatory dysfunction, has been provided by 
demonstrating lower resting SmO2 in animals with severe compared with moderate CHF (31).
 In studies that use computer modeling to simulate limitations of O2 delivery and 
utilization it has been shown that increasing O2 delivery relative to utilization slows and lessens 
the decrease of SmO2 during the rest-exercise transition of constant work rate exercise (7, 8, 
43). In contrast, limiting O2 delivery relative to utilization results in a more rapid and deeper 
transient muscle deoxygenation. In vivo evidence of both patterns, depending on severity of 
CHF, have been shown in animal studies using phosphorescence quenching, which assesses 
muscle microvascular O2 pressure (PO

2
m: an equivalent of SmO2) (10, 31). It was concluded 

that moderate CHF mainly presents with an O2 delivery constraint, while in severe CHF O2 
utilization could be considered limiting. As such, analysis of the oxygenation profile of skeletal 
muscle provided evidence for heterogeneity with respect to the principal determinant of exercise 
intolerance.
 In human skeletal muscle, SmO2 can be monitored by the non-invasive technique 
of near-infrared spectroscopy (NIRS). Its principle is based on the oxygen dependency of 
absorption changes for near-infrared (NIR) light of the main oxygen carriers of the circulation: 
haemoglobin and myoglobin. By sending NIR light into skeletal muscle tissue and assessing 
its absorption, NIRS allows an estimation of concentration changes of oxygenated (O2Hb) and 
deoxygenated haemoglobin and myoglobin (HHb). On the basis of this technique, a pattern 
of  heterogeneity similar to what has been seen in aforementioned animal studies, is argued to 
exist in human CHF (18). However, comparisons of the response of SmO2 to moderate-intensity 
exercise in patients with CHF and healthy individuals are still lacking, and it is not known to 
what extent the response in CHF differs from a ‘normal’ response.
 Since NIRS technology is constantly evolving, improvements may aid in making NIRS 
a tool with clinical applicability. Most currently available systems which are potentially suitable 
(in terms of costs, portability, temporal resolution, et cetera) for clinical patient evaluation 
consist of a single light emitter and detector [i.e. continuous wave (CW) devices]. Absolute 
tissue oxygenation (StO2) cannot be calculated with such devices, unless multiple (spatially 
orientated) light emitters or detectors are used: a novel modification called spatially-resolved 
spectroscopy (SRS). Devices with a single emitter-detector pair only allow estimation of 
relative changes of [HHb] and [O2Hb]. Although exercise patterns of both [HHb] and NIR-SRS 
derived StO2 correspond closely to actual SmO2 (65, 125, 149), there is debate about whether 
the advantage of NIR-SRS goes beyond providing absolute oxygenation measures (60, 64, 106). 
The main concern is the influence of optical properties of adipose tissue (and to a lesser extent 
skin) overlying the skeletal muscle compartment. Indeed, the thickness of the adipose tissue 
layer has been shown to confound NIRS measurements by decreasing sensitivity for exercise-
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induced deoxygenation with greater adipose tissue thickness (ATT) (9, 40, 66, 89, 93, 151). 
However, a direct comparison of the influence of ATT between both estimates of skeletal muscle 
O2 extraction (i.e. [HHb] and StO2) has not yet been performed, nor has the influence of ATT on 
NIR-SRS been quantified in an experimentally controlled setup. Moreover, attempts to correct 
for ATT, for example by using computer modeling of optical properties of adipose tissue, have 
not been validated for NIR-SRS. Finally, reliability of in vivo NIR-SRS measurements during 
exercise has currently not been assessed. However, knowledge about reliability is essential in 
interpreting SmO2 changes over time (e.g. due to an exercise training intervention) or SmO2 
differences between individuals (e.g. disease versus health).
 In conclusion, all aforementioned issues of (construct) validity and reliability are 
critical in determining and optimizing the potential value of NIRS in the clinical evaluation of 
patients with CHF. That is, if NIRS provides a reliable measure and allows discrimination of the 
contributions of skeletal muscle and cardiovascular function to exercise intolerance, different 
types of limitations may be uncovered, and treatment can be directly aimed at the culprit of 
exercise intolerance. For instance, exercise training (ET) is probably preferred for combating a 
limitation lying in skeletal muscle dysfunction, while CRT is likely most effective when cardiac 
constraints (i.e. dyssynchrony) prevail. As such, an individualized approach has the potential of 
targeting the problem of the large number of non-responders (30-50%) to these interventions 
(49, 61).

Exercise training

Exercise training has long been considered a treatment option that was not suitable, nor safe 
for patients with CHF, because it was thought to further compromise the failing heart (73). 
After groundbreaking work by Sullivan et al. in the late nineteen-eighties (133), attention was 
gradually drawn to the positive effects of ET in the CHF population. From a clinical perspective, 
it was seen that ET could relieve symptoms, improve exercise capacity and quality of life, as 
well as reduce risk for hospitalization, and, to some extent, mortality (97, 100). In addition, 
physiologically beneficial adaptations associated with ET have been shown to be present on 
almost all levels of the O2 cascade: from lung to muscle (54). Moreover, because ET was not 
associated with added risk of adverse events or deterioration of cardiac function, safety of 
exercise training was proven to be acceptable (90). For all these reasons, ET is now an integral 
part of contemporary guidelines for the management of heart failure, with the highest class of 
recommendation (I-A) (100, 150).
 After general acceptance of ET for patients with CHF, focus has been on improving the 
efficacy of ET by optimizing the training intensity. Initial studies increased intensity from below 
the anaerobic threshold for moderate-intensity continuous training (MCT), to heavy-intensity 
during interval exercise with a work/recovery ratio of 30/60 s (77). Such an intermittent training 
regime has proven to be a time-efficient modality to establish greater gains in peak exercise 
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capacity (122), without increasing metabolic stress (e.g. blood lactate and V̇O
2
) above levels seen 

during MCT (77). Recently, Wisløff et al. adopted a specific aerobic interval program for patients 
with CHF, consisting of four 4-min high-intensity exercise bouts that were set to evoke 85-95% 
of peak heart rate, which was metabolically far more challenging than MCT (147). The results 
showed superior improvements in cardiac, vascular and skeletal muscle mitochondrial function 
for this form of high-intensity interval training (HIIT). However, subsequently conducted 
multicenter randomized clinical trials in patients with coronary artery disease and CHF failed 
to replicate the superior gains in exercise capacity and cardiac function for HIIT compared with 
MCT, and even questioned feasibility of achieving the prescribed exercise intensity (26, 37).
 Although the basis for implementing HIIT in cardiac rehabilitation programs as an 
efficient and feasible alternative for MCT is not strong, it must be acknowledged that HIIT has 
its specific responders. However, the profile of patients with CHF who are more likely to improve 
exercise capacity with HIIT is currently unknown. Moreover, previous studies exploring clinical 
characteristics of patients with CHF, like etiology of CHF, functional class, age, or medication use, 
were unable to identify responders to exercise training (61, 76, 118). In contrast, physiological 
characteristics, as for instance peakV̇O

2
, heart rate reserve, and characteristics associated with 

peripheral deconditioning were associated with  greater improvements with ET in patients 
with (61, 76, 118). Therefore, research should be aimed at physiological characterization of 
individual patients with CHF and their individual response to ET based on measurements of 
hemodynamics and skeletal muscle function during maximal and submaximal exercise. This 
approach may provide an opportunity to optimize benefits of ET, improve outcome, and prevent 
individuals from enduring arduous forms of treatment without success.
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Outline of this thesis

This thesis pursues the following objectives:

I. Exploration of novel methods for the assessment of exercise intolerance and its physiological 
determinants in skeletal muscle of patients with HFrEF

II. Demonstration of heterogeneity of the physiological determinants of exercise intolerance and 
its influence on the effects of exercise training in patients with HFrEF

In the first part of the thesis we address the first objective by elaborating several methodological 
issues concerning the assessment of patients with HFrEF through exercise testing. First, we set 
out to optimize the quantification of exercise intolerance by analyzing the determination of 
the oxygen uptake efficiency slope (OUES), an effort-independent parameter derived from gas 
exchange and ventilatory measures during ramp incremental maximal exercise testing (chapter 
2). Thereafter, we assess the day-to-day reliability of tissue oxygenation measurements on skeletal 
muscle, a proxy for the balance between local O2 delivery and O2 utilization, by applying NIR-
SRS during submaximal constant work rate cycling exercise in patients with HFrEF (chapter 3).
 In chapter 4, we examine the influence of the variable thickness of the adipose 
tissue (ATT) layer between the skeletal muscle layer and the NIR-SRS measurement device on 
the skin. In an in vivo experiment, we analyze the confounding influence of ATT on skeletal 
muscle oxygenation values and sensitivity for deoxygenation changes during exercise. In vitro 
experiments are used to assess the independent influence of ATT on NIRS measurements. In 
chapter 5, we use a computational model to evaluate the influence of ATT and assumptions in 
the algorithms that are used to calculate NIRS outcome parameters. Furthermore, we evaluate 
the potential utility of a correction method for ATT with the use of experimental data derived 
from liquid optical phantoms.
 In the second part of the thesis, we present the outcome of experiments that were 
performed to address the second objective by assessing differences between skeletal muscle 
characteristics of patients with HFrEF and healthy subjects and to evaluate effects of exercise 
training in CHF. Analyses of skeletal muscle biopsies are performed in patients with HFrEF 
and healthy control subjects in order to compare muscle fiber size, fiber type distribution and 
capillarization, and to ascertain the relation of these variables with skeletal muscle oxygenation 
during exercise (chapter 6). Furthermore, with the aid of NIR-SRS measurements we assess the 
contribution of skeletal muscle oxidative metabolism and microvascular oxygen delivery during 
onset of moderate-intensity constant work rate exercise in patients with CHF in comparison 
with healthy subjects (chapter 7). Thereafter, we present our work in which we used high 
intensity interval training (HIIT) to assess the effect of a state-of-the-art training program on 
central and peripheral exercise hemodynamics in patients with HFrEF (chapter 8). In chapter 9, 
combined measurements of exercise hemodynamics, skeletal muscle composition, metabolism 
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and oxygenation in patients with HFrEF are examined before and after HIIT to characterize 
responders and non-responders to HIIT, and to define the physiological adaptations that 
constitute a positive response. Finally, chapter 10 summarizes the results from this thesis, 
discusses clinical implications, and proposes directions for future research.
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Abstract

Background: The oxygen uptake efficiency slope (OUES) is an exercise parameter with strong 
prognostic value in the heart failure population. Yet, the optimal determination method of 
OUES remains unclear. The purpose of the present study was to investigate the influence of the 
ventilatory anaerobic threshold (VAT) and occurrence of a plateau in oxygen uptake (V̇O

2
) on 

determination of OUES from submaximal exercise data in patients with chronic heart failure 
(CHF).
Methods and results: Ninety-eight patients with CHF (New York Heart Association class II-
III) were included. All patients performed a symptom-limited exercise test with gas exchange 
analysis on a cycle ergometer. VAT was determined by the V-slope method and OUES was 
derived via least squares linear regression using 100% (OUES100), 90% (OUES90) and 75% 
(OUES75) of exercise duration, and, in addition, by using only the first 50% of data points 
preceding VAT (OUES½VAT), all data preceding VAT (OUESVAT), and by using only data 
following VAT (OUESpostVAT). Whereas OUESVAT (1720 ± 430), OUES75 (1811 ± 476) 
and OUESpostVAT (1742 ± 564) were not significantly different from OUES100 (1767 ± 542), 
OUES½VAT (1500 ± 314) was significantly lower than all other values (p < 0.01). When a V̇O

2
 

plateau was present, OUES100 was lower than OUES90 (p < 0.05).
Conclusions: The study results indicate that OUES values should be interpreted with caution 
when patients with CHF do not reach the ventilatory anaerobic threshold or when a V̇O

2
 plateau 

is present.
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Nonlinearity of OUES in patients with CHF

Introduction

Cardiopulmonary exercise testing (CPET) is recommended in patients with chronic heart 
failure (CHF) for the assessment of exercise capacity and prognosis (20). The exercise 
parameter that is considered most powerful for these purposes is maximal oxygen uptake 
(V̇O

2
max). However, especially in patients with CHF, V̇O

2
max cannot always be achieved (7, 

15). Therefore, there is an increasing interest in objective submaximal exercise variables (i.e. 
independent of the patient’s effort) for the assessment of exercise capacity and prognosis in 
patients with CHF. As such, the oxygen uptake efficiency slope (OUES), which is derived from 
the logarithmic relation between V̇O

2
 and minute ventilation (V̇E) during incremental exercise 

(4), is considered a reproducible, objective measure of cardiopulmonary reserve which is 
independent of the exercise level that is achieved (3, 14, 17). In patients with systolic and 
diastolic CHF, OUES values have shown to be lower than in healthy persons, representing a 
less efficient oxygen uptake in CHF (9, 14). Preliminary studies suggest that OUES has similar 
or even superior prognostic value as compared to V̇O

2
max in patients with CHF (1, 2, 9, 23, 

32). In addition, OUES showed to be a useful variable to assess training effects in patients with 
CHF (12, 13, 15, 18, 24, 28).
  Despite obvious clinical relevance of OUES there are still some issues that need 
to be addressed. The first issue concerns the potential influence of the ventilatory anaerobic 
threshold (VAT) on OUES. The acidotic drive in ventilation after onset of VAT, resulting in 
a change of the rate of increase in V̇E, may cause a nonlinearity of OUES. Although it has 
been suggested that submaximal derivation of OUES is comparable to maximal OUES (2, 5), 
significant differences between maximal and submaximal OUES values have been reported 
previously (9, 11, 14, 22). Furthermore, no studies compared OUES values at different 
submaximal exercise levels in patients with CHF. Yet, this may be particularly relevant for 
patients with CHF as not all of these patients are able to perform a maximal exercise test. 
Second, the influence of a plateau in oxygen uptake (V̇O

2
 plateau) on OUES is not well 

established in patients with CHF. A linear relationship between power output and oxygen 
uptake arises with incremental exercise, which loses linearity at maximal effort for some 
individuals, demonstrated by a flattening of the oxygen uptake curve and, consequently, in a 
V̇O

2
 plateau (10). Although occurrence of such a plateau is relatively uncommon in the heart 

failure population, those who exhibit this phenomenon might have lower maximal OUES 
values, as recently has been described in a group of healthy elderly subjects (27). In patients 
with CHF it is not yet known whether including data points after onset of a V̇O

2
 plateau 

influences OUES determination.
 The aims of this study are to evaluate linearity of OUES by comparing values at 
different submaximal exercise levels (i.e. around and below VAT) with values obtained from 
peak exercise and, in addition, to investigate the influence of a V̇O

2
 plateau on the determination 

of OUES in patients with CHF.
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Methods

Study population
In this prospective study all consecutive patients with CHF that were included in the randomised 
clinical trials and pilot studies performed by our research team in Máxima Medical Center from 
2005 until 2011 were considered for participation in the study. Criteria for eligibility were stable 
systolic heart failure attributed to either dilated cardiomyopathy or ischemic heart disease due to 
myocardial infarction, New York Heart Association (NYHA) functional Class II or III (without 
change in class or medication ≤ 3 months prior to inclusion) and left ventricular ejection 
fraction ≤ 40% (assessed by echocardiography or radionuclide ventriculography ≤ 2 months 
prior). Exclusion criteria were recent myocardial 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.
This study was approved by the local Research Ethics Committee of Máxima Medical Center, 
Veldhoven, the Netherlands.

Cardiopulmonary exercise testing
Maximal exercise testing consisted of a symptom limited exercise test with respiratory gas 
analysis in an upright seated position on a electromagnetically braked cycle ergometer (Lode 
Corrival, Lode BV, Groningen), using an individualized ramp protocol aiming at a total test 
duration of 8-12 minutes (20). The test was preceded by 4 minutes of unloaded pedalling. 
Ventilatory parameters were measured breath-by-breath (ZAN 680 USB, Oberthulba, 
Germany). Volume and gas analysers were calibrated before each test. A twelve lead ECG was 
registered continuously and blood pressure was measured every 2 min (Korotkoff sounds). 
Patients were instructed to maintain a pedalling frequency of 70 min-1. The test was ended 
when the patient was not able to maintain the required pedalling frequency. Peak workload 
was defined as the final registered workload. Ventilatory parameters were averaged into 10 
second intervals after removal of outliers [> 3 standard deviations (SDs) from the local mean]
(19). Peak oxygen uptake (peakV̇O

2
) and peak respiratory exchange ratio (RER) were recorded 

as the final 30-second averaged value of the test. Ventilatory anaerobic threshold (VAT) was 
assessed by the V-slope method, using the average value obtained by two blinded experienced 
physicians (6). When a difference of more than 10% between the determined values occurred, 
or if one physician could not identify a threshold, a third researcher determined VAT. The 
assessment of this third researcher was then averaged with the closest value produced by one 
of the two principal researchers, provided that the difference between these values was within 
10%. When the difference still exceeded 10%, VAT was not included in the final analysis. The 
OUES was obtained by performing linear regression analysis of the relation between V̇O

2
 (mL.

min-1) and the logarithm of V̇E (L.min-1) using the following equation V̇O
2
 = a * log10 V̇E + b, 

with a representing the OUES. OUES was calculated from different time intervals, using all 
exercise data (OUES100), the first 90% (OUES90) and 75% (OUES75) of exercise duration, and 
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from data before (OUESVAT) and after (OUESpostVAT) occurrence of VAT. In addition, OUES 
was calculated from the first half of data points preceding the VAT (OUES½VAT). Finally, a 
plateau in oxygen uptake was confirmed by a persistent downward deviation (of at least 30 
seconds and > 2 SDs during the last third of the exercise data) from the linear portion of the 
V̇O

2
 response to the incremental ramp exercise using a linear regression (standard least squares 

fitting procedure) through the middle third of the exercise data (10).

Statistics
All data were analysed using SPSS 19.0.0 statistical software (SPSS Inc, Chicago, IL, USA). Results 
are presented as mean value ± standard deviation (SD). Normality was assessed by skewness 
and kurtosis. A comparison was made between OUES100, OUES90, OUES75, OUESVAT, 
OUESpostVAT and OUES½VAT using repeated measures ANOVA with Greenhouse-Geisser 
correction and post hoc tests with Bonferroni correction. Similar calculations were made for 
OUES100, OUES90 and OUES75 for subjects with and without a V̇O

2
 plateau. Correlations 

between OUES and its subfractions, peakV̇O
2 and VAT were calculated using Pearson’s 

correlation coefficient. Spearman’s rho (rs) was used in case of non-normality. The OUES was 
assessed as a continuous variable throughout. A p-value < 0.05 was considered statistically 
significant for all tests.

Results

Ninety-eight subjects were included (84 men and 14 women). Subject characteristics are listed 
in table 1. All patients successfully performed exercise testing without any untoward events. 
OUES could be determined in all subjects (n = 98), VAT was identified in 94 subjects (96%) 
and a V̇O

2
 plateau in 14 subjects (14%). Normality was confirmed for peakV̇O

2
, VAT, peakRER, 

OUES and all five submaximal fractions of OUES. Mean peakRER was 1.13 ± 0.11 (mean ± SD). 
Nine subjects (9%) failed to achieve a RER > 1.00, while in eight of these subjects VAT could be 
determined. Peak workload was 112 ± 43 W. Exercise duration was 9 min 45 s ± 2 min 18 s. The 
mean peakV̇O

2
 was 1573 ± 510 mL.min-1 and V̇O

2
 at the ventilatory anaerobic threshold was 

1025 ± 269 mL.min-1 (66% ± 8% of peakV̇O
2
 at 45% ± 8% of exercise duration).

  A typical plot of OUES data is presented in figure 1. Values for OUES calculated from 
all exercise data (OUES100) and its subfractions (OUES90, OUES75, OUESVAT, OUESpostVAT 
and OUES½VAT) are listed in table 2. OUES90 was significantly higher than OUES100 (p = 
0.002), while OUES½VAT was significantly lower than OUES100 and any other subfraction (p 
< 0.001). Furthermore, there was a significant difference between OUES75 and OUESVAT (p < 
0.001). However, neither differed significantly from OUES100, nor did OUES calculated from 
data after onset of VAT (OUESpostVAT). 
The presence of a V̇O

2
 plateau revealed a significant difference between OUES100 and OUES90 

[1794 ± 465 mL.min-1/log(L.min-1) versus 1875 ± 480 mL.min-1/log(L.min-1), p = 0.005], while 
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absence of a plateau showed no difference between these subfractions [OUES100 1762 ± 556 
mL.min-1/log(L.min-1) versus OUES90 1782 ± 529 mL.min-1/log(L.min-1), p = 0.165] and with 
OUES75 [1792 ± 478 mL.min-1/log(L.min-1)]. Coefficients of determination for OUES were 
satisfactory (> 0.80), and all submaximal OUES calculations showed good correlation with 
OUES100 and peakV̇O

2
 (Table 2).

Discussion

The present study is the first to specifically evaluate linearity of OUES, demonstrating that 
VAT and occurrence of a V̇O

2
 plateau may cause nonlinearity. In fact, OUES plots of our data 

resemble an “S”-shaped or sigmoid curve with three distinctive phases: (1) an initial slow rising 
phase, (2) a phase that shows an acceleration in rise followed by a deceleration and (3) a final 
slow rising phase (Figure 1).

OUES before onset of the ventilatory anaerobic threshold
Our study showed that OUES derived from the first part of the data prior to VAT (OUES½VAT) 
is significantly lower than OUES calculated from larger subfractions (OUESVAT and onwards). 

Variable Value

Sample size (n) 98
Male / Female 84 / 14

Age (yr) 63 ± 10,3

Height (cm) 175 ± 8

Weight (kg) 84 ± 13

BMI (kg/m2) 27  ± 4

LVEF (%) 31 ± 7

Etiology (ICM/DCM) 59 / 39

Duration of HF (months) 39 ± 52

NYHA class (II/III) 70 / 28

Medication

Beta blocker 88%

Diuretic 74%

ACE-inhibitor 85%

ARB  14%

Digoxin 9%

Anticoagulant 68%

Table 1. Patient characteristics.

Values are mean ± standard deviation or %. Angiotensin Converting Enzyme (ACE); Angiotensin II Recep-
tor Blocker (ARB). Body Mass Index (BMI); Dilated Cardiomyopathy (DCM); Ischemic Cardiomyopathy 
(ICM); Left Ventricular Ejection Fraction (LVEF); New York Heart Association (NYHA).
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A possible explanation for this observation may be the linear relation between V̇E and V̇O
2
 

before occurrence of VAT (8, 29). Mathematically, semilogarithmic transformation of this 
relation during this specific part of exercise results in a basin-shaped curve, and consequently, 
in a rising OUES. The shortest exercise duration at which previous authors calculated OUES 
in groups of patients with CHF is 50% of maximal exercise (OUES50). Non-significantly 
different values of OUES50 compared to OUES100 (-1% to +2.98%) were found in those 
groups (2, 9, 16). Since in our study VAT occurred at 45% of exercise duration, OUES50 may 
have surpassed the VAT in a considerable subset of subjects. Therefore these results cannot be 
compared with our study.

OUES at the ventilatory anaerobic threshold
As mentioned, our results display a typical sigmoid shaped curve of OUES with VAT closely 
resembling the point of inflection of the curve (Figure 1). As such, it can be concluded that 
OUES is steepest at the ventilatory anaerobic threshold, indicating that, at that stage, an increase 
in ventilation is accompanied by the relatively largest increase in oxygen uptake, resulting in 
the highest oxygen uptake efficiency. This is in line with the findings of other studies, reporting 
that the lowest values of the ventilatory equivalent for oxygen (or the highest values of the 
inverse: the oxygen uptake efficiency plateau, OUEP) occurs around VAT (21, 29, 30). From a 
physiological point of view, this increase in ventilatory efficiency towards VAT may be explained 
by an increase in the difference between mixed venous and arterial O2 content, facilitating O2 
extraction from alveolar gas. Furthermore, increasing tidal volumes result in a decreased ratio 
of anatomical dead space to alveolar ventilation. Finally, matching of pulmonary perfusion to 
ventilation is improved during the initial phase of exercise (i.e. below VAT). In contrast, during 
exercise exceeding VAT, ventilatory efficiency decreases due to lactic acidosis and subsequent 
excessive carbon dioxide production, resulting in a disproportional nonlinear (exponential) 
increase in ventilation as compared to the V̇O

2
 increase (31).

Table 2. OUES at different exercise durations compared to OUES100.

Variable OUES [mL.min-1/log(L.

min-1)]
Coefficient of 
determination

Correlation with 
OUES100

Correlation with 
peakV̇O2

OUES100 1767 ± 542 0.92 ± 0.06 - 0.90**
OUES90 1795 ± 521 * 0.91 ± 0.06 0.99** 0.90**

OUES75 1811 ± 476 0.89 ± 0.07 0.94** 0.87**

OUESVAT 1720 ± 430 0.84 ± 0.08 0.73** 0.73**

OUESpostVAT 1742 ± 564 0.84 ± 0.09 0.97** 0.86**

OUES½VAT 1500 ± 314 *** 0.81 ± 0.09 0.48** 0.54**

Values are mean ± standard deviation. * p < 0.05; ** p < 0.01; *** p < 0.001. OUES calculated from all exercise 
data (OUES100); OUES calculated from 90% of exercise duration (OUES90); OUES calculated from 75% 
of exercise data (OUES75); OUES calculated with all data prior to the ventilatory anaerobic threshold 
(OUESVAT); OUES of the first 50% of data points preceding VAT (OUES½VAT); OUES calculated with all 
data beyond VAT (OUESpostVAT).
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OUES towards maximal exercise
A plateau in oxygen uptake at maximal exercise is frequently identified in healthy subjects (10, 
27). However, the frequency of occurrence of a V̇O

2
 plateau in patients with CHF is not well 

established. Despite conservative criteria for identification of a plateau in our study, no less than 
14% of subjects met these criteria. In this subgroup of patients, OUES100 was significantly lower 
than OUES90, indicating that a downward deviation from the linear portion of the V̇O

2
 response 

to the incremental ramp exercise is accompanied by a drop in oxygen uptake efficiency. More so, 
in the subgroup lacking a V̇O

2
 plateau no statistically significant difference was observed between 

OUES100, OUES90 and OUES75, which indicates that OUES beyond VAT is linear unless a V̇O
2
 

plateau is present. Likewise, in healthy subjects it has been shown that occurrence of a V̇O
2
 plateau 

lowers maximal OUES values (25, 27). It remains debated whether to exclude the plateau phase 
from determination or not, since its physiological significance is still unclear. In CHF, a V̇O

2
 plateau 

and lower maximal OUES values may be caused by pathological mechanisms rather than maximal 
exertion. For instance, in patients with coronary artery disease, a lower OUES value calculated 
from the final 25% of exercise duration as compared to the first 50%, was predictive of myocardial 
ischaemia (26). Impaired cardiac function at higher exercise intensities can thus cause a drop in 
OUES, indicating that the influence of a V̇O

2
 plateau on OUES might have prognostic significance.

Figure 1. Example of the relation between oxygen uptake (V̇O
2
) and the logarithmic transformation of 

minute ventilation (V̇E) during an incremental exercise test in a patient with chronic heart failure. In this 
case, OUES is 1912 (V̇O

2
 in mL·min-1) and the coefficient of determination (R2) is 0.9230. The solid line 

depicts a slope representing OUES100 (OUES calculated from all exercise data), the dotted line shows the 
nonlinear (sigmoidal) behaviour of OUES throughout exercise, the solid horizontal line marks the oxygen 
uptake (V̇O

2
 of 925 mL·min-1) at the ventilatory anaerobic threshold (VAT), and the vertical lines mark the 

subfractions of OUES. OUES calculated from 90% of exercise duration (OUES90); OUES calculated from 
75% of exercise data (OUES75); OUES calculated with all data prior to VAT (OUESVAT); OUES of the first 
50% of data points preceding VAT (OUES½VAT).

.

.
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Clinical implications
Based on the results of the present study, interpretation of OUES values of patients that did 
not achieve the ventilatory anaerobic threshold should be interpreted with caution. Preferably, 
OUES determination is performed on data at least exceeding VAT. This is in line with previous 
recommendations that RER in patients with CHF should exceed 1.00 for a valid comparison of 
prognostic parameters with reference values (9, 14). Another clinically relevant finding of the 
present study is the influence of the presence of a V̇O

2
 plateau on OUES determination. Based 

on this finding we suggest calculating OUES from all exercise data unless a plateau in V̇O
2
 is 

discernible. 

Study limitations
Using the V-slope method VAT could not be determined in 4% of our subjects, however, in the 
CHF population higher percentages of failure to identify VAT are more common (20). In these 
cases, one has to rely on other parameters indicative of onset of metabolic acidosis (e.g. RER), 
making our recommendations less applicable.
Furthermore, our study evaluated upright bicycle exercise, and not treadmill exercise in which 
peakV̇O

2
 and OUES are generally higher (30). Nonetheless, we hypothesize that this difference 

in OUES is mainly attributable to the difference in peakV̇O
2
 and that the relation between the 

ventilatory response and oxygen uptake will be similar to the one observed in our study.

Conclusions

The present study revealed nonlinearity of OUES in patients with CHF and indicates that 
OUES values should be interpreted with caution when exercise does not exceed the ventilatory 
anaerobic threshold or when a V̇O

2
 plateau is present.
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Abstract

The potential purpose of near-infrared spectroscopy (NIRS) as a clinical application in chronic 
heart failure (CHF) patients is the identification of limitations in O2 delivery or utilization during 
exercise. The objective of this study was to evaluate absolute and relative test-retest reliability of 
skeletal muscle oxygenation measurements in patients with CHF. Thirty patients with systolic 
heart failure (left ventricular ejection fraction 31 ± 8%) performed 6-min constant load cycling 
tests at 80% of the anaerobic threshold with tissue saturation index (TSI) measurement at the 
vastus lateralis. Tests were repeated after 10 ± 5 days to evaluate reliability. Absolute reliability 
was assessed with limits of agreement (LoA, expressed as bias ± random error) and coefficients 
of variation (CV) for absolute values (LoA range: 0.4 ± 6.2% to 0.6 ± 7.9%; CV range: 4.7-7.1%), 
amplitudes (LoA range -0.5 ± 5.8% to -0.7 ± 6.8%; CV range: 26.2-42.1%), onset and recovery 
kinetics (mean response times; LoA 0.4 ± 9.5 s, CV 23.5% and LoA -5.8 ± 50.8 s, CV 67.4% 
respectively), and overshoot characteristics (CV range 45.7-208.6%). Relative reliability was 
assessed with intraclass correlation coefficients for absolute values (range 0.74-0.90), amplitudes 
(range 0.85-0.92), onset and recovery kinetics (0.53 and 0.51, respectively), and overshoot 
characteristics (range 0.17-0.74). In conclusion, absolute reliability of absolute values and onset 
kinetics seems acceptable for serial within-subject comparison, and as such, for evaluation 
of treatment effects. Absolute reliability of amplitudes and recovery kinetics is considered 
unsatisfactory. Relative reliability of absolute values and amplitudes is sufficient for purposes of 
physiological distinction between patients with CHF. Despite lower relative reliability, kinetics 
may still be useful for clinical application.



53

C
ha

pt
er

 3

Reliability of SmO2 in patients with CHF

Introduction

Chronic heart failure (CHF) is a clinical syndrome characterized by exercise intolerance. Key 
determinants of exercise intolerance in patients with CHF are a reduced cardiac output and 
skeletal muscle impairments. Evidence suggests that some patients are principally limited by 
derangements of oxygen utilization in exercising muscles on top of the diminished oxygen 
delivery capacity associated with their initial cardiac constraint (5, 30). While understanding 
a patient’s principal limitation might improve allocation of therapeutic options [e.g. 
exercise training when impairments in oxygen (O2) utilization are predominant and cardiac 
resynchronization therapy or improving nitric oxide bioavailability (34) when O2 delivery is 
primarily impaired], to date no discriminating physiological measurement is available for the 
clinician dealing with these matters.
  A useful approach that has been introduced to distinguish between limitations in O2 
delivery and utilization is characterization of the temporal profile of oxygenation in exercising 
skeletal muscles. Recent studies using computer simulations showed that limitations in O2 delivery 
during the onset of exercise are reflected in a rapid transient decrease of muscle oxygenation below 
steady-state levels (deoxygenation overshoot). In contrast, limitations in O2 utilization are reflected 
in a slow decrease without overshoot (2, 4). In an animal study, using direct measurements of 
muscle microvascular O2 pressure, it was shown that both patterns exist in CHF (11), suggesting 
physiological heterogeneity. Moreover, the speed of recovery of microvascular O2 pressure after 
exercise has been shown to slow with the degree of central hemodynamic impairment (9).
  In humans, direct measurements of microvascular O2 are not feasible as yet, especially 
during exercise. However, near infrared spectroscopy (NIRS) measurements of skeletal muscle 
have been shown to produce similar oxygenation patterns and to give comparable insights 
in exercise-induced changes of muscle oxygenation (17, 22, 33). One of the more recent 
innovations in NIRS development, namely spatially resolved spectroscopy (SRS), allows for 
the NIRS device to acquire absolute saturation of oxygen of the chromophores in the tissue 
(mainly haemoglobin and myoglobin). The oxygen saturation is designated as muscle tissue 
oxygen saturation (SmO2), and dependent on the device, as tissue saturation index (TSI) or 
tissue oxygenation index (TOI) (5, 8, 20). The additional advantage of the determination of 
absolute oxygenation values introduces the potential of identifying physiological ‘critical’ limits 
in working skeletal muscle. As such, application of SRS can greatly enhance the physiological 
characterization of patients with CHF during exercise testing. 
  To be able to use NIRS as a routine measurement for clinical purposes, the issue of 
reliability needs to be addressed. Thus far, little research is carried out on test-retest reliability of 
NIRS parameters, and, to our knowledge, no studies concerning reliability of TSI kinetics and 
absolute values during cycling exercise in patients with CHF have been performed. In particular, 
investigating parameters of absolute reliability is of interest when serial within-subject 
comparisons (e.g. evaluation of treatment effects) are made, while relative reliability is of interest 
when one wants to physiologically distinguish patients with CHF by NIRS measurements. As 
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such, the evaluation of reliability is important for practical recommendations, meaningful 
interpretation of TSI measurements, and sample size calculation for future studies in this 
population. Therefore, the main objective of the study was to investigate the reliability of TSI 
measurements at rest and during submaximal cycling exercise in patients with CHF. 

Methods

Subjects
Thirty consecutive patients with CHF (24 men (81%) and 6 women) were recruited. Subject 
characteristics are listed in table 1. Criteria for eligibility were stable systolic heart failure 
attributed to either dilated cardiomyopathy or ischemic heart disease due to myocardial 
infarction, New York Heart Association (NYHA) functional Class II or III (without change in 
class or medication ≤ 3 months prior to inclusion) and left ventricular ejection fraction ≤ 40% 
(assessed by echocardiography or magnetic resonance imaging ≤ 2 months prior). Exclusion 
criteria were recent myocardial 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.

Table 1. Characteristics of included chronic heart failure patients (n = 30). 

Data are presented as means ± SD for continuous variables and as numbers (percentages) for dichotomous 
variables. Body Mass Index (BMI); Adipose Tissue Thickness (ATT); Left Ventricular Ejection Fraction 
(LVEF); Cardiomyopathy (CMP); Heart Failure (HF); New York Heart Association (NYHA); Implantable 
cardioverter defibrillator (ICD); Angiotensin Converting Enzyme (ACE); Angiotensin II Receptor Blocker 
(ARB).

Variable Value

Male / Female 24 / 6
Age (yr) 64 ± 9
Height (cm) 176 ± 10
Weight (kg) 85 ± 16
BMI (kg.m-2) 27 ± 5
ATT (mm) 4.3 ± 2.4
LVEF (%) 31 ± 8
Etiology (ischemic CMP/dilated CMP) 17 / 13
Duration of HF (months) 73 ± 78
NYHA (II/III) 22 / 8
Cardiac device (pacemaker/ICD) 6 / 10
Medication

Beta Blocker (%) 100
Diuretic (%) 77
ACE-inhibitor (%) 63
ARB (%) 30
Digoxin (%) 7
Anticoagulant (%) 80
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 The study protocol was approved by the local Research Ethics Committee of Máxima 
Medical Center, Veldhoven, the Netherlands. The study was conducted according to the Helsinki 
Declaration of 1964 and all participants provided written informed consent.

Experimental protocol 
Exercise testing was performed in an upright seated position on an electromagnetically braked 
cycle ergometer (Lode Corival, Lode BV, Groningen, the Netherlands). Saddle height was 
adjusted for optimal body position and recorded for replication on following occasions. A 12 
lead electrocardiogram was registered continuously and blood pressure was measured every 
2 min (Korotkoff sounds). Patients were instructed to maintain a pedalling frequency of 70 
rotations per minute during all exercise phases.
 Maximal exercise testing consisted of a symptom-limited test using an individualized 
ramp protocol aiming at a total test duration of 8-12 min. The test was preceded by 4 min 
of unloaded pedalling and was ended when the patient was not able to maintain the required 
pedalling frequency. Peak work rate was defined as the final registered work rate.
 Submaximal cardiopulmonary exercise testing commenced with a 2-min resting 
phase, passively maintaining the right leg in a fixed position. This was followed by a 6-min 
exercise phase with a work rate corresponding to 80% of the anaerobic threshold. When the 
anaerobic threshold could not be assessed exercise intensity was set at 50% of the peak work rate 
(18). Following the exercise phase, there was a 5-min recovery phase with a fixed leg position 
identical to that of the resting period. Two tests, separated by 10 ± 5 days (range 5-21 days), 
were performed at the same time of day (S1 for day 1, and S2 for day 2). Patients were advised to 
refrain from strenuous exercise (48 h), caffeine (4 h) consuming a meal (2 h) before testing and 
to take their medication as usual.

Respiratory gas measurements
Gas exchange and ventilatory parameters were measured breath-by-breath (ZAN 680 USB, 
ZAN Messgeräte, Oberthulba, Germany) and were averaged over 10-s intervals after removal 
of outliers [only values > 3 standard deviations (SDs) from the local mean were omitted] (26). 
Volume and gas analysers were calibrated before each test. Peak pulmonary oxygen uptake 
(V̇O

2
) and peak respiratory exchange ratio (RER) were recorded as the final 30-s averaged 

value of the maximal exercise test. The anaerobic threshold was assessed as the gas exchange 
threshold (GET) by the V-slope method by two blinded experienced physicians, using the 
mean value (3).

NIRS measurements
Near-infrared spectroscopy is a non-invasive measurement technique based on the oxygen 
dependency of absorption changes for near infrared light in haemoglobin and myoglobin, 
allowing an estimation of optical density changes of oxygenated (O2Hb) and deoxygenated 
haemoglobin and myoglobin (HHb). The theoretical principles and clinical utility of NIRS have 
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been described previously (12). It is acknowledged that near-infrared (NIR) light is absorbed 
by both haemoglobin and myoglobin. However, since their absorption spectra cannot be 
distinguished, and at present each relative contribution to absorption is unclear, for convenience, 
both will be referred to as haemoglobin [HHb].
 In this study, NIRS measurements were performed using a wireless continuous 
wave (CW) near-infrared spectrophotometer (Portamon, Artinis, Elst, the Netherlands) using 
modified Beer-Lambert Law and spatially resolved spectroscopy with 2 wavelengths of emitting 
light (760 and 841 nm). This specific device employs SRS using 3 light emitting diode pairs and a 
detector photo diode, which are configured spatially to provide 3 source-detector distances (30, 
35, and 40 mm). Using photon diffusion theory, an absolute measure of tissue oxygen saturation 
(TSI, which equals [O2Hb]/([O2Hb]+[HHb]) × 100) can be calculated from the absorption 
coefficients derived from the slopes of light attenuation at different source-detector distances 
and wavelengths (28). Because TSI is an absolute value, it may be viable for between-subject 
comparison and assessment of attainment of critical limits during exercise (5). Furthermore, 
it may serve as a better estimate for muscle fractional O2 extraction than does [HHb] (20). 
Therefore, the TSI is the main focus of this study. Additionally, after incorporating a differential 
path length factor of 4 (manufacturer recommendation) in the modified Beer-Lambert Law, 
[HHb] amplitudes (in μM) and kinetic values were also reported.
 Before testing, the NIRS device was covered in a transparent plastic wrap, preventing 
moisture entering the device, and connected to the right leg with adhesive tape and a Velcro 
strap, 20 cm proximally from the lateral patellar edge over the center of the vastus lateralis, and 
finally occluded from ambient light by cloth. Data were sampled at 10 Hz and stored for offline 
analysis.
 Because of potential confounding of the NIRS signal amplitude by the cutaneous and 
subcutaneous layers, the skinfold thickness at the site of NIRS measurement was recorded with 
a skinfold calliper (Harpenden, Baty International, West Sussex, UK) before each measurement 
session. The thickness of the measured double skinfold was divided by two to obtain an estimate 
of the adipose tissue thickness (ATT).

Data analysis
Absolute values 
First, all TSI data of the constant-load tests were filtered using a central moving average filter 
with a window of 11 data points. Absolute values of TSI were calculated as the average of the 
last minute of the resting phase (TSIbaseline), the 5-s average of the minimally attained value after 
commencement of exercise (TSIminimum), the average of the last minute of the exercise phase 
(TSIend-exercise) and the 5-s average of the maximally attained value within the 5-min recovery 
phase (TSImaximum). The amplitude of the downward component of the TSI signal at exercise onset 
(ΔTSIonset) was calculated as the difference between TSIbaseline and TSIminimum, and the amplitude 
of the upward component of recovery (ΔTSIrecovery) as the difference between TSIend-exercise and 
TSImaximum. The difference between TSIbaseline and TSIend-exercise was defined as the overall TSI response 
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to the submaximal constant work load exercise (ΔTSIexercise). In addition, Δ[HHb]onset, Δ[HHb]

recovery, and Δ[HHb]exercise were calculated from their corresponding [HHb] values. Movement 
artefacts (e.g. unwanted movement of the leg, body posture changes) that were observed during 
the resting and recovery phases were deleted when these exceeded 50% of the onset or recovery 
response, respectively. In total, one movement artefact in the recovery phase had to be deleted.

Kinetics analysis
Time constants (τ) were calculated by fitting the TSI data to a first-order (mono-exponential) 
model using the non-linear (damped) least squares method (Python 2.7; Python Software 
Foundation, Beaverton, OR, USA). For exercise onset, the following equation was used:

Y (t) = Ybaseline – A * (1- e - (t – Td)/τ)             (1)

where Y baseline is TSIbaseline, A the TSI amplitude from TSIbaseline to the end of the mono-exponential 
fit (calculated from the fit), Td is the time delay and tau (τ) is the time constant of the mono-
exponential function (in seconds). For recovery, the following equation was used:

Y (t) = Ybaseline + A * (1- e - (t – Td)/τ)             (2)

where Ybaseline is TSIend-exercise, followed by the addition of the TSI amplitude of the fit from
TSIend-exercise (A).
 The time to the start of the mono-exponential fit (Td) was determined using a 
matched filter method by sliding a mono-exponentially shaped kernel over the TSI signal, while 
calculating the cross-correlation. The time corresponding to the highest negative (onset) or 
positive (recovery) correlation yielded the Td and the starting point for the fitting procedure. 
The end of the mono-exponential fitting range was the lowest value (5-s average) after onset 
of exercise that was not succeeded by a lower value within 10 s in the first 3 min of exercise. 
The assumption is made that the primary phase of the deoxygenation kinetics is limited to 
maximally 3 min (6, 33). The end point for fitting of recovery kinetics was assessed similarly. 
Finally, the mean response time was calculated as the sum of tau and time delay (MRT = τ + 
Td) and represents the time to reach 63% of the response from onset or cessation of exercise. 
The R2 measure of goodness of fit (coefficient of determination) of the mono-exponential fit was 
considered satisfactory when exceeding 0.85 (18).
 For [HHb], kinetics analyses were performed similar to those for TSI, except that for 
onset the subtraction was replaced by an addition (exponential decrease) and for recovery by a 
subtraction (exponential rise).

Deoxygenation overshoot
An overshoot in the deoxygenation profile (or likewise, an undershoot in oxygenation) was 
defined as a rise in TSI of more than 10% of ΔTSI onset occurring during the first three minutes 
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of exercise following onset of exercise (Figure 1). The overshoot was assessed qualitatively (i.e. 
present or absent) in all subjects. When present, the overshoot was assessed quantitatively by 
calculation of the amplitude of the upward component (ΔTSIovershoot) as the difference between 
TSIminimum and the average TSI of the third minute after onset of exercise (TSIend-overshoot). 
Furthermore, time constants of the upward component (tauovershoot) were calculated using eqn 2. 
TSIminimum was substituted for Ybaseline, followed by the addition of the amplitude (A), which was 
calculated from TSIminimum up to the third minute of exercise, while the time delay was omitted 
from the equation. The area of the overshoot (Areaovershoot in %.s) was calculated as the integral 
between the measured response and the TSI value at 3 min starting from the intersection with 
the onset curve (2, 6). Again, for [HHb], all analyses were performed similarly, taking into 
account the inverse response.
 It should be noted that a reoxygenation overshoot was present in the recovery 
signal of multiple subjects. However, the duration of this response (before reaching a steady 
state value) exceeded the 5-min recovery phase in most, consequently prohibiting an adequate 
fitting procedure. Therefore, the TSI overshoot during recovery of exercise was not evaluated 
qualitatively nor quantitatively.

Statistical analysis
All data were analysed using SPSS 22.0.0 statistical software (SPSS Inc, Chicago, IL, USA). 
Results are presented as mean value ± SD. Normality was assessed by skewness and kurtosis 
of the distribution, and by Shapiro-Wilk tests. Thereafter, paired Student’s t-tests in case of 
a normal distribution, or Wilcoxon signed-rank tests when appropriate, were performed to 
exclude significant systemic bias. Heteroscedasticity of the data was assessed by Bland-Altman 
plots and confirmed by a diminishing positive correlation between the absolute error and 
the size of the measured value upon logarithmical transformation (1). Absolute reliability 
was assessed by limits of agreement (in case of heteroscedastic data as ratios derived from 
logarithmical and subsequent antilog transformation) and coefficients of variation (CV) and 
interpreted as a characteristic of the performance of within-subject evaluation (1, 36). A CV 
below 30% was considered as acceptable absolute reliability. Acceptable thresholds for limits 
of agreement depend on the sensitivity of a specific parameter for detecting changes over time 
(e.g. due to an intervention) and are currently not available. Relative reliability was assessed 
by intra-class correlation coefficients (ICC3,1) with 95% confidence interval (CI) and was 
considered a characteristic of the performance of discrimination between subjects (37). Values 
larger than 0.50 indicate between-subject variability exceeding measurement error and values 
above 0.70 were classified as indicating good relative reliability (36). Associations between 
categorical data were assessed by Pearson’s chi-square test. When analysing correlations, 
Pearson’s correlation coefficient (when normally distributed) or Spearman’s rho (rs) was 
assessed as a continuous variable throughout. A p-value < 0.05 was considered statistically 
significant for all tests.
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Results

All patients successfully performed all exercise tests without any untoward events.

Maximal exercise tests
Maximal exercise testing resulted in an average maximum work rate of 124 ± 44 W and peakV̇O

2
 

was 19.7 ± 5.6 mL.min–1.kg–1. The gas exchange threshold could not be determined in seven 
patients (23%). In 23 patients, the independent observers agreed on the determination of the gas 
exchange threshold (mean V̇O2 14.7 ± 4.6 mL.min–1.kg–1). 

Submaximal exercise tests
Submaximal exercise testing was performed at a work rate of 62 ± 23 W, corresponding to 50 ± 
7% of maximal work rate.

NIRS measurements
Figure 1 shows a typical deoxygenation profile. A paradoxical TSI profile was observed in 
two patients, as demonstrated by (i) a rise of TSI at exercise onset instead of a decline and (ii) 
attainment of 100% oxygen saturation during the exercise phase in one of the two patients. 

Figure 1. Example of Tissue Saturation Index (TSI) changes during submaximal exercise in a representative 
subject exhibiting a deoxygenation overshoot. The vertical dotted lines indicate (from left to right): start of 
exercise phase (t = 120 s), start of recovery phase (t = 480 s). The horizontal lines indicate (from left to right): 
baseline value (Baseline), minimum value (Minimum), end-overshoot value (End-overshoot), end-exercise 
value (End-exercise), maximum value (Maximum). The curved dashed lines represent the best fit of the 
mono-exponential model (tau) to the TSI response for (from left to right) onset (τonset), overshoot (τovershoot) 
and recovery (τrecov). The grey area represents the area of overshoot (Areaovershoot).
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Both patients were female, with a respective ATT of 9 and 18 mm, which are values among the 
five highest in the study population. As it was assumed that these TSI responses were severely 
influenced by the overlying adipose tissue, they were excluded from further analysis. In addition, 
no satisfactory mono-exponential fit could be made for the [HHb] recovery response in six tests 
(five patients), as shown by time constants (tau) exceeding 500 s. The kinetic parameters of these 
recovery responses were omitted from the statistical analysis.
  Absolute values, amplitudes, kinetic parameters and overshoot characteristics for the 
submaximal exercise tests of both days (S1 and S2) for TSI and [HHb] are listed in table 2. 
The assumption of normality for TSI data could not be confirmed for TSI amplitudes, time 
constants, Tdrecovery, and MRTrecovery; for [HHb] it could not be confirmed for any parameter. 
Kinetic responses of TSI and [HHb] were not different, except for Td and tau for onset of 
exercise. A significant correlation between amplitudes of TSI and HHb was found (onset rs = 
0.863, p < 0.001; exercise rs = 0.822, p < 0.001; recovery rs = 0.876, p < 0.001).

Variable S1 S2 S1 S2

Absolute values TSI (n = 28) [HHb] (n = 28)
Baseline 67.8 ± 4.0 67.4 ± 4.7 - -
Minimum 57.7 ± 8.3 57.1 ± 9.5 - -
End-exercise 60.9 ± 7.0 60.1 ± 7.8 - -
Maximum 73.7 ± 5.3 73.6 ± 5.5 - -
ΔOnset -10.1 ± 6.1 -10.3 ± 6.7 6.4 ± 5.6 6.2 ± 6.1
ΔRecovery 12.8 ± 9.0 13.5 ± 8.7 -8.0 ± 6.8 -8.0 ± 7.6
ΔExercise -6.8 ± 5.5 -7.3 ± 5.4 4.7 ± 5.4 4.8 ± 5.7

Overshoot characteristics TSI [HHb]
Overshoot N (%) 16 (57%) 18 (64%) 14 (50%) 14 (50%)
End-overshoot 62.1 ± 7.2 61.2 ± 8.3 1.7 ± 3.8 2.0 ± 4.1
ΔOvershoot -3.8 ± 2.5 -3.5 ± 2.5 2.4 ± 1.5 1.8 ± 0.8
Areaovershoot (%.s / μMs) 150 ± 146 124 ± 162 77 ± 142 47 ± 61
Tauovershoot 33.9 ± 18.8 37.1 ± 22.6 24.5 ± 20.5 50.5 ± 65.1

Kinetics TSI (n = 28) [HHb] (n = 28)
Tdonset 14.0 ± 3.7 13.5 ± 3.6 13.0 ± 4.0 ‡ 12.6 ± 4.1 §
Tauonset 6.8 ± 2.9 6.9 ± 2.3 9.5 ± 6.0 § 8.3 ± 2.9 §
MRTonset 20.8 ± 5.1 20.4 ± 4.9 22.4 ± 7.4 20.9 ± 5.7
Tdrecovery 13.0 ± 11.4 13.2 ± 10.4 17.4 ± 10.4 † 16.4 ± 10.0 †
Taurecovery 22.6 ± 14.6 28.1 ± 23.2 31.2 ± 31.6 † 28.7 ± 23.7 †
MRTrecovery 35.6 ± 22.7 41.4 ± 29.1 48.6 ± 36.7 † 45.0 ± 29.8 †

Coefficients of determination TSI [HHb]
R2 Tauonset 0.95 ± 0.03 0.95 ± 0.04 0.91 ± 0.15 0.93 ± 0.08
R2 Taurecovery 0.97 ± 0.04 0.97 ± 0.06 0.87 ± 0.23 ‡ 0.88 ± 0.21 ‡
R2 Tauovershoot 0.61 ± 0.39 0.54 ± 0.26 0.34 ± 0.48 0.38 ± 0.38

Table 2. Absolute and kinetic values of Tissue Saturation Index (TSI) and deoxygenated haemoglobin 
([HHb]) for the tests of both days (S1 and S2).

Values are means ± SD. TSI values are expressed in % and HHb values in μM, except when stated otherwise. 
Kinetic values are expressed in seconds. Time delay (Td); Time constant of mono-exponential model (Tau); 
Mean Response Time (MRT). † n = 24. ‡  p < 0.05 and § p < 0.01 for the difference between TSI and [HHb] 
calculated for kinetics and coefficients of determination (R2).
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  The coefficient of determination of the mono-exponential fit for onset, recovery and 
overshoot kinetics of TSI and [HHb] (Table 2) was considered satisfactory when exceeding 
0.85. TSI onset and recovery measurements showed one unsatisfactory fit each (0.9%); for 
[HHb], there were 12 (10.7%) and 24 (21.4%), respectively. TSI overshoot kinetics showed 47 
unsatisfactory fits for TSI (81.0%) and 35 (97.2%) for [HHb]. 

Limits of agreement are expressed as bias ± random error and in case of heteroscedasticity as ratio values 
derived from logarithmical transformation. Time delay (Td); Time constant of mono-exponential model 
(Tau); Mean Response Time (MRT); Coefficients of variation (CV); Intraclass correlation coefficient (ICC); 
Confidence interval (CI). † Negative values prohibit logarithmical transformation and meaningful CV 
interpretation.

Variable n Bias ± random error (ratio) CV (%) ICC (95% CI)

TSI absolute values and amplitudes (%)
TSIbaseline 28 0.4 ± 6.2 4.7 0.74 (0.51-0.87)
TSIminimum 28 0.6 ± 7.9 7.1 0.90 (0.79-0.95)
TSIend-overshoot 11 1.3 ± 6.5 5.5 0.90 (0.68-0.97)
TSIend-exercise 28 0.8 ± 7.4 6.2 0.87 (0.74-0.94)
TSImaximum 28 0.1 ± 7.0 4.8 0.78 (0.58-0.89)
ΔTSIonset 28 -0.2 ± 6.5 32.7 0.87 (0.73-0.94)
ΔTSIrecovery 28 -0.7 ± 6.8 26.2 0.92 (0.84-0.96)
ΔTSIexercise 28 -0.5 ± 5.8 † 42.1 † 0.85 (0.71-0.93)
ΔTSIovershoot 11 0.3 ± 3.8 (0.98 ×/÷ 1.59) 45.7 0.74 (0.29-0.92)
Areaovershoot (%.s) 11 27 ± 288 (0.91 ×/÷ 2.28) 84.1 0.65 (0.12-0.89)

[HHb] amplitudes (μM)
Δ[HHb]onset 28 0.2 ± 5.7 † 46.2 † 0.88 (0.75-0.94)
Δ[HHb]recovery 28 -0.1 ± 5.8 † 37.1 † 0.92 (0.83-0.96)
Δ[HHb]exercise 28 -0.1 ± 4.9 † 52.8 † 0.90 (0.79-0.95)
Δ[HHb]overshoot 11 0.8 ± 2.3 (0.88 ×/÷ 1.35) 51.2 0.59 (0.02-0.87)
Areaovershoot (μM.s) 11 37 ± 305 (0.94 ×/÷ 2.98) 208.6 0.17 (-0.46-0.68)

TSI kinetics (s)
Tdonset 28 0.4 ± 7.6 (0.98 ×/÷ 1.30) 28.0 0.44 (0.09-0.69)
Tauonset 28 0.0 ± 5.3 (1.01 ×/÷ 1.31) 39.8 0.47 (0.12-0.71)
MRTonset 28 0.4 ± 9.5 (0.99 ×/÷ 1.22) 23.5 0.53 (0.20-0.75)
Tdrecovery 28 -0.2 ± 14.4 (1.07 ×/÷ 1.84) 56.2 0.77 (0.57-0.89)
Taurecovery 28 -5.6 ± 50.1 (1.06 ×/÷ 1.72) 100.7 0.13 (-0.25-0.48)
MRTrecovery 28 -5.8 ± 50.8 (1.07 ×/÷ 1.57) 67.4 0.51 (0.17-0.74)
Tauovershoot 11 -0.6 ± 43.1 57.8 0.42 (-0.21-0.80)

[HHb] kinetics (s)
Tdonset 28 0.3 ± 9.7 38.9 0.26 (-0.12-0.57)

Tauonset 28 1.2 ± 10.4 (0.97 ×/÷ 1.40) 60.0 0.36 (-0.01-0.64)
MRTonset 28 1.5 ± 11.8 (0.97 ×/÷ 1.24) 27.7 0.59 (0.29-0.79)
Tdrecovery 24 1.1 ± 18.3 (0.98 ×/÷ 1.68) 55.1 0.58 (0.24-0.80)
Taurecovery 24 2.5 ± 51.9 (1.01 ×/÷ 2.52) 88.5 0.55 (0.20-0.78)
MRTrecovery 24 3.6 ± 59.2 (0.97 ×/÷ 1.68) 64.6 0.59 (0.25-0.80)
Tauovershoot 11 -0.4 ± 51.1 93.7 0.28 (-0.36-0.74)

Table 3. Reliability of Tissue Saturation Index (TSI) and deoxygenated haemoglobin ([HHb]) for the tests 
of both days (S1 and S2).
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Reliability
No significantly large systemic bias between S1 and S2 was found for absolute TSI values 
amplitudes, kinetic parameters or deoxygenation overshoot characteristics. Figure 2 shows 
Bland-Altman plots for TSIbaseline, TSIminimum, and TSI kinetic parameters during onset and 
recovery of exercise with onset kinetics producing narrower (absolute and relative) 95% 
confidence intervals of the difference between tests. Visual inspection of the plots and 
improvement upon logarithmical transformation revealed heteroscedasticity for all kinetic 
parameters and overshoot characteristics, except for Td of [HHb] onset and for tauovershoot.
  The ICCs, CV, and limits of agreement listed in table 3, showed that absolute values 
and amplitudes provide better reliability compared to kinetic parameters and overshoot 
characteristics.
  In table 3, quantitative overshoot characteristics of S1 are compared with those of 
S2 for assessment of reliability in cases where one occurred in both. Percentage agreement 
of qualitative assessment of the overshoot in S1 and S2 was 54% for TSI (χ2(1) = 0.324, p = 
0.569) and 79% for [HHb] (χ2(1) = 5.60, p = 0.002). Agreement between TSI and [HHb] for 
determination of an overshoot was 93% for S1 (χ2(1) = 21.00, p < 0.001) and 75% for S2 (χ2(1) = 
5.60, p = 0.018).

Discussion

This is the first study to evaluate test-retest reliability of NIRS derived absolute values of skeletal 
muscle oxygen saturation and its kinetics during submaximal cycling exercise in patients with 
CHF. Reliability in the context of the current study consisted of an evaluation of absolute 
and relative reliability. Absolute reliability is related to similarity between repeated measures 
(expressed as limits of agreement and/or CV) (1, 36). Relative reliability refers to the capability to 
assess differences between subjects when measurement errors are taken into account (expressed 
as ICC) (36, 37). Relative reliability is always dependent on between-subject variability (i.e. 
higher in case of wider variability) and therefore only generalizable to population samples 
with comparable variation. As such, parameters of relative reliability are of interest when one 
wants to characterize patients with CHF by NIRS measurements, while absolute reliability 
parameters are of interest in serial within-subject comparisons (e.g. evaluation of interventional 
changes) (36). In this light, absolute values of TSI showed good absolute and relative reliability, 
while amplitudes showed lower absolute reliability. Absolute and relative reliability of onset 
oxygenation kinetics were acceptable, as was relative reliability of recovery kinetics, while for 
overshoot characteristics, both were poor.

Absolute values and amplitudes
In reliability studies in healthy adults, low CV values were reported for resting TSI in biceps 
brachii (2.4% to 4.4%, for three measurements) and vastus lateralis (5.8% and 5.2% versus 
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Figure 2. Bland-Altman plots showing the difference between the submaximal exercise tests of both days 
(S1 and S2) against the average value of the two test of (from top to bottom graph) resting Tissue Saturation 
Index values (TSIbaseline), minimum values after onset of exercise (TSIminimum), and mean response times for 
onset (MRTonset) and recovery kinetics (MRTrecovery) of TSI. The horizontal solid lines represent the mean 
differences between the values of the two tests. The horizontal dashed lines indicate the upper and lower 
limits of the 95% confidence intervals of the differences.
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4.7% in our study) (15, 27, 35), confirming good absolute reliability. In contrast, Thiel et al. 
noted wider limits of agreement in vastus lateralis than found in our study (-13.9% to 12.2%, 
versus -5.9% to 6.7% in our study), possibly due to differences in measuring device (including 
calibration), measurement location and leg position (35).
  Concerning TSI amplitudes, similar absolute reliability for ΔTSIonset (CV 31.5% versus 
32.7% in our study) and ΔTSIrecovery (37.7% versus 26.2%) was reported in biceps brachii of 
healthy subjects performing repeated submaximal isometric contractions (27).
  When comparing reliability of absolute TSI values and amplitudes, respective 
values for ICCs and limits of agreement were similar in magnitude, albeit CVs were markedly 
higher for amplitudes. Hence, depending on the parameter for absolute reliability (i.e. limits 
of agreement or CV), different conclusions can be drawn with regard to absolute reliability of 
TSI amplitudes. Therefore, we state that from a clinical point of view, a test is only useful for 
assessment of treatment effects when the limits of agreement fall within the expected effects 
of an intervention. However, currently the effect of specific interventions on TSI amplitudes in 
patients with CHF has not been addressed. As such, the presented CV values for TSI amplitudes 
lead to the conclusion that absolute reliability seems unacceptable at this time.

Muscle oxygenation kinetics
Onset kinetics
To our knowledge, no previous studies evaluated reliability of SRS-derived muscle oxygenation 
kinetics for submaximal cycling exercise. Our results showed that TSI onset kinetics produced 
acceptable absolute reliability (i.e. CV of MRT < 30%) and relative reliability measures (i.e. 
ICC of MRT > 0.50). Previous authors have reported reliability of [HHb] onset kinetics 
during moderate exercise in healthy adults, with the use of a fairly similar exercise protocol 
compared to our study. In the study of Spencer et al., the MRT for onset kinetics showed 
narrow 95% confidence intervals (± 5.3 s versus -9.3 to 10.1 s for limits of agreement in our 
study) (32). When ensemble-averaging three or more transitions, CIs became even narrower. 
The difference between average absolute work rates (119 ± 34 W compared to 62 ± 23 W in 
our study) might have contributed to a larger measured deoxygenation response to exercise. 
This facilitates fitting of the onset curve and may improve reliability. Sperandio et al. reported 
excellent measures of absolute reliability in a preliminary trial assessing reliability of [HHb] 
kinetic parameters of subjects performing heavy intensity cycling exercise (test-retest range 
of difference for tau was -0.3 to 0.8 s versus -9.4 to 11.8 s for limits of agreement in our study) 
(33). Possible explanations for their superior results are that spatial heterogeneity of muscle 
blood flow (13) and muscle deoxygenation decrease at the higher relative exercise intensities 
used (i.e. above the anaerobic threshold) (6, 19, 21). Another explanation might be a higher 
occurrence of a deoxygenation overshoot, resulting in lower values for onset kinetics and a 
reduction in between-subject variability of MRTonset (2). However, the studied population, exact 
measuring protocol, ICC, and occurrence rate of an overshoot (50% to 64% in our study) were 
not mentioned.
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Deoxygenation overshoot
The present study is the first to assess reliability of the muscle deoxygenation overshoot at exercise 
onset, showing poor absolute and relative reliability of quantitative overshoot characteristics for 
TSI, as well as for [HHB]. Specifically, fitting of the upward component of the TSI response with 
a mono-exponential function was impaired. This may be the consequence of the low imposed 
absolute work rate, resulting in a limited overshoot amplitude. Qualitative assessment of the 
overshoot showed acceptable absolute reliability for [HHb], however, not for TSI. Likewise, 
Bowen et al. recently demonstrated inconsistency of the incidence of the deoxygenation 
overshoot within and between healthy subjects, with no main effect on consistency after altering 
O2 delivery by lowering the inspired O2 concentration (6).

Recovery kinetics
The present study showed similar relative reliability, however, inferior absolute reliability for 
recovery kinetics of TSI compared to onset kinetics. Problematic fitting of the mono-exponential 
function seems a key issue in the reliability of recovery kinetics, as has been confirmed by other 
authors (8). It is especially troublesome for [HHb] recovery kinetics, where it was not feasible in 
six tests, with the remaining recovery responses producing lower coefficients of determination 
than for TSI. Sudden changes in muscle blood flow after termination of exercise and/or on-
going kinetics at the point of cessation of the measurement might be important contributors to 
the problem (8). Another contribution might lie in the fixed position of the device relative to the 
vastus lateralis during recovery, producing a localized measurement. In contrast, during onset 
the muscle moves underneath the skin resulting in an averaged response and a reduced effect of 
possible spatial heterogeneity. 

Clinical implications
The potential purposes of NIRS as a clinical application in patients with CHF are characterization 
(i.e. identification of limitations in O2 delivery or utilization) and evaluation of muscle oxygenation 
changes over time (e.g. treatment effects). As such, several of the investigated parameters may 
have clinical consequences. For instance, animal studies have shown that resting microvascular 
oxygen pressure is lower in severe compared to moderate CHF (11), and in patients with CHF 
it is inversely related to the speed of pulmonary oxygen kinetics (4, 5). This might indicate that 
resting microvascular oxygenation (represented by TSIbaseline) facilitates local O2 utilization and 
may serve as a marker for O2 delivery. Similarly, the peak of deoxygenation during the exercise 
transient (represented by TSIminimum) is associated with a limitation of oxidative energy provision 
(6), because of temporary exhaustion and delayed replenishment of local O2 stores.
  Tissue saturation index kinetics may particularly be useful for characterization of 
physiological limitations. In fact, it has been proposed that a MRT of approximately 20 s for muscle 
haemoglobin desaturation at exercise onset indicates sufficient matching of O2 consumption 
and delivery (5, 12). As such, patients with CHF are expected to exhibit slow deoxygenation at 
exercise onset when muscle O2 consumption remains slow relative to accelerated microvascular 
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O2 delivery. Conversely, a (local) transient mismatch of O2 delivery relative to O2 utilization 
results in faster deoxygenation. Theoretically and effectively, this mismatch is frequently 
accompanied by a deoxygenation overshoot (70% for [HHb] and 87% for TSI in previous CHF 
studies versus 57% to 64% in this study) (2, 5, 11, 33). However, computer simulations predict 
that the presence of a deoxygenation overshoot invalidates interpretation of the relation of O2 
delivery to utilization from the speed of deoxygenation (2). Hence, this subject requires further 
investigation.

Fractional oxygen extraction
Previous investigations evaluating fractional O2 extraction (i.e. the balance between O2 delivery 
and utilization) in skeletal muscle employed both [HHb] and TSI as its proxy (5, 33). While 
there is an ongoing debate on which parameter serves this purpose best, no consensus exists on 
a preference of reporting either [HHb] or TSI (16, 20, 24, 31). The main arguments concern the 
influence of superficial tissue layers (i.e. skin and subcutaneous fat), where [HHb] is thought 
to be minimally influenced by skin blood flow because its concentration in superficial tissue 
layers is assumed to be much lower than in muscle tissue. Indeed, it was demonstrated that 
exercise-induced hyperemia of skin did not influence [HHb] However, it did not alter TSI either. 
Moreover, [HHb] was insensitive to exercise-induced hyperemia of skeletal muscle, as opposed 
to TSI (20). The latter indicates insufficient capability of [HHb] to represent skeletal muscle 
fractional O2 extraction because of insensitivity to increased O2 delivery.
  In the present study, differences between the responses of TSI and [HHb] to 
submaximal exercise could only be demonstrated for the time constant and time delay of 
exercise onset. However, the MRTs for onset and recovery were not significantly different, 
and amplitudes of both parameters showed a strong association, suggesting corresponding 
responses. Since studies comparing TSI and [HHb] data directly to fractional O2 extraction 
measurements are lacking, no definite recommendation can be given on what NIRS parameter 
to use as a non-invasive alternative. However, given the physiological evidence and presented 
reliability, [HHb] seems less suitable for this purpose.

Study limitations
Several limitations should be acknowledged. First, a limited number of females were included, 
from which two were excluded because of a paradoxical TSI response, most likely due to large 
ATT. Furthermore, the majority of participants were moderately impaired. Therefore, the results 
cannot be generalized to female and more severely impaired patients. Second, above a certain 
ATT one must consider that NIRS measurements are representing skeletal muscle insufficiently, 
although, based on the present study results, an exact threshold cannot be given. Third, only 
one muscle (region) was investigated, instead of multiple sites. Performing spatially distributed 
measurements could possibly reduce the influence of local variations in perfusion and oxygen 
consumption and improve reliability (23, 25). Fourth, only one test for each day was used for 
analysis in our study, while averaging multiple subsequent tests (i.e. at least three) will possibly 
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generate more satisfactory results for application in individual patients (32). Fifth, the degree of 
compression of the muscle by the Velcro strap was not controlled, however, it has been known to 
increase the recovery rate of muscle tissue oxygen saturation, and it increases oxygen availability 
during short term exercise (7, 10). Nevertheless, caution was taken to prevent compression to 
exceed the level that was necessary to reassure skin contact during exercise. Finally, only one 
specific NIRS device was used in the present study, while differences of measured muscle tissue 
oxygen saturation between devices have been reported, even in separate devices from a single 
manufacturer (14, 29). Comparability of the presented absolute values (e.g. group mean) is 
therefore limited to similar devices with matching calibration settings.

Conclusions

This study shows that relative test-retest reliability of absolute TSI values and amplitudes is 
sufficient for purposes of physiological distinction between moderately impaired patients with 
CHF. Despite lower relative reliability, muscle oxygenation kinetics may still be useful for clinical 
application as well. Furthermore, absolute reliability of absolute TSI values and onset kinetics 
seems acceptable for serial within-subject comparison, and as such, for evaluation of treatment 
effects. In contrast, absolute reliability of amplitudes and recovery kinetics is considered 
unsatisfactory. Reliability of the deoxygenation overshoot is unacceptable for either purpose.
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Abstract

Objective: Near-infrared spectroscopy (NIRS) measurements of tissue oxygen saturation (StO2) 
are useful for the assessment of skeletal muscle perfusion and function during exercise, however, 
they are influenced by overlying skin and adipose tissue. This study explored the extent and 
nature of the influence of adipose tissue thickness (ATT) on StO2.
Approach: Near-infrared (NIR) spatially resolved spectroscopy (SRS) derived oxygenation was 
measured on vastus lateralis in 56 patients with chronic heart failure (CHF) and 20 healthy 
control (HC) subjects during rest and moderate intensity exercise with simultaneous assessment 
of pulmonary oxygen uptake kinetics (τV̇O

2onset). In vitro measurements were performed on a 
flow cell with a blood mixture with full oxygen saturation (100%), which was gradually decreased 
to 0% by adding sodium metabisulfite. Experiments were repeated with 2 mm increments of 
porcine fat layer between the NIRS device and flow cell up to 14 mm.
Main results: Lower ATT, higher τV̇O

2onset, and CHF were independently associated with lower 
in vivo StO2 in multiple regression analysis, whereas age and gender showed no independent 
relationship. With greater ATT, in vitro StO2 was reduced from 100% to 74% for fully oxygenated 
blood and increased from 0% to 68% for deoxygenated blood.
Significance: This study shows that ATT independently confounds NIR-SRS derived StO2 
by overestimating actual skeletal muscle oxygenation and by decreasing its sensitivity for 
deoxygenation. Because physiological properties (e.g. presence of disease and slowing of 
τV̇O

2onset) also influence NIR-SRS, a correction based on optical properties is needed to interpret 
calculated values as absolute StO2.

Novelty & significance
This study shows that adipose tissue thickness (ATT) has a great influence on near-infrared 
spatially resolved spectroscopy (NIR-SRS) skeletal muscle oxygenation measurements. This is 
attributable to a decreased measurement sensitivity and the optical properties of adipose tissue 
itself. Although NIR-SRS is less susceptible to ATT than more conventional NIR-methods (based 
on modified Beer-Lambert law), measurements should be corrected for ATT by numerical 
modeling of optical properties of multilayered tissue instead of normalizing for physiological 
properties (e.g. oxygen consumption and saturation).
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Introduction

Near-infrared spectroscopy (NIRS) is a technique to non-invasively monitor oxygenation 
in human tissue. Its utility lies in the evaluation of the ratio between perfusion and oxygen 
consumption in metabolically active tissues. More specifically, it can be used in the assessment of 
the contribution of O2 delivery and utilization to limitations of oxidative metabolism in skeletal 
muscle during exercise (12), for instance in patients with chronic heart failure (CHF) (7, 29, 42).
 Contemporary studies mostly use a continuous wave (CW) methodology employing 
modified Beer-Lambert law (MBL), or the spatially resolved spectroscopy (SRS) approach to attain 
concentration changes of deoxygenated hemoglobin [HHb] or measures of absolute tissue oxygen 
saturation (StO2), respectively. Both ∆[HHb] and SRS-derived StO2 have been used as a proxy for 
fractional oxygen extraction in skeletal muscle, where StO2 might be preferable because it can be 
expressed in absolute values and is essentially less sensitive to skin blood flow changes (21, 26).
 Although technology has advanced over the years to produce time-domain (TD) 
and frequency-domain (FD) instruments that allow quantification of the actual tissue optical 
properties to calculate absolute oxygenated and deoxygenated hemoglobin concentrations, the 
signal-to-noise ratio and temporal resolution are not as high as for the SRS technique (12). Recent 
studies using evolved TD systems show that manufacturers are closing the gap (33), however, 
the lower costs and practical portability of currently commercially available SRS instruments 
has not yet been paralleled. Thus, at present, near-infrared spatially resolved spectroscopy (NIR-
SRS) provides a highly effective tool to monitor muscle microvascular oxygen exchange during 
exercise in health and disease.
 However, when considering between-subject comparisons of skeletal muscle 
oxygenation, one has to take into account the influence of optical properties of the variable layer 
of overlying skin and adipose tissue. Indeed, the thickness of the adipose tissue layer has been 
shown to confound NIRS measurements, distinctly increasing resting oxygenation values (9, 14, 
17), reducing optical density (18, 25), and decreasing sensitivity for deoxygenation with greater 
adipose tissue thickness (ATT) (5, 11, 23, 31, 33, 46).
 Conventional methods to correct for ATT are based on the assumption of constant 
tissue properties among measured subjects (e.g. hemoglobin content, oxygen consumption, and 
oxygen saturation) (8, 31, 40). However, this is deemed an unsatisfactory approach when dealing 
with heterogeneous groups of subjects (5, 32), as for example patients with CHF. To illustrate 
this, evidence has been found for considerable intersubject variability of tissue hemoglobin 
content (2, 27), for reduced skeletal muscle oxygen consumption in CHF (1), and for a relation 
between resting StO2 and oxygen uptake kinetics in CHF (7).
 While NIR-SRS derived StO2 is confounded by ATT, it is also influenced by age, gender, 
disease state and oxygen uptake kinetics (7, 9, 10, 14, 17). The latter associations are considered 
to mirror physiological differences between, for example, younger and older subjects (43), and 
males and females (9, 34, 44). Furthermore, they may reflect pathophysiological changes related 
to certain diseases (e.g. CHF, diabetes, et cetera) (7, 35), and their subsequent consequences 
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on exercise capacity (e.g. slowed oxygen uptake kinetics). However, all of these StO2-related 
parameters may in turn be associated with ATT, which has previously been demonstrated 
for age and gender (36). In this way, ATT may mask or mimic interindividual physiological 
differences, which is considered to lead to false NIRS-based conclusions (5).
 Because it is unclear to what extent and how adipose tissue thickness (ATT) 
independently influences measured tissue oxygen saturation (StO2) in vivo, it is essential to 
compare its influence to that of other potentially associated parameters and to isolate it in an 
experimentally controlled setup. Therefore, this study was designed to assess in vivo StO2 and its 
relation to ATT in a mixed (i.e. with respect to age and gender) population of patients with CHF 
and healthy control (HC) subjects at rest and during moderate intensity exercise. Furthermore, 
to isolate the influence of ATT, we measured the effect of changes of overlying porcine ATT on 
in vitro measured StO2 values in a blood mixture under controlled conditions. 
 We hypothesize that ATT confounds NIR-SRS parameters, and that there is a 
difference between StO2 measurements in CHF and HC subjects, necessitating a correction 
method that does not assume constant physiological tissue properties among individuals.

Methods

Subjects
Fifty-six patients with CHF and twenty healthy active subjects matched for age and body mass 
index (BMI) were included. Subject characteristics are shown in table 1. Inclusion criteria for 
patients with CHF were stable systolic heart failure on optimal medical treatment for at least 3 
months, attributed to either dilated cardiomyopathy or ischemic heart disease due to myocardial 
infarction, New York Heart Association (NYHA) functional Class II or III, and left ventricular 
ejection fraction (as assessed by echocardiograph) ≤ 40%. Examination of healthy subjects was 
performed to confirm absence of clinical and echocardiographic signs of heart failure. Patients 
with CHF and healthy subjects were excluded from the study when they presented with recent 
myocardial infarction (within the preceding 3 months), angina pectoris at rest, pulmonary, 
neurological or orthopedic disorders limiting the ability to exercise, peripheral vascular disease 
and/or clinical signs of decompensated heart failure.
 This study represents part of two larger protocols involving exercise testing and 
training in patients with CHF (29, 41), which were approved by the local Research Ethics 
Committee of Máxima Medical Center, Veldhoven, the Netherlands. All study participants gave 
written informed consent before inclusion, and all procedures were conducted according to the 
Helsinki Declaration of 1964.

Exercise protocol
Subjects performed tests on an electromagnetically braked cycle ergometer (Lode Corrival, 
Lode BV, Groningen, the Netherlands) in an upright seated position. They were instructed 
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to maintain a pedaling frequency of 70 rpm during the exercise phases. Ventilatory and gas 
exchange measurements (ZAN 680 USB, ZAN Messgeräte, Oberthulba, Germany; calibrated 
before each test) were recorded breath-by-breath during the entire testing protocols.
 The maximal exercise protocol started with a 1-min resting period and 4 min of 
unloaded pedaling before work rate started to increase with an individualized ramp rate aiming 
to reach exhaustion within 8-12 min (13). The test was terminated when the required pedaling 
frequency could not be maintained due to volitional exhaustion. Peak work rate was the highest 
registered work rate, and peak pulmonary oxygen uptake (peakV̇O

2
) and peak respiratory 

exchange ratio (RER) were the average values of the final 30 s of the maximal exercise test. The 
gas exchange threshold (GET) was determined by the mean of the independent assessments of 
two experienced physicians using the V-slope method (4).
 Moderate-intensity exercise testing was performed on a different day than the 
maximal exercise test. It commenced with a 2-min resting period, while the right leg was 
passively held in a predetermined position. This was followed by a 6-min bout at 80% of the 
work rate corresponding to the gas exchange threshold, or at 50% of the peak work rate when 
the GET could not be assessed (20).
 Subjects were advised to take their medication as usual and to avoid strenuous exercise 
(48 h), consuming a meal (2 h), and caffeine (4 h) before testing.

NIRS measurements
NIRS measurements were performed during moderate-intensity exercise with a wireless 
continuous wave (CW) near-infrared spectrophotometer (Portamon, Artinis, Elst, the 

Table 1. Subject characteristics.

Variable CHF HC p

 n = 56 n = 20
Male / Female 49/7 16/4
Age (yr) 64 ± 9 63 ± 6 .65
Height (cm) 177 ± 9 176 ± 7 .70
Weight (kg) 86 ± 15 85 ± 14 .79
Body Mass index (kg.m-2) 27.4 ± 4.5 27.2 ± 4.6 .91
Body fat (%) 26.8 ± 6.1 26.8 ± 5.5 .99
Adipose Tissue Thickness (mm) 4.6 ± 3.0 5.2 ± 3.0 .34
Ischemic/Dilated Cardiomyopathy 33/23 -
Duration of heart failure (months) 72 ± 77 -
New York Heart Association class (II/III) 35/21 -
Weber class (A/B/C/D) 26/17/12/1 -
Medication

Beta blocker 96% 0%
Diuretic 41% 10%
ACE-inhibitor / ARB 93% 15%

Data are presented as means ± SD for continuous variables and as numbers (percentages) for dichotomous 
variables. Angiotensin Converting Enzyme (ACE); Angiotensin II Receptor Blocker (ARB).
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Netherlands), which employs MBL and SRS with 2 wavelengths of emitting light (760 and 841 
nm). The device consists of 3 pairs of light emitting diodes and a detector photo diode, which are 
configured spatially to provide 3 source-detector distances (30, 35, and 40 mm). By determining 
the absorption coefficients derived from the slopes of light attenuation at different source-detector 
distances and wavelengths, an absolute measure of actual tissue oxygen saturation (StO2), the 
tissue saturation index (TSI), can be calculated. TSI equals the ratio of oxygenated hemoglobin and 
myoglobin (O2HbMb) and the sum of oxygenated and deoxygenated hemoglobin and myoglobin 
([O2HbMb] + [HHbMb] = [totalHbMb]), and is expressed as a percentage. Additionally, after 
incorporating a differential path length factor of 4 (manufacturer recommendation) in the MBL, 
changes of deoxygenated hemoglobin ([HHb] in μM) were also reported.
 The NIRS device was positioned over the distal vastus lateralis of the right leg, 20 
cm proximally from the lateral patellar edge, and fixated with adhesive tape and a Velcro strap. 
Thereafter, it was occluded from ambient light by dark cloth. Data were sampled at 10 Hz, and 
stored for off-line analysis.
 To obtain an estimate of adipose tissue thickness (ATT), the (double) skinfold 
thickness at the site of NIRS measurement was measured with a skinfold caliper (Harpenden, 
Baty International, West Sussex, UK) and divided by two (14).

Blood phantom
Human packed erythrocytes in a saline adinine glucose mannitol (SAGM) solution were heated 
to 37 °C in a glass beaker and mixed by a magnetic stirrer (Heidolph MR 3001, Heidolph 
Instruments, Swabach, Germany). Phosphate-buffered saline (PBS) and an intralipid emulsion 
with a concentration of 20% were added to produce a 300 mL mixture with an intralipid 
concentration of 1%, and optical properties approximating absorption and reduced scattering 
coefficients of perfused muscle tissue (19, 25, 30). A hematocrit of 6% was chosen, as this was 
the minimum required to allow blood gas analysis. The blood mixture was circulated (Heidolph 
Pumpdrive 5001, Heidolph Instrument, Swabach, Germany) via tubing through a custom-made 
flow cell milled from PVC with inner dimensions of 50 x 50 x 85 mm (Figure 1). The inside 
of the flow cell was made black to prevent light reflections. Medical oxygen gas was delivered 
into the mixture from a cylinder with the use of a pressure reducer and flow meter. The blood 
mixture reached full oxygen saturation (100% SO2) after 15 min of oxygenation, confirmed by 
blood gas analysis (ABL90 FLEX, Radiometer Medical, Brønshøj, Denmark) of 1 mL samples 
taken from a sample point in the tubing distal to the flow cell. NIRS measurements were made 
with the Portamon device wrapped in one layer of transparent plastic placed on top of the flow 
cell in direct contact with the mixture. Thereafter, 8 consecutive 60-s measurements were made 
with fresh porcine fat layers (LifeTec Group, Eindhoven, the Netherlands) in between the device 
and flow cell, with a stepwise addition of layers (2 mm) to a total of 14 mm thickness. Care was 
taken to assure complete contact between layers. The mixture was desaturated in approximately 
1 h with the use of 0.1% mass fraction sodium metabisulfite (Na2S2O5), while performing 
blood gas analysis on 1 mL samples approximately every 5 minutes. In total, four desaturation 
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courses with new mixtures were measured: 1 without fat and 3 with fat layers of 2, 4, and 6 mm, 
respectively. On the fully desaturated mixture of the last desaturation course (i.e. 6 mm ATT), 
another 4 measurements were made with fat layers from 8 to 14 mm in 2 mm steps.

Data analysis
Gas exchange parameters for the constant work rate exercise test were averaged into 10-s sampling 
intervals after removal of outliers (values > 3 SDs from the local mean were omitted) (20). Mono-
exponential modeling of V̇O

2
 data was performed to characterize the rise of V̇O

2
 (fundamental 

phase or phase II) during onset by using the non-linear (damped) least squares method (Python 
2.7, Python Software Foundation, Beaverton, OR, USA) with the following formula (20):

Y (t) = Ybaseline + A * (1- e - (t – Td)/τ)             (1)

where Y equals V̇O
2
, Ybaseline depicts the average value during the last 30 s prior to the exercise 

transition, A indicates the amplitude during exercise onset for V̇O
2
. Td is the time delay and 

tau (τ) is the time constant of the mono-exponential function (in seconds). The first 20 s of 
the V̇O

2
 response after onset were omitted from kinetics analysis, since it is assumed that the 

Figure 1. In vitro experiment with 1) cylinder containing medical oxygen gas, 2) glass beaker containing the 
blood mixture, 3) pump drive and tubing, 4) flow cell (displayed with near-infrared spectroscopy device 5) 
and adipose tissue layers 6) on the insert), and 7) sample point for blood gas analysis.
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rapid increase of V̇O
2
 during this period (cardiodynamic phase or phase I) represents increased 

pulmonary blood flow rather than microvascular gas exchange (6).
 NIRS data were filtered using a central moving average filter with a window of 11 
data points and resampled into 1-s intervals. Absolute values of TSI during moderate-intensity 
exercise testing were calculated as the average of the last minute of the resting phase (TSIbaseline), 
and the average of the last minute of the exercise phase (TSIend-exercise), as described previously 
(28). The difference between TSIbaseline and TSIend-exercise was defined as the overall TSI response 
to the moderate-intensity constant work rate exercise (ΔTSIexercise). Similarly, [HHb] change 
from baseline to end-exercise was reported as Δ[HHb]exercise. Note that both negative values for 
ΔTSIexercise and positive values for [HHb]exercise indicate tissue deoxygenation.
 TSI flow cell measurements were time aligned with blood gas sampling data and 
were averaged over the entire 60 s per step of ATT for fully oxygen saturated and desaturated 
measurements.

Statistical analysis
SPSS 22.0.0 statistical software (SPSS Inc, Chicago, IL, USA) was used for statistical data 
analysis. Results are presented as mean value ± standard deviation. Normality was assessed by 
Shapiro-Wilk tests and by skewness and kurtosis of the distribution. Unpaired Student’s t-test 
in case of a normal distribution, or the Mann-Whitney U test when appropriate, were used 
for between-group comparisons. From literature, variables were selected as possible predictors 
of StO2 (i.e. TSI) parameters, which were ATT, gender, CHF, age, and oxygen uptake kinetics 
at onset of moderate-intensity exercise (τV̇O

2onset) (5, 7, 9, 10, 14, 17). Relations of variables 
with TSI parameters were evaluated by univariate linear regression analysis and expressed as 
Pearson’s correlation coefficients. All variables were also used in a multivariate linear regression 
model (backward stepwise regression, removal criterion P < 0.05). If the multivariate predictions 
of the TSI parameters were improved by normalized data (logarithmic transformation), these 
were used instead. The goodness of fit was evaluated using the R2 value. The level of statistical 
significance was set at P < 0.05 for all tests.

Results

Sixty-five males and 11 females with an age range of 43 to 83 years were included (Table 1). ATT 
was not normally distributed [median 4.3 mm and interquartile range (IQR) 3.4 mm], however 
not significantly different between CHF and HC groups.
 All exercise tests were performed without any adverse events. Peak oxygen uptake was 
lower in patients with CHF and oxygen uptake kinetics (τV̇O

2onset) were faster in HC subjects 
(Table 2). TSIbaseline was lower in patients with CHF, however TSIend-exercise, ΔTSIexercise, and Δ[HHb]

exercise were not significantly different between groups. CHF and τV̇O
2onset were not significantly 

correlated with ATT, whereas gender and age were (Table 3). From all selected variables from 
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literature, only τV̇O
2onset did not correlate significantly with TSIbaseline. Furthermore, ATT showed 

the strongest correlation with TSIbaseline and TSIend-exercise, and ATT was the only variable that was 
significantly correlated with ΔTSIexercise (Table 3 and Figure 2). The correlation of ATT with 
Δ[HHb]exercise was stronger than with ΔTSIexercise. When ATT was 7 mm or larger, the proportion 
of measurements with an exercise response opposite to deoxygenation (i.e. paradoxically 
increasing TSI and decreasing HHb) was higher for HHb (77%) than for TSI (23%). Smaller ATT 
(i.e. < 7 mm) showed equal paradoxical response rates for both variables (11%). Multivariate 
regression analysis showed that ATT was the strongest predictor of TSI parameters, specifically 
after log transformation due to non-normality (Table 4). CHF was an independent predictor of 
TSIbaseline, ΔTSIexercise, and Δ[HHb]exercise, while the log of τV̇O

2onset was an independent predictor 
of TSIend-exercise, ΔTSIexercise , and Δ[HHb]exercise (Table 4). Gender and age were no independent 
predictors of TSI or [HHb] parameters.
 In vitro experiments showed that measurements on fully saturated blood mixture 
(100% SO2) without an adipose tissue layer produced a TSI value of 99.5% (Figure 3). Desaturated 
blood (1.2% SO2) corresponded to a TSI of 0%. Adding adipose tissue up to 14 mm resulted in 
a regression towards a TSI value of 73.5% for 100% SO2, and a TSI of 68.0% for 0% SO2 (Figure 
3). The deoxygenation course without adipose tissue showed that the average absolute deviation 
of TSI from actual SO2 was 5% until SO2 dropped below 42% from whereon TSI was equal to 
0% (Figure 4). Deoxygenation courses with progressive ATT showed increasing average error 
of TSI with respect to SO2 (21%, 23%, and 29% for ATT of 2, 4, and 6 mm, respectively). Linear 
regression analysis of TSI as a predictor of SO2 showed correlation coefficients of (R2) 0.94, 0.99, 
0.97 and 0.99, and an intercept with the line of identity at 80.7%, 84.0%, 73.7%, and 74.9% for 0, 
2, 4, and 6 mm, respectively.

Table 2. Response to maximal and submaximal exercise tests.

Variable CHF HC

n = 56 n = 20
Maximal exercise test

PeakV̇O
2
 (mL·min-1·kg-1) 19.6 ± 5.7 32.6 ± 7.6 †

Peak work rate (W) 124 ± 48 238 ± 48 †
PeakRER (L/L) 1.06 ± 0.11 1.11 ± 0.07 **
V̇O

2
 @ GET (mL·min-1·kg-1) 14.4 ± 4.4 21.6 ± 4.8 †

Submaximal exercise test
Work rate (W) 59 ± 23 118 ± 28 †
τV̇O

2
onset (s) 59.5 ± 27.2 40.2 ± 11.5 **

TSIbaseline (%) 67.5 ± 4.9 70.6 ± 5.6 *
TSIend-exercise (%) 62.3 ± 7.3 64.1 ± 7.4
∆TSIexercise (%) -5.1 ± 4.8 -6.5 ± 5.1
∆HHbexercise (μM) 3.3 ± 5.2 4.9 ± 5.8

Data are presented as means ± SD. Peak oxygen uptake (PeakV̇O
2
); Respiratory Exchange Ratio (RER); 

Gas Exchange Threshold (GET); time constant for oxygen kinetics at exercise onset (τV̇O
2onset); Tissue 

Saturation Index (TSI); amplitude (∆); deoxygenated Hemoglobin (HHb).
CHF vs HC * p < 0.05; ** p < 0.01; † p < 0.001
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Discussion

Influence of ATT on StO2

In this study, we demonstrate that adipose tissue layer thickness greatly influences NIR-SRS 
derived StO2 at rest and during exercise. ATT explained 33% (R2) of variability of resting tissue 
oxygenation in human measurements when ATT ranged from 1 to 17.5 mm. In multivariate 
regression analysis ATT was the strongest independent predictor of StO2. In addition, the 
presence of CHF and slower oxygen uptake kinetics were independently related to lower StO2, 
suggesting (patho-) physiological differences among subjects are reflected in tissue oxygenation. 
In contrast, relations between age, gender and TSI parameters were mostly explained by inter-
individual ATT differences. Ex vivo isolation of the influence of ATT showed that adipose tissue 
has optical properties that limit the range of measured TSI parameters from as little as 2 mm 
thickness, and probably even less.
 Previous research focusing on the influence of ATT on NIR-SRS parameters in vivo 
showed a similar increase of resting StO2 with ATT in a mixed group (i.e. 10 males and 10 
females) of young subjects (14, 17). In addition, Cooper et al. demonstrated a positive association 

Table 4. Multivariate regression models predicting tissue saturation index parameters.

Variable n ATT TSIbaseline TSIend-exercise ∆TSIexercise ∆[HHb]exercise

ATT 76 0.574 † 0.627 † 0.314 ** -0.565 †
Gender 76 0.749 † 0.423 † 0.413 † 0.176 -0.399 †
CHF 76 -0.081 -0.267 * -0.110 0.122 -0.133
Age 76 -0.272 * -0.230 * -0.191 -0.037 0.174
τV̇O

2
onset 76 0.075 -0.041 -0.115 -0.128 0.083

Table 3. Pearson’s correlations with near-infrared spectroscopy parameters.

Adipose Tissue Thickness (ATT); Tissue Saturation Index (TSI); amplitude (∆); deoxygenated Hemoglobin 
(HHb); Chronic Heart Failure (CHF); time constant for oxygen kinetics at exercise onset (τV̇O

2onset).
* p < 0.05; ** p < 0.01; † p < 0.001

Variable Predictors Standardized β coefficient p Total R2

TSIbaseline log(ATT) 0.54 < .001 0.364
CHF -0.24 .013

TSIend-exercise log(ATT) 0.66 < .001 0.450
log(τV̇O

2
onset) -0.19 .030

∆TSIexercise log(ATT) 0.39  < .0001 0.217
log(τO

2
onset) -0.28 .014

CHF 0.24 .037
∆[HHb]exercise log(ATT) -0.64 < .001 0.449

log(τV̇O
2

onset) 0.25 .008
CHF -0.25 .009

Adipose Tissue Thickness (ATT); Tissue Saturation Index (TSI); amplitude (∆); deoxygenated Hemoglobin 
(HHb); Chronic Heart Failure (CHF); time constant for oxygen kinetics at exercise onset (τV̇O

2onset).
* p < 0.05; ** p < 0.01; † p < 0.001
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Figure 2. Relation between adipose tissue thickness (ATT) and (A) resting tissue saturation index (TSIbaseline), 
(B) TSI at the end of moderate-intensity constant work rate exercise (TSIend-exercise), (C) response of TSI to 
moderate intensity exercise (∆TSIexercise), and (D) response of deoxygenated hemoglobin concentration to 
moderate intensity exercise (∆[HHb]exercise) for healthy control (HC) subjects and patients with chronic heart 
failure (CHF).
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between percentage body fat and StO2 that was only evident for young male subjects, but not for 
young females (9). However, relations between local ATT and StO2 were not reported, limiting 
comparability between studies. Furthermore, measurements performed by Costes et al. (1999) 
suggest a relation between aging and resting oxygenation. However, gender and age differences 
with respect to StO2, other than explained by ATT variability, were not seen in the present 
study. Gender-related and age-related physiological differences between subjects of for instance 
muscle mass, capillary density, hemoglobin content, and muscle oxidative capacity may have 
contributed to the observations of Cooper et al. and Costes et al. (9, 10). Similarly, the present 
results of a lower TSIbaseline for CHF, and an independent association of CHF with StO2, may 
be explained on the basis of pathophysiological consequences of the disease, as for example 
reduced skin blood flow (3), and compromised vascularity (39).
 Several explanations can be given for the relation between in vivo StO2 and ATT by 
considering oxygenation of hemoglobin (the major NIR-light absorber in adipose and muscle 
tissue) and other tissue light absorbers. First, actual in vivo muscle hemoglobin oxygenation is 
most likely lower than oxygenation of hemoglobin in adipose tissue. Adipose tissue contains 
highly oxygenated blood (at least higher than muscle tissue) because of a lower oxygen 
consumption rate and higher blood flow (5, 31). Second, Goossens et al. demonstrated that 
subjects with greater ATT have even higher hemoglobin oxygenation in adipose tissue than 
lean subjects, at least in fasting conditions, amplifying the aforementioned effect (15). Third, as 
clarified by the in vitro experiment, exsanguinated adipose tissue itself has NIR-light absorbing 
qualities that lead to StO2 outcomes specifically in the range of 68 to 74%. ATT would therefore 
increase TSI values when actual tissue hemoglobin oxygenation is lower than the specified 
range. This is more likely to occur during skeletal muscle deoxygenation, for example due to 
exercise. As such, it may in part explain the stronger relationship between ATT and TSIend-exercise 

Figure 3. Relation between adipose tissue thickness (ATT) and Tissue Saturation Index (TSI) of fully 
saturated blood phantom (100% SO2) and fully desaturated blood phantom (0% SO2).
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Figure 4. Relation between blood phantom oxygen saturation (SO2) and measured Tissue Saturation Index 
(TSI) with 0, 2, 4, and 6 mm adipose tissue thickness (ATT). The line of identity is shown as a dashed line. 

than between ATT and TSIbaseline. Indeed, the in vitro deoxygenation experiment confirmed such 
a concept by showing that when ATT is at the group’s average value (~ 5 mm), TSI values lower 
than 74% tend to be overestimations of SO2. More specifically, with smaller ATT overestimation 
was less pronounced and occurred at higher SO2. With the device used in this study, the 
difference between TSI values and actual StO2 increased when actual StO2 became lower than 
81-84% for 0-2 mm ATT and lower than 74-75% for 4-6 mm ATT.
 Skeletal muscle properties that may oppose the observed relation between measured 
StO2 and ATT include an oxygenation gradient within the skeletal muscle tissue layer. Deeper 
muscle regions commonly have a greater proportion of oxidative fibers compared to superficial 
regions, leading to a greater degree of oxidative energy metabolism and a concomitantly greater 
sensitivity for vascular control (16). Correspondingly, Koga et al. found higher StO2 in the 
deeper regions of the rectus femoris than in the superficial regions, coinciding with slower and 
less profound deoxygenation profiles (22). Smaller ATT would then lead to higher StO2 values. 
However, we did not find such an effect probably due to a greater influence of optical properties 
of adipose tissue itself on measured StO2.
 A finding in the present study that warrants further exploration is the independent 
relation between TSIend-exercise, ΔTSIexercise, and pulmonary oxygen uptake kinetics. That is, 
after correction for ATT, speeding of τV̇O

2onset was related to a higher StO2 during exercise. 
Additionally, after subsequent correction for CHF, faster τV̇O

2onset was also related to a smaller 
difference between resting and exercising StO2 (i.e. ΔTSIexercise). Analogous to the lesser degree 
of deoxygenation in deeper, more oxidative muscle regions found by Koga et al., a greater 
proportion of oxidative muscle fibers in subjects with faster oxygen uptake kinetics can also 
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explain the relation between the degree of measured deoxygenation and speed of pulmonary 
oxygen uptake kinetics in this study (22, 38). However, while there was a relation between 
TSIend-exercise and oxygen kinetics, the relation between resting StO2 and τV̇O

2onset reported by 
Bowen et al. in their group of patients with CHF could not be confirmed (7). The univariate 
analysis in the current study did not show such a relationship, nor did the multivariate analysis. 
The fact that resting oxygenation was lower in their patients with CHF (57.2 ± 7.2% versus 67.5 
± 4.9% in our study) could have led to a greater sensitivity of oxygen uptake kinetics to resting 
oxygenation, slowing oxygen uptake kinetics in a more O2 availability/delivery dependent way 
(37).

Differences between SRS-based and MBL-based parameters
Our results showed less susceptibility to the influence of ATT for SRS-derived StO2 than for 
MBL-derived [HHb]. Although this study is the first to perform such a comparison, previous 
authors have concluded that the SRS-methodology is less affected by superficial tissue layers. 
Messere and Roatta reported that MBL-based blood volume indices (i.e. total hemoglobin) 
were more affected by cutaneous warming than those based on SRS (i.e. tissue hemoglobin 
index), while sensitivity to exercise-induced changes of blood volume was similar between 
methodologies (26). In explaining their results, they argued that NIR-SRS more or less excludes 
the common pathway of light for spatially separated emitter-optode pairs (i.e. in the superficial 
layers), instead it focuses on analysis of the differential signal between pairs (i.e. in the deeper 
layers). This may also explain why we observed a large portion of measurements (77%) with a 
paradoxically decreasing [HHb] during exercise in case of an ATT of 7 mm and larger, whereas 
this rate was far lower for TSI (23%). While this observation indicates that TSI is more sensitive 
to skeletal muscle deoxygenation than [HHb], it simultaneously demonstrates a lower sensitivity 
of TSI for increases of skin and adipose tissue oxygenation due to skin blood flow changes 
(21). Another noteworthy advantage of NIRS-SRS over MBL-derived [HHb] is that it is not 
calculated with an assumed constant differential path length factor (DPF), which can potentially 
vary during exercise.

Correction for ATT
Based upon the present and previous results it is evident that a correction for ATT is needed 
if NIR-SRS derived StO2 parameters of individual subjects are to be compared in a meaningful 
way. In contrast to suggestions by other authors (45), the in vitro experiments show that even a 
minimal ATT of 1 mm is expected to influence StO2 measurements to a great degree. Therefore, 
when a group of study subjects is heterogeneous with respect to age, gender, disease state or 
oxidative capacity, a correction method for ATT needs to incorporate the optical properties 
of the measured tissues. Correction can consist of direct measurement of optical properties 
(e.g. by means of a laser rangefinder) (32). However, the correction method that is most widely 
used is based on Monte Carlo simulations of a two- or multiple layered tissue volume (17, 25, 
31). Such a method employs look-up tables for determination of optical tissue properties at 
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each wavelength that is used, and thereby corrects for the reduced measurement sensitivity 
due to ATT. However, the optimal composition of look-up tables and their validity are poorly 
investigated and should be subject of future studies. Furthermore, correction through Monte 
Carlo simulations still relies on the assumption of a constant reduced scattering coefficient (μs’), 
and hence, on an unchanging tissue composition (e.g. constant hemoglobin content). However, 
recent work by Koga et al. using NIR-TRS revealed μs’ varies during exercise and whole body 
heating (24). Moreover, tissue composition may be variable between subjects due to differences 
in hemoglobin content (2, 27). Consequently, studies on the error of calculated StO2 associated 
with variable μs’ are needed as well. 

Limitations
Before definite conclusion can be drawn, several issues should be addressed. First, we did not 
measure ATT with ultrasound (US), but by means of skinfold caliper measurements, which 
could reduce reliability. However, Geraskin et al. showed favorable agreement of US measured 
ATT with caliper readings (14). Second, porcine adipose tissue was exsanguinated and inactive. 
Optical properties of human adipose tissue in vivo may be different from those of exsanguinated 
inactive porcine adipose tissue. However, this experimental setup was chosen because it allowed 
isolation of the separate influence of adipose tissue. Third, a higher hematocrit was used in the 
phantom experiment (i.e. 6%) than what is thought to arise in resting muscle tissue, although 
no standard exists for in vivo tissue hemoglobin content (27). However, since no myoglobin 
was used in the in vitro experiment, replacing it with hemoglobin may have compensated 
the absorption that would be otherwise caused by myoglobin. Fourth, a blood mixture with 
an intralipid concentration of 1% provides optical properties approximating absorption and 
reduced scattering coefficients of perfused muscle tissue. However, given the poor relation 
between SO2 and TSI (Figure 4) at lower oxygenation (below 40%) without overlying adipose 
tissue (ATT = 0), scattering of near-infrared (NIR) light may not have met the requirement of 
sufficient saturation of the photodetector. And finally, young subjects (younger than 40 years of 
age) were not included, limiting generalizability of the conclusions to older groups. However, 
the large range of 43 to 83 years provided sufficient contrast to detect an influence of age.

Conclusions

This study shows for the first time the independent and isolated influence of ATT on skeletal 
muscle oxygenation measured with NIRS. Although NIR-SRS derived StO2 was shown to be less 
susceptible to the influence of ATT than MBL-based NIRS derivatives (i.e. [HHb]), overlying 
adipose tissue still confounds approximation of skeletal muscle oxygenation to a great degree. 
Specifically, the optical properties of (exsanguinated) adipose tissue give rise to an SRS-derived 
StO2 outcome in the range of 68-74% for the device used in the present study. This outcome 
influences calculation of actual StO2 proportionally to the thickness of the adipose tissue layer. 
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However, when NIR-SRS measurements were corrected for ATT in a multivariate analysis, the 
presence of disease and slowing of oxygen uptake kinetics were related to lower TSI values. 
This indicates that SRS-derived StO2 cannot be corrected for ATT by assuming constant tissue 
properties among measured subjects (e.g. hemoglobin content, oxygen consumption, and oxygen 
saturation), since these are likely subject to physiological variability. Therefore, the obvious 
violation of the assumption of tissue homogeneity needs to be addressed in future studies by 
assessing the validity of corrections based on Monte Carlo simulations or by incorporating 
the influence of the actual optical properties of measured tissues into the calculation of tissue 
oxygenation.
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Abstract

Measurements of skeletal muscle oxygenation (SmO2) using near infrared spatially resolved 
spectroscopy (NIR-SRS) are confounded by assumptions of both homogeneous tissue 
composition and tissue optical properties. In this study, a Monte Carlo Model (MCM) of a 
combination of adipose and muscle tissue is validated with liquid optical phantoms and the 
error associated with measurement uncertainty of the adipose tissue thickness (ATT) and 
variability of the reduced scattering coefficient (μs’) of tissues is assessed. It is found that the 
MCM can be used to correct for the confounding effect of an adipose tissue layer on NIR-
light absorption. However, small variations in the assumed reduced scattering coefficient and 
measurement uncertainty of ATT are associated with a large potential error in the accuracy of 
the estimation of SmO2.
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Introduction

The assessment of skeletal muscle oxygenation (SmO2) in vivo can aid in the determination of 
limitations of muscle oxygen consumption, diffusion and perfusion to exercise performance. 
Near-infrared spatially-resolved spectroscopy (NIR-SRS) offers the ability to monitor tissue 
oxygenation (StO2), a proxy for the ratio of local oxygen delivery and utilization. Mechanisms 
of constraints to oxidative metabolism in skeletal muscle in various disease groups have been 
uncovered with the use of this technique (2, 6, 10, 21, 22, 34, 38).
 Although studies using NIR-SRS have shown potential for clinical applicability and 
provided evidence for satisfactory test-retest reliability (6, 26, 38), there are still some concerns 
regarding the interpretation of StO2 as actual SmO2. In fact, in the conventional method of 
calculating StO2, using the diffusion theory, two important assumptions are made. First is the 
assumption of a homogeneous tissue composition and second the assumption of a known 
reduced scattering coefficient (μs’), a composite property incorporating the scattering coefficient 
and the anisotropy of measured tissues (43). 
 It is clear that the assumption of a homogeneous tissue composition is violated during 
in vivo measurements aiming to assess skeletal muscle oxygenation. The layers of tissue that are 
penetrated before the optical signals enter the assumed semi-infinite half-space of the muscle 
compartment include the epidermis, dermis and subcutis. Especially the latter, here referred to 
as adipose tissue layer, has a highly variable thickness (ATT) depending on sampling location, 
gender and total body fat mass (8, 14, 15). Several authors have reported its confounding 
influence demonstrated by an increase of NIR-SRS derived resting StO2 and a reduction of 
measured deoxygenation (8, 14, 15, 26, 32). Moreover, the different methods to assess ATT 
(e.g. skinfold caliper readings and ultrasound measurements) are confronted with measurement 
uncertainty, whose effect on correction of NIR-SRS results is currently unknown (14).
 The fact that values for μs’ used in the calculation of StO2 are assumed, rather than 
measured or known, may be critical because values in literature show large variability for μs’ in 
skin, adipose, and muscle tissue (3, 4, 36, 37). While techniques exist to actually measure μs’, 
as for instance near-infrared (NIR) time-resolved spectroscopy (TRS), they are less applicable 
for exercise testing purposes because of a poor signal to noise ratio, low temporal resolution, 
limited portability and high costs (12). Nevertheless, NIR-TRS measurements have been 
able to show that during body heating μs’ has a tendency to change (19), which potentially 
distorts the calculation of NIR-SRS derived StO2. However, the influence of an assumed μs’ 
and the magnitude of its variability on the error of NIR-SRS derived StO2 have not yet been 
determined.
 A method to estimate the influence of ATT and assumed values for μs’ on the validity 
of interpreting NIR-SRS derived StO2 as SmO2, is computational modeling of NIR light behavior 
in biological tissue. By simulating the spatial distribution of reflected light at the tissue surface 
with a Monte-Carlo Method (MCM), one can incorporate an additional (adipose tissue) layer, 
vary its thickness and optical parameters (20, 31, 42). From the input for these parameters in 
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the MCM, look-up tables (LUTs) for the relation between the absorption coefficient (μa) and 
the slope of attenuation (∂A/∂ρ, measured by NIR-SRS), for various adipose tissue thicknesses 
can be created and used to correct NIR-SRS measurements for ATT. With the MCM, it is also 
possible to assess the error on NIR-SRS derived SmO2 associated with measurement uncertainty 
of ATT and variability of μs’.
 Therefore, the purpose of this study is first to verify validity of an MCM with 
measurements using a two wavelength SRS system on liquid optical phantoms with known 
optical properties representative of skeletal muscle tissue combined with a variable compartment 
representing adipose tissue. It was expected that estimates of phantom μa based on the MCM 
are less dependent on ATT, compared with μa based on the conventional diffusion equation. 
Furthermore, it was hypothesized that the errors related to uncertainty of ATT and μs’ potentially 
invalidate (corrected) SmO2 results.

Methods

NIR-SRS measurements were performed on specifically constructed optical liquid phantoms 
with known μa and μs’ for a deep muscle tissue-like layer and superficial adipose tissue-like 
layer of variable thickness. The acquired raw data of the slope of attenuation (∂A/∂ρ) from both 
wavelengths (λ1 and λ2) of the measuring device was used to determine μa from MCM derived 
LUTs based on the phantoms’ optical properties. This was then compared with μa calculated 
with the diffusion model incorporated in the algorithm of the NIRS-device. Furthermore, a 
LUT was created for the ratio of slopes of light attenuation with respect to the source-detector 
distance at different wavelengths [(∂A/∂ρ)λ1

/(∂A/∂ρ)λ2
], which allows estimation of the error 

from uncertainty of ATT and μs’ on corrected SmO2.

Optical liquid phantoms
Two mixtures of liquid optical medium were created to mimic optical properties of human 
skeletal muscle tissue and adipose tissue, respectively (Table 1) (23, 27). Liquid optical medium 
was composed as a mixture of Intralipid 20% (Fresenius Kabi, Zeist, the Netherlands) as 

Table 1. Optical properties of the phantom compartments representing muscle and adipose tissue for 
different wavelengths of near-infrared light.

Wavelength (nm) μa (cm-1) μs’ (cm-1)

Muscle tissue compartment
760 0.30 8.0
841 0.26 7.0

Adipose tissue compartment
760 0.03 8.0
841 0.04 7.0

μa is the absorption coefficient and μs’ is the reduced scattering coefficient.
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scattering medium and India ink (Royal Talens, Apeldoorn, the Netherlands) as absorbing 
medium. Because of known large inter-brand and inter-batch variations of the absorption 
coefficient of India ink (28), the specific absorption coefficient of India ink (εa,ink) used in 
this study was verified using a spectrophotometer (Synergy HT Microplate Reader, BioTek 
Instruments Inc., Winooski, VT, USA), yielding 8530 ± 50 cm-1 for 760 nm and 7499 ± 50 cm-1 
for 841 nm. The variability of optical properties of Intralipid 20% has been demonstrated to be 
smaller than 2%. Therefore, values for the specific scattering coefficient (ε’s,IL) of 214 ± 2 cm-1 for 
750 nm and 187 ± 2 cm-1 for 833 nm derived from the study by Spinelli et al. were used (39). 
The phantoms can be attributed the required optical properties by making solutions in purified 
water with appropriate volume concentrations of India ink and Intralipid. It should be noted 
that adding India ink or purified water to an Intralipid solution does not affect the microphysical 
properties of Intralipid (29).
 Phantoms were constructed from PVC to comprise of two stacked compartments of 
124 mm in length by 96 mm in width (Figure 1). The bottom compartment was 68 mm in height 
and was completely filled by liquid optical medium representing skeletal muscle tissue. The 
contents of both compartments were separated by cling film. The top compartment was 36 mm 
in height and included a frame to support the NIR-SRS device. The frame was adjusted in height 
to reassure contact at the appropriate thickness of the medium representing adipose tissue. 

Phantom measurements
NIRS measurements were performed with a wireless continuous wave (CW) near-infrared 
spectrophotometer (Portamon, Artinis, Elst, the Netherlands) with 2 wavelengths of emitting 
light (760 and 841 nm). The device consists of 3 pairs of light emitting diodes and a detector 
photo diode, with a spatial configuration providing 3 source-detector distances (30, 35, and 
40 mm). With the NIR-SRS device in place, measurements were performed on the optical 
liquid phantoms covered by a box to prevent ambient light from interfering. Measurements 
started without the top layer (mimicking optical properties of skeletal muscle tissue only), were 

Figure 1. Phantom sketch (left) and phantom filled with liquid optical medium (right). The near-infrared 
spatially-resolved spectroscopy (NIR-SRS) device can be placed on the dark support frame in the top 
compartment (not shown).
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repeated five times and lasted 30 seconds each. Subsequently, five repeat measurements were 
performed for each increment of 1 mm of liquid optical medium (representing adipose tissue) 
between the device and the bottom layer, up to a thickness of 8 mm. NIRS data was sampled at 
a frequency of 10 Hz and stored for offline analysis.

Monte Carlo Method
An MCM was used to simulate NIR-light propagation in an adipose tissue layer with variable 
thickness on top of a muscle tissue layer (Figure 2) (41). In brief, an incoming beam with 
intensity I0 entering the tissue was simulated and the gradient of attenuation of intensity 
(∂A/∂ρ) was determined at a specified distance (ρ) along the tissue surface from the beam’s 
entrance. Each tissue layer was defined by absorption coefficients (μa) and scattering coefficients 
(μs) at both wavelengths, the refractive index (n), the anisotropy factor (the mean cosine of 
the scattering angle: g) and the layer thicknesses (ATT and d, for adipose tissue and muscle 
tissue, respectively). The muscle layer was chosen to be infinitely thick (d = ∞), creating a half-
infinite medium. For both layers, g was chosen to be 0.8, and n was set to 1.4 (16). The refractive 
index in the space above the medium (representing air) was 1.0. Source-detector distance (i.e. 
ρ) was set to 35 mm, as this was the average distance for the measurement device that was used. 
Subsequently, values for the slope of attenuation (∂A/∂ρ) could be obtained as a function of the 
remaining variables (i.e. μa, μs). LUTs were created for each wavelength of the device (i.e. 760 
and 841 nm) with the same optical properties as the phantoms (Table 1), describing the relation 
between the measured ∂A/∂ρ, the absorption coefficient of the muscle tissue layer in a range 
from 0.05 to 0.40 cm-1, and the ATT in a range from 0 to 15 mm (example in figure 3).
 For the assessment of the error (e) on SmO2 associated with measurement uncertainty 
of ATT and variability of μs’ a different approach is used. To this end, StO2 is considered to 
depend only on the concentration of oxygenated hemoglobin and total hemoglobin (i.e. sum of 

Figure 2. Input parameters for the Monte Carlo Method simulation of light transport. A beam with intensity 
I0 enters the tissue and the gradient of attenuation of intensity (∂A/∂ρ) of outgoing light was simulated at a 
distance (ρ). Each layer is defined by absorption coefficients (μa) and reduced scattering coefficients (μs’ = 
(1 - g).μs) for both wavelengths, the refractive index (n), the anisotropy factor (g) and the layer thicknesses 
of the muscle and adipose tissue compartments (d and ATT, respectively). 
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oxygenated and deoxygenated hemoglobin), and is calculated as [O2Hb] / ([O2Hb] + [HHb]), 
which can be rewritten as follows (13, 43):

in which σ = μa(λ1)/(λ2). Since the molar extinction coefficients (ϵ) for O2Hb and HHb are 
estimated values from literature (9), StO2 calculation depends on the ratio of absorption 
coefficients σ only, which is set in the MCM. Because μa can be obtained as a function of ∂A/∂ρ 
for a specific wavelength and μs’, a single LUT is created for the relation between the ratio of 
slopes of attenuation [(∂A/∂ρ)λ1

/(∂A/∂ρ)λ2
] for each wavelength and SmO2 at different adipose 

tissue layer thicknesses (ATT). Using this LUT, the error in estimating SmO2 from StO2 as a 
result of an uncertainty in ATT and variability of μs’ can be assessed, while reducing unsolicited 
error by maintaining correlation between ∂A/∂ρ at both wavelengths (40). 
 Uncertainty of ATT measurement from either caliper readings or ultrasound for a 

Figure 3. Graphical representation of a look-up table for the absorption coefficient (μa) for one wavelength 
(841 nm) derived from the Monte Carlo Method with varying slope of attenuation [∂A/∂ρ in optical density 
(OD) per cm] and varying adipose tissue thickness (ATT). Both adipose and muscle tissue layers had 
reduced scattering coefficients of 7.00 cm-1. The absorption coefficients of the adipose and muscle tissue 
layer were 0.04 cm-1, and 0.26 cm-1, respectively.
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representative muscle (i.e. vastus lateralis) was determined to be ± 1.0 mm on average (14, 15). 
The reduced scattering coefficients for each wavelength incorporated in the calculation with 
the conventional diffusion equation were 8.08 cm-1 at 760 nm and 7.29 cm-1 at 841 nm (23), 
and the influence of physiological variations in μs’ were estimated not to exceed ± 0.50 cm-1 (13, 
19). Therefore, three LUTs were created with μs’ of 6.50, 7.00, and 7.50 cm-1 at 841 nm while 
keeping it fixed at 8.08 cm-1 at 760 nm (example of LUT for μs’ of 6.50 cm-1 at 841 nm in figure 
4). This simulation was performed for an ATT of 5 mm, which is a representative average ATT 
for human distal vastus lateralis muscle (25). In figure 4 such a LUT is shown in which the ratio 
of absorption coefficients for the muscle layer was varied from σ = 0.50 to 1.83. According to 
equation 2 this corresponds with SmO2 values in a physiologically relevant range from 7 to 95%.

Data analysis and statistical analysis
Measured phantom attenuation data (∂A/∂ρ) for each wavelength was used to calculate μa for 
muscle tissue based on the conventional diffusion model (uncorrected for ATT) and based on LUTs 
from the MCM (corrected for ATT). Origin version 7 (OriginLab Corporation, Northampton, 
MA, USA) was used to perform weighted linear regression analysis (with a slope set to zero) on 
both datasets. The sum of squares of the residuals (RSS) of the regression analysis were assessed 
to determine the dependency of μa on ATT. SPSS 22.0.0 statistical software (SPSS Inc., Chicago, 
IL, USA) was used for statistical data analysis. Paired Student's t-test were used to assess between-
model differences. The level of statistical significance was set at p < 0.05 for all tests.

Figure 4. Graphical representation of a look-up table for skeletal muscle oxygenation (SmO2) derived 
from the Monte Carlo Method with varying ratio of slopes of attenuation [(∂A/∂ρ)λ1

/(∂A/∂ρ)λ2
)] for two 

wavelengths (760 and 841 nm) and varying adipose tissue thickness (ATT). Adipose and muscle tissue 
layers had reduced scattering coefficients of 8.08 cm-1 and 6.50 cm-1 at 760 nm and 841 nm, respectively. The 
absorption coefficient at both wavelengths of the adipose tissue layer was 0.09 cm-1.
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Results

The results of the phantom experiment are plotted in figure 5, which shows μa as a function of 
ATT for both wavelengths as calculated with the conventional diffusion model and the MCM 
using the phantoms’ optical properties listed in table 1. Regression analysis showed a greater 
dependency of μa from the conventional diffusion model for ATT compared with μa from 
the MCM [RSS for the diffusion model was 3.7.10-4 (760 nm) and 1.3.10-4 (841 nm), and was 
6.9.10-5 (760 nm) and 1.7.10-5 (841 nm) for the MCM]. Between-model analysis showed that 
estimated μa was smaller for the diffusion model for an ATT of 2 mm or larger (p < 0.05). Both 
models produced higher estimates for μa with ATT set to zero compared with the phantoms’ 
optical properties for the muscle compartment (0.34 ± 0.02 cm-1 and 0.35 ± 0.02 cm-1 versus 
0.30 cm-1 at 760 nm, and 0.28 ± 0.01 cm-1 and 0.29 ± 0.01 cm-1 versus 0.26 cm-1 at 841 nm, 

Figure 5. Absorption coefficients (μa) calculated with the diffusion model and Monte Carlo Method (MCM) 
for 841 nm (A) and 760 nm (B) with varying adipose tissue thickness (ATT). Values are averages and standard 
deviations from 5 measurements. A significant difference between models is denoted by * (p < 0.05).

A

B
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for diffusion model, MCM and phantom, respectively). In figure 6, SmO2 estimated by the 
conventional diffusion model and the MCM were plotted against ATT. SmO2 based on the 
conventional diffusion model increased from an ATT of 2 mm onwards. In contrast, SmO2 
based on the MCM did not show a further increase with ATT greater than 4 mm. Overall, the 
standard deviation of the five repeat measurements per ATT level increased with greater ATT 
for the MCM results.
 An uncertainty of ± 1 mm on an ATT of 5 mm resulted in an error of estimated 
SmO2 of 1.7% when the ratio of slopes of attenuation was 0.95 (Figure 7A). Note that the lines 
of estimated SmO2 for different ATT converge at a ratio of slopes of 0.99, which corresponds 
with an SmO2 of 70 to 71% (Figure 7A). With larger or smaller ratio of slopes, the lines diverge 
and error of estimated SmO2 increases. The effect of varying μs’ on the calculation of SmO2 for 
an adipose tissue thickness of 5 mm is shown in figure 7B. Variable μs’ (± 0.5 cm-1) resulted in 
an error of estimation of SmO2 of 7.5% for a ratio of slopes of 0.95. Lines for different μs’ did not 
converge or diverge over the range of ATT from 0 to 8 mm (Figure 7B). 

Discussion

In agreement with the hypotheses, the results from the present optical phantom study show that 
NIR-SRS outcomes for muscle tissue calculated with an MCM-based correction for ATT were 
less dependent on the thickness of overlying adipose tissue compared with outcomes based on 
the conventional diffusion equation. Furthermore, the errors on NIR-SRS outcomes were shown 
to be modest for uncertainty of ATT, and large for variability of μs’.

Figure 6. Muscle oxygenation (SmO2) calculated with the diffusion model and Monte Carlo Method 
(MCM) with varying adipose tissue thickness (ATT). Values are averages and standard deviations from 5 
measurements. A significant difference between models is denoted by * (p < 0.05).
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 The phantom experiment showed that the MCM can be used to correct the absorption 
coefficients and SmO2 at various adipose tissue thicknesses. Previous studies have evaluated 
phantom measurements with an MCM based correction for ATT and have shown similar results 
for conventional CW NIRS (20, 44). However, to our knowledge, this is the first study to validate 
an MCM based correction applied to the NIR-SRS technique with phantom measurements. 
Although NIR-SRS is already (inherently) less affected by interference from superficial tissue 
layers compared with conventional CW NIRS (17, 24), we were able to demonstrate that NIR-SRS 
measurements showed considerably reduced dependency on ATT when corrected with an MCM.
 Because greater ATT is known to be associated with higher NIRS-based resting 
oxygenation values (8, 14, 15), and reduced sensitivity for deoxygenation (5, 11, 18, 30, 33, 45), 
correction is critical for the interpretation of muscle oxygenation measurements in physiological 

Figure 7. Influence of (A) an uncertainty of ± 1 mm for ATT, and (B) an uncertainty of ± 0.5 cm-1 for the 
reduced scattering coefficient μs’ on the error (e) of estimates of muscle oxygenation (SmO2) from the ratio 
of slopes of attenuation [(∂A/∂ρ)λ1

/(∂A/∂ρ)λ2
] for two wavelengths (760 and 841 nm) at an adipose tissue 

thicknesses of 5 mm.

A

B
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and clinical studies, and eventually, for clinical applicability. That correction is relevant is shown 
by human in vivo studies demonstrating greater deoxygenation and oxygen consumption in 
muscle tissue during exercise when applying a correction for ATT (11, 30). Alternative to an 
MCM-based approach, correction methods that have previously been proposed were based on 
the assumption of constant tissue oxygen consumption, or resting oxygen saturation among 
measured subjects (7, 35). However, these variables show inter-individual differences that 
invalidate such an assumption and the associated correction method (1, 25). Correcting NIRS 
measurements on the basis of optical properties of measured tissues, in this case with an MCM, 
is therefore preferable.
 Issues that can potentially influence validity of MCM corrected NIRS outcomes, 
include measurement uncertainty of ATT and variability of μs’. This study is the first to address 
these issues for NIR-SRS by error analysis through simulations with the MCM. It was shown 
that uncertainty of ATT of ± 1 mm was accompanied by a deviation of less than ± 2% in the 
physiologically most relevant range of SmO2 (i.e. 50 to 75%) (26). Considering that random 
error attributable to day-to-day variability of NIR-SRS derived SmO2 is between ± 6.2 and 
± 7.9% (95% confidence interval) (26), error due to uncertainty of ATT seems acceptable. 
However, differences of resting SmO2 between healthy and diseased populations (e.g. chronic 
heart failure) may be as much as 3.1% (25), which may be obscured when correction for ATT 
is influenced by measurement uncertainty. Efforts to improve the exact determination of ATT 
between the NIRS device and muscle tissue layer have resulted in estimates derived from the 
optical lipid signal (OLS: an absorption peak in the NIR spectrum at 920-930 nm). The results 
of OLS correlate favorably with ATT determined with ultrasound or skinfold caliper readings 
(14, 15), and it offers the advantage of continuous adaptation to possible changes of ATT during 
exercise. This promising technique therefore requires further exploration.
 Within-subject changes of μs’ in vivo have been reported as a consequence of whole 
body heating (+ 0.5 cm-1) (19), and as a result of incremental exercise (+ 0.4 to + 0.5 cm-1, as 
estimated for 760 nm) (13). In addition, Ferreira et al. reported interindividual variability of 0.9 
to 1.1 cm-1 (range) for in vivo vastus lateralis muscle, however, at lower wavelengths than the 
present study (i.e. 690 and 830 nm) (13). Also, large variability exists in literature for the standard 
deviation of μs’ for subcutaneous adipose (± 3 cm-1) (3, 4, 37), and skeletal muscle tissue (± 2 cm-

1) (23) in the NIR light range of interest. Because the value of μs’ is assumed from literature and 
kept constant during measurements (13), the reported variability of μs’ is a potential source of 
error in the calculation of SmO2. Our results show that a deviation of ± 0.5 cm-1 from the default 
value causes a difference in SmO2 of 7.5%. As discussed above, such an error leads to poor 
comparability between individuals and studies. Therefore, accurate assessment of μs’, preferably 
during exercise, is important for a valid and representative estimation of SmO2 in skeletal muscle 
in case of between-subject comparisons. It should be noted that novel methods and advanced 
techniques which can estimate μs’ in measured tissue (e.g. NIR-TRS and frequency domain 
multiple-distance (FDMD) spectroscopy), and which can thereby overcome the limitation of 
assumed μs’ (13, 19, 31), will also require (MCM based) correction for ATT.
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Limitations
Before drawing conclusions, several limitations should be acknowledged. First, in the currently 
used MCM, a two-layered tissue is simulated. For higher accuracy of in vivo measurements 
additional layers can be included (e.g. epidermis and dermis). Nevertheless, these layers show 
less variability in thickness compared with the subcutaneous fatty tissue. Second, since we were 
unable to confirm μs’ of the liquid phantom mixtures, differences between μs’ incorporated in 
the MCM and actual μs’ may have led to the higher than expected values for μa obtained from 
phantom measurements. Therefore, it is essential to include accurate optical parameters in the 
MCM-based correction for ATT when NIR-SRS measurements are to be translated into SmO2 
values. Finally, the correction method is limited up to a certain ATT because of increasing 
error on the corrected SmO2 with larger ATT and as a result of restricted sampling depth of the 
applied NIRS device.

Conclusions

NIR-SRS measurements of SmO2 based on the diffusion equation are confounded by assumptions 
of a homogeneous tissue composition and assumed constant μs’. This study has shown that by 
using a MCM of a two-layered tissue, one can correct for the confounding effect of the thickness 
of an adipose tissue layer. However, calculating the effect of the large variability of values for the 
reduced scattering coefficients of adipose tissue and muscle tissue reported in literature, reveal 
a large potential error on SmO2 calculations. Therefore, for comparability of SmO2 outcomes, 
NIR-SRS measurements should be corrected for ATT and μs’ should be assessed simultaneously 
and continuously.
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Abstract

Introduction: Skeletal muscle function in patients with heart failure and reduced ejection 
fraction (HFrEF) greatly determines exercise and functional capacity. However, reports on 
skeletal muscle fiber dimensions, fiber capillarization, and their physiological importance are 
inconsistent.
Methods: Twenty-five moderately-impaired patients with HFrEF and 25 healthy control (HC) 
subjects underwent muscle biopsy sampling. Type I and type II muscle fiber characteristics were 
determined by immunohistochemistry. In patients with HFrEF, enzymatic oxidative capacity 
was assessed, and pulmonary oxygen uptake (V̇O

2
) and skeletal muscle oxygenation from near-

infrared spectroscopy were measured during maximal and moderate-intensity exercise.
Results: While muscle fiber cross-sectional area (CSA) was not different between patients 
with HFrEF and HC, percentage of type I fibers was higher in HC (46 ± 15% versus 37 ± 12%, 
respectively, p = 0.041). Fiber type distribution and CSA were not different between patients in 
New York Heart Association (NYHA) class II and III. Type I muscle fiber capillarization was 
higher in HFrEF compared with controls (capillary-to-fiber perimeter exchange (CFPE) index: 
5.70 ± 0.92 versus 5.05 ± 0.82, respectively, p = 0.027). Patients in NYHA class III had slower 
V̇O

2
 and muscle deoxygenation kinetics during onset of exercise, and lower muscle oxidative 

capacity than those in class II (p < 0.05). Also, fiber capillarization was lower, but not compared 
with HC. Higher CFPE index was related to faster deoxygenation (rspearman = -0.682, p = 0.001), 
however, not to muscle oxidative capacity (r = -0.282, p = 0.216).
Conclusions: Skeletal muscle capillarization is higher in HFrEF compared with HC, but not in 
patients with greater functional impairment. Greater capillarization may positively affect V̇O

2 
kinetics by enhancing muscle oxygen diffusion.
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Introduction

Heart failure (HF) is a syndrome characterized by fatigue, breathlessness and exercise intolerance. 
While these symptoms are generally attributed to impaired cardiac function, which is central 
to the disease, skeletal muscle abnormalities are known to contribute to the syndrome as well 
(67). In fact, whereas level of cardiac function does not adequately predict exercise capacity in 
patients with heart failure and reduced ejection fraction (HFrEF) (17, 93, 94), muscle strength, 
muscle mass, and muscle oxidative capacity are highly predictive (9, 21, 32, 38, 39, 54, 74, 76). 
The contribution of skeletal muscle deficiencies to exercise impairment is therefore emphasized 
with increasing severity of HF (15, 59, 65, 69).
  The correlation of exercise capacity with skeletal muscle properties of patients with 
HFrEF extends to an unfavorable shift from type I oxidative fibers towards type II glycolytic fibers 
(50, 52, 76, 84), and lower density of (albeit larger) mitochondria in comparison with healthy 
individuals (10, 19, 25, 87). Hence, both are considered components of the skeletal myopathy 
of HF. However, reports on skeletal muscle oxidative capacity (33, 56, 70, 87), fiber atrophy or 
loss (25, 52, 62, 75), and capillarization (21, 54, 76, 92), are conflicting or show no difference 
compared with healthy subjects. While it may be that these attributes are preserved in HF, the 
presence of inter-individual variability of fiber characteristics, which is evident from the relation 
of these characteristics with the severity of HF (47, 75, 76, 83, 84, 90), suggests heterogeneity of 
muscle fiber adaptations in HF. It is therefore important to control inter-individual variability 
not related to the disease state in the comparison with healthy subjects (14). For example, only 
few studies matched patients and control subjects for age and gender on an individual basis (52, 
60), and even fewer studies maintained matching during statistical analysis (52). That is why 
variability attributable to age, gender, and also BMI on skeletal muscle fiber properties (30, 34, 
35, 61, 88) may have obscured HF-related differences in the remaining studies.
  Another important consideration is that the quantification of capillarization may 
lead to different conclusions depending on whether it is expressed as number of capillaries 
per muscle fiber cross-sectional area (CSA), capillary number per fiber number, or number of 
capillaries around each fiber (59, 66). While all of these capillary measures are widely used, the 
measure that is thought to be the most appropriate representation of the resistance to diffusion 
of oxygen from capillary into the myocyte, is the capillary-to-fiber perimeter exchange (CFPE) 
index (40). Although CFPE index has been demonstrated to decrease with the severity of 
chronic obstructive pulmonary disease (COPD) (23), it has not yet been evaluated in patients 
with HFrEF. Furthermore, little is known about capillarization differences among fiber types, 
but this may be of interest when considering fiber type specific effects of potential interventions. 
Indeed, improving exercise capacity and alleviating exercise-related symptoms are probably most 
successful when interventions are aimed at combating patient specific deficiencies. However, 
treatment tailored to the patient’s pathophysiological profile is currently hindered by a lack 
of clinical tools to assess skeletal muscle maladaptations and their physiological implications, 
which together could guide the classification of patients by their principal limitation to exercise.
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  A non-invasive method to assess the physiological significance of altered skeletal 
muscle fiber properties is the localized measurement of skeletal muscle oxygenation (SmO2) 
during exercise transitions. It has been shown that the temporal characteristics of SmO2 derived 
from near-infrared spatially-resolved spectroscopy (NIR-SRS) measurements are indicative of 
the balance between skeletal muscle O2 utilization (V̇O

2m
) and O2 delivery (Q̇O

2m
) (2, 3, 27). 

For example, limiting convective Q̇O
2m

 relative to V̇O
2m

 will give rise to faster deoxygenation 
during onset of constant work rate exercise. In contrast, pathology that will selectively 
decrease skeletal muscle diffusive capacity (DO

2m
) and/or oxidative phosphorylation will slow 

deoxygenation. Animal studies have shown fast skeletal muscle deoxygenation during rest-
to-exercise transitions in moderate HF and slow deoxygenation in severe HF, demonstrating 
variability of matching of V̇O

2m
 and Q̇O

2m
 (5, 18). Because decreased capillarization, apart 

from capillary recruitment, may potentially impair both convective and diffusive O2 capacity 
(69) and decreased oxidative capacity impairs the ability for O2 utilization (6, 18), NIRS 
measurements can be useful to evaluate the influence of altered muscle fiber characteristics on 
exercise impairments in patients with HFrEF.
  Therefore, the aim of this study is to identify potential targets for improving exercise 
capacity by assessing skeletal muscle fiber characteristics in moderately-impaired patients 
with HFrEF in comparison with well-matched healthy control subjects and by evaluating the 
physiological implications of fiber characteristics for muscle oxygenation during exercise. Our 
hypothesis is that fiber type distribution shows a lower portion of type I fibers, and that fiber cross 
sectional area and capillarization are preserved in patients with HFrEF. Furthermore, we suspect 
that the most impaired patients with HFrEF have compromised skeletal muscle characteristics 
compared with less severely affected individuals and healthy control subjects. Finally, it is 
expected that the severity of skeletal muscle derangements is related to slower deoxygenation 
during exercise, in accordance with limited and slowed oxidative phosphorylation relative to 
skeletal muscle O2 supply.
 

Methods

Subjects
Twenty-five men (≥ 55 yr) with HFrEF were recruited. In addition 25 healthy active male 
subjects were matched to individual patients with HFrEF by BMI (± 2 kg/m2) and age (± 5 yr) 
because of the confounding influence of both on skeletal muscle fiber characteristics (34, 35, 
88). Data of healthy subjects have been published before elsewhere (35, 88). Inclusion criteria for 
patients with HFrEF were stable systolic heart failure attributed to either dilated cardiomyopathy 
or ischemic heart disease due to myocardial infarction, New York Heart Association (NYHA) 
functional Class II or III (without change in class or medication ≤ 3 months prior to inclusion), 
left ventricular ejection fraction ≤ 40% (mean LVEF 32 ± 10 % as assessed by echocardiography 
or magnetic resonance imaging ≤ 2 months prior), and optimized medical treatment according 
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to current guidelines (55). Patients with HFrEF and healthy subjects were excluded from the 
study when they presented with recent myocardial infarction (within the preceding 3 months), 
angina pectoris at rest, pulmonary, neurological or orthopedic disorders limiting the ability to 
exercise, peripheral vascular disease and/or clinical signs of decompensated heart failure.
 This study represents part of four separate protocols involving exercise training in 
patients with CHF (Dutch Trial Register: NTR2604), physical activity and protein synthesis 
in older men (NTR4492), microvascular function in aging and type 2 diabetes mellitus (35), 
and resistance training and capillarization in older men (88), all of which were approved by 
either the Medical Ethical Committee of Máxima Medical Center, Veldhoven, the Netherlands, 
or the Medical Ethical Committee of the Maastricht University Medical Center, Maastricht, the 
Netherlands. The study was conducted according to the Helsinki Declaration of 1964 and all 
participants provided written informed consent.

Skeletal muscle biopsy sampling
Muscle biopsy sampling took place in the morning after an overnight fast. Subjects were advised 
to avoid strenuous exercise 48 hours prior to sampling and arrived at the laboratory by car or 
public transportation.
 After local anesthesia, muscle biopsies (50-80 mg) were obtained from the middle 
region of the vastus lateralis muscle of the left leg (15 cm above the patella and approximately 2 
cm away from the fascia) by the percutaneous needle biopsy technique described by Bergström 
et al. (12). Muscle biopsies were carefully freed from any visible fat and blood. Approximately 20 
mg of tissue was embedded in Tissue-Tek® (Sakura Finetek, Zoeterwoude, the Netherlands) and 
rapidly frozen in liquid nitrogen-cooled isopentane. The remaining part was immediately frozen 
in liquid nitrogen. Thereafter, parts were stored at –80 °C for subsequent transport and analysis.

Immunohistochemistry
From the muscle samples, cryosections of 5 μm thickness were cut. Cryosections were 
thaw mounted on uncoated glass slides. Immunohistochemical staining was performed to 
determine fiber type specific skeletal muscle capillarization. Slides were taken from the -80⁰C 
freezer and thawed for 30 min at room temperature. After fixation for 5 minutes with acetone 
(VWR International GmbH, Darmstadt, Germany), samples were air dried for 15 min. Slides 
were incubated for 45 min with CD31 (dilution 1:50; M0823; DAKO, Glostrup, Denmark), 
and then washed (3x5 min 0.05% Tween-PBS). After that, 45 min incubation with goat anti-
mouse biotin (1:200, BA-2000; Vector Laboratories, Burlingame, CA, USA) was started, and a 
wash was performed. Slides were then incubated with Avidin Texas Red (A2006, dilution 1:400, 
Vector Laboratories), antibodies against myosin heavy chain (MHC) I (A4.840, dilution 1:25, 
Developmental Studies Hybridoma Bank (DSHB), Iowa City, IA, USA), and laminin (polyclonal 
rabbit anti-laminin, dilution 1:50, Sigma, St. Louis, MO, USA) for 45 min, and washed. Finally, 
GAMIgM AlexaFluor488 and GARIgG AlexaFluor350 (Molecular Probes, Eugene, OR, USA) 
were applied for 30 min. After the final washing, slides were mounted with Mowiol (Calbiochem, 
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La Jolla, CA, USA). The staining procedure resulted in images with laminin in blue, MHC-I 
in green, and CD31 in red. Images were automatically captured at 10x magnification with an 
Olympus BX51 fluorescence microscope with customized spinning disk unit (DSU, Olympus Co. 
Ltd., Tokyo, Japan) with an ultra-high sensitivity monochrome electron multiplier CCD camera 
(1,000 × 1,000 pixels, C9100-02, Hamamatsu Photonics Co. Ltd., Hamamatsu City, Japan). 
 Image acquisition was done by Micromanager 1.4 software, and images were analyzed 
with ImageJ (U. S. National Institutes of Health, Bethesda, MD, USA). The images were recorded 
and analyzed by an investigator blinded to subject coding. In all sections, longitudinal fibers 
were excluded from analysis, and a mean of 220 ± 89 fibers for each individual was counted for 
fiber type distribution. Muscle fiber CSA and perimeter (P) were automatically determined for 
each fiber separately using ImageJ software. A minimum of 30 fibers was counted per fiber type 
for analysis of capillary characteristics. The number of capillaries was manually counted and 
expressed as capillary contacts (CC; number of capillaries in contact with each fiber), capillary-
to-fiber ratio [C/Fi; number of CC divided by sharing factor (SF)], capillary density (CD; C/
Fi divided by fiber CSA), and CFPE index (number of capillaries per 1,000 μm perimeter) as 
previously reported (40). Representative images of histochemical analyses are shown in figure 1.

Oxidative enzyme activity assays
Skeletal muscle cytochrome c oxidase (COX) activity was assessed in 40 mg mixed muscle tissue 
of patients with HFrEF only. For the measurement, a 2.5% (weight/volume) muscle homogenate 
was prepared in SET buffer (based on sucrose (250 nmol·L–1), EDTA (2 mmol·L–1) and TRIS 
(10 mmol·L–1), pH 7.4). Cytochrome c oxidase activity was measured by spectrophotometrically 
monitoring the amount of reduced cytochrome c during the COX reaction at 550 nm. Cytochrome 
c oxidase activity was interpreted as a maker for oxidative phosphorylation capacity (48). 

Exercise testing 
Patients with HFrEF performed tests on an electromagnetically braked cycle ergometer (Lode 
Corrival, Lode BV, Groningen, the Netherlands) in an upright seated position. They were 
instructed to maintain a pedaling frequency of 70 rpm during the exercise phases. Ventilatory 
and gas exchange measurements (ZAN 680 USB, ZAN Messgeräte, Oberthulba, Germany; 
calibrated before each test) were recorded breath-by-breath during the entire testing protocols.
 The maximal exercise protocol started with a 1-min resting period and 4 min of 
unloaded pedaling before work rate started to increase with an individualized ramp rate aiming 
to reach exhaustion within 8-12 min (28). The test was terminated when the required pedaling 
frequency could not be maintained due to volitional exhaustion. Peak work rate was the highest 
registered work rate, and peak pulmonary oxygen uptake (peakV̇O

2
) and peak respiratory 

exchange ratio (RER) were the average values of the final 30-s of the maximal exercise test. The 
gas exchange threshold (GET) was determined by the mean of the independent assessments of 
two experienced physicians using the V-slope method (4). Moderate-intensity exercise testing 
was performed on a different day than the maximal exercise test. It commenced with a 2-min 
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resting period, while the right leg was passively held in a predetermined position. This was 
followed by a 6-min bout at 80% of the work rate corresponding to the gas exchange threshold, 
or at 50% of the peak work rate when the GET could not be assessed (44). Subjects were advised 
to take their medication as usual and to avoid strenuous exercise (48 h), consuming a meal (2 
h), and caffeine (4 h) before testing.

Near infrared spectroscopy measurements
NIRS measurements were performed during moderate-intensity exercise with a wireless 
continuous wave (CW) near-infrared spectrophotometer (Portamon, Artinis, Elst, the 
Netherlands), which employs modified Beer-Lambert Law and spatially resolved spectroscopy 
with 2 wavelengths of emitting light (760 and 841 nm). The device consists of 3 pairs of light 
emitting diodes and a detector photo diode, which are configured spatially to provide 3 source-
detector distances (30, 35, and 40 mm). By determining the absorption coefficients derived from 
the slopes of light attenuation at different source-detector distances and wavelengths, an absolute 
measure of tissue oxygen saturation (StO2), the tissue saturation index (TSI), can be calculated. TSI 
equals the ratio of oxygenated hemoglobin and myoglobin (O2HbMb) and the sum of oxygenated 
and deoxygenated hemoglobin and myoglobin ([O2HbMb] + [HHbMb] = [totalHbMb]), and 

Figure 1. Representative images of fiber type-specific analysis of skeletal muscle microvascular straining. 
A: Laminin (blue); Myosin Heavy Chain I (green); CD31 (red). B: Laminin (blue); CD31 (red). C: Myosin 
Heavy Chain I (green); CD31 (red). D: CD31 (red) only.
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is expressed as a percentage. It is acknowledged that the separate contributions of myoglobin 
and hemoglobin to the NIRS signal cannot be distinguished, because their absorption spectra 
are similar. However, Koga et al. have demonstrated that NIRS-derived deoxygenation kinetics, 
expressed as time constant (i.e. tau), were not influenced by specific deoxygenation characteristics 
of myoglobin, and can be considered a useful index of local O2 extraction kinetics (46). A 
representative plot of TSI during moderate-intensity constant work rate exercise is shown in 
figure 2.
 The NIRS device was positioned over the distal vastus lateralis of the right leg, 20 
cm proximally from the lateral patellar edge, and fixated with adhesive tape and a Velcro strap. 
Thereafter, it was occluded from ambient light by dark cloth. Data were sampled at 10 Hz, and 
stored for off-line analysis.

Exercise data analysis
Gas exchange parameters for the constant work rate exercise test were averaged into 10 second 
sampling intervals after removal of outliers (values > 3 SDs from the local mean were omitted) (44).
 NIRS data were filtered using a central moving average filter with a window of 11 
data points and resampled into 1-s intervals. Absolute values of TSI during moderate-intensity 
exercise testing were calculated as the average of the last minute of the resting phase (TSIbaseline), 
and the average of the last minute of the exercise phase (TSIend-exercise), as described previously 
(64). A deoxygenation overshoot was defined as a TSI rise of more than 10% of ΔTSI onset after the 
initial decrease during the first three min of exercise (64). The area of the overshoot (Areaovershoot 
in %·s) was calculated as the integral between the measured response and the average TSI of the 
third minute after onset of exercise, starting from the intersection with the onset curve (2, 16).

Kinetics analysis
Mono-exponential modeling of TSI and V̇O

2
 onset data was performed to attain kinetic values 

and to grade submaximal exercise capacity. The rise of V̇O
2
 (fundamental phase or phase II) and 

decay of TSI during onset were calculated by fitting the data to a first-order (mono-exponential) 
model using the non-linear (damped) least squares method (Python 2.7, Python Software 
Foundation, Beaverton, OR, USA) with the following formulas (44):

Y (t) = Ybaseline + A * (1- e - (t – Td)/τ)             (1)
Y (t) = Ybaseline – B * (1- e - (t – Td)/τ)             (2)

where Y equals V̇O
2
 or TSI, Ybaseline depicts the average value during the last 30 seconds prior 

to the exercise transition, A indicates the amplitude during exercise onset for V̇O
2
 (V̇O

2
exercise), 

and B for TSI (amplitude from TSIbaseline to the end of the mono-exponential fit). Td is the time 
delay and tau (τ) is the time constant of the mono-exponential function (in seconds). For V̇O

2
, 

the first 20 s after onset were omitted from kinetics analysis, since it is assumed that the rapid 
increase of V̇O

2
 during this period (cardiodynamic phase or phase I) represents increased 
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pulmonary blood flow rather than microvascular gas exchange (11). For TSI, the time to the 
start of the mono-exponential fit (Td) was determined using a matched filter method by sliding 
a mono-exponentially shaped kernel over the TSI signal, while calculating the cross-correlation 
(64). The mean response time was calculated as the sum of tau and time delay (MRT = τ + Td) 
and represents the time to reach 63% of the response from onset of exercise.

Statistical analysis
All data were analyzed using SPSS 24.0.0.0 statistical software (SPSS Inc, Chicago, IL, USA). 
Results are presented as mean value ± standard deviation (SD). Normality was assessed by 
skewness and kurtosis of the distribution, and by Shapiro-Wilk tests. For differences between 
matched pairs of subjects, paired Student’s t-tests were used in case of a normal distribution, or 
Wilcoxon signed-rank tests when appropriate (14). In order to assess differences with respect to 
severity of HF, unmatched comparisons were made between NYHA groups (i.e. II and III), by 
means of unpaired Student’s t-tests or Mann-Whitney U tests. Associations between categorical 
data were assessed by Pearson’s chi-square test. Correlations were analyzed with Pearson’s 
correlation coefficient when data were normally distributed, or otherwise with Spearman’s rho 
(rs). A p-value < 0.05 was considered statistically significant for all tests.

Figure 2. Representative plot of a deoxygenation profile during onset of moderate-intensity constant work 
rate exercise in a patient with heart failure with reduced ejection fraction. The vertical dashed lines indicate 
(from left to right): start of exercise phase (t = 120 s), and end of exercise phase (t = 480 s). The horizontal 
lines indicate (from left to right): baseline tissue saturation index (TSI) value, minimum value, and end-
exercise value. The curved dashed line represents the best fit of the mono-exponential model to the TSI 
response during onset. Kinetic data are presented in the graph, where τ is the time constant and Td is the 
time delay.
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Results

Skeletal muscle biopsy sampling was performed in all study participants without any 
adverse events. All biopsy samples were of adequate size and quality to allow complete 
immunohistochemical analyses. Oxidative enzyme activity was only assessed in patients with 
HFrEF because of differences between the combined protocols. Exercise tests with measurements 
of gas exchange and NIR-SRS were also only performed in patients with HFrEF and were 
executed without any untoward events. Skeletal muscle oxygenation (SmO2) measurements by 
NIR-SRS could not be performed in four participants because of technical issues. Measurements 
succeeded in all other patients and they showed no paradoxical oxygenation responses (e.g. 
higher SmO2 during exercise compared with resting phase).

Subject characteristics
Anthropometric and demographic characteristics of patients with HFrEF and HC subjects are
presented in Table 1. For the assessment of the influence of severity of HF, the group of patients 
with HFrEF was divided into groups with NYHA class II (n = 14) and class III (n = 11). These 
groups were not significantly different with respect to BMI (27.1 ± 4.0 versus 27.2 ± 2.0 kg·m−2, 
p = 0.809), LVEF (35.6 ± 10.5 versus 29.6 ± 9.8 %, p = 0.150), or duration of heart failure (45 ± 

Table 1. Characteristics of included patients with heart failure with reduced ejection fraction (HFrEF) and 
healthy control (HC) subjects. 

Variable HFrEF HC p

n = 25 n = 25
Age (yr) 66 ± 7 66 ± 7 .649
Height (cm) 180 ± 7 178 ± 7 .311
Weight (kg) 88 ± 11 85 ± 9 .648
BMI (kg.m-2) 27.1 ± 3.2 26.9 ± 2.3 .961
Etiology (ICM/DCM) 18 / 7 - / -
Duration of HF (months) 49 ± 55 -
NYHA class (II/III) 14 / 11 - / -
Cardiac device (PM/ICD/CRT) 1 / 6 / 3 0 / 0 / 0
Medication

Beta Blocker 96 % 0%
Diuretic 24 % 0%
ACE inhibitor 76 % 0%
ARB  20 % 0%
Digoxin 8 % 0%
Anticoagulant 56 % 0%

Data are presented as means ± SD for continuous variables and as numbers (percentages) for dichotomous 
variables. Body Mass Index (BMI); Left Ventricular Ejection Fraction (LVEF); Ischemic Cardiomyopathy 
(ICM); Dilated Cardiomyopathy (DCM); Heart Failure (HF); New York Heart Association (NYHA); Pace-
maker (PM); Implantable cardioverter defibrillator (ICD); Cardiac Resynchronization Therapy (CRT); An-
giotensin Converting Enzyme (ACE); Angiotensin II Receptor Blocker (ARB).
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55 versus 53 ± 58 months, p = 0.501). However, patients with NYHA class II were significantly 
younger on average (62 ± 5 versus 70 ± 7 yr, p = 0.003).

Muscle fiber characteristics
Skeletal muscle fiber characteristics of patients with HFrEF en HC subjects are presented in 
table 2. The results showed no significant difference between type I and type II muscle fiber 
CSA in patients with HFrEF, whereas type II muscle fiber CSA and perimeter were significantly 
smaller compared with type I muscle fibers in HC subjects (Table 2; p < 0.05). Muscle fiber 
CSA was not significantly different between the two groups (Figure 3A; p > 0.05). In contrast, 
patients with HFrEF had a lower proportion of CSA occupied by type I muscle fibers and a lower 
numerical fiber type distribution than HC subjects (Table 2; p < 0.05).
  In both groups, CC, C/Fi, and CFPE index were significantly higher in type I compared 
with type II muscle fibers (Table 3; p < 0.05). However, capillary density and CFPE-index for 
type I muscle fibers were significantly higher in patients with HFrEF compared with HC subjects 
(Table 3; p < 0.05). No significant differences between groups were found for capillarization of 
mixed or type II muscle fibers (Figure 3B). 
Differentiating for severity of HF showed no significant differences for type I, II and mixed 
muscle fiber CSA between patients in NYHA class II compared with those in NYHA class III 
(Table 2). Numerical distribution and percent area of fiber types was also not different between 
groups. CC, C/Fi and CFPE index were significantly lower for NYHA class III for type I, II and 
mixed muscle fibers (Table 3; p < 0.05), except for CFPE in type II fibers, whose difference was 
near significant (P = 0.061). In addition, HC subjects matched with patients in NYHA class II 
(14 pairs) showed higher percent area of type I fibers (54 ± 17 versus 37 ± 12 %, respectively, p 
= 0.022), and lower CSA for type II fibers (5391 ± 1211 versus 6480 ± 2139 μm2, respectively, p 
= 0.049). Type I to type II fiber CSA ratio was higher in HC subjects compared with patients in 

Table 2. Skeletal muscle fiber characteristics in healthy control (HC) subjects and patients with heart failure 
with reduced ejection fraction (HFrEF) with New York Heart Association (NYHA) subgroups (class II and III). 

Variable Fiber type HC
All

HFrEF
All

HFrEF
NYHA II

HFrEF
NYHA III

n = 25 n = 25 n = 14 n = 11
CSA (μm2) Mixed 5856 ± 1205 6069 ± 1744 6342 ± 1799 5722 ± 1690

Type I 6190 ± 1432 6104 ± 1552 6166 ± 1386 6026 ± 1809
Type II 5514 ± 1334 * 6090 ± 1989 6480 ± 2139 5595 ± 1749

%Type (%) Type I 46 ± 15 † 37 ± 12 38 ± 12 37 ± 14
Type II 54 ± 15 † 63 ± 12 * 62 ± 12 * 63 ± 14 *

%Area (%) Type I 49 ± 16 † 38 ± 12 37 ± 12 39 ± 14
Type II 51 ± 16 † 62 ± 12 * 63 ± 12 * 61 ± 14 *

Values represent mean ± SD. Cross-sectional Area (CSA); percent fiber type distribution (%Type); percent 
fiber type area (%Area). Difference between groups (HC versus HFrEF or NYHA II versus NYHA III) † p < 
0.05. Difference between fiber type I and II * p < 0.05.
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NYHA class II (1.25 ± 0.28 versus 1.00 ± 0.21, respectively, p = 0.019). Furthermore, CFPE index 
(4.87 ± 0.79 versus 6.02 ± 1.04 cap/1,000 μm, p = 0.005), and CD were significantly lower in HC 
compared with patients in NYHA class II for type I fibers (257 ± 63 versus 340 ± 85 cap/mm2, 
respectively, p = 0.008). For mixed fibers, this difference was near-significant for CFPE index 
(4.64 ± 0.79 versus 5.26 ± 0.96 cap/1,000 μm, respectively, p = 0.052), and significant for CD 
(257 ± 67 versus 305 ± 86 cap/mm2, respectively, p = 0.033). The pairing of patients in NYHA 
class III with matched HC control subjects (11 pairs) showed no statistical differences for muscle 
fiber characteristics.
  The C/Fi for type I muscle fibers correlated significantly with type I muscle fiber CSA 
in patients in NYHA class III (rs = 0.916, p < 0.001), but not in patients in NYHA class II (r = 
0.424, P = 0.131).

Oxidative enzyme activity
Skeletal muscle oxidative capacity, as assessed by COX activity in muscle biopsy samples of 
patients with HFrEF, was significantly higher in NYHA class II than in class III (19.8 ± 8.0 versus 
13.4 ± 6.4 µmol·[g wet weight]−1·min−1, respectively; p = 0.044).

Response to exercise
Maximal exercise testing in patients with HFrEF resulted in an average maximum work rate 
of 128 ± 44 W and peakO

2
 of 19.2 ± 5.0 mL·min–1·kg–1. The GET could not be determined in 

Table 3. Skeletal muscle fiber capillary characteristics in healthy control (HC) subjects and patients with 
heart failure with reduced ejection fraction (HFrEF) with New York Heart Association (NYHA) subgroups 
(class II and III).

Variable Fiber type HC
All

HFrEF
All

HFrEF
NYHA II

HFrEF
NYHA III

n = 25 n = 25 n = 14 n = 11
CC (number) Mixed 3.92 ± 0.71 3.81 ± 0.80 4.13 ± 0.72 † 3.40 ± 0.73

Type I 4.24 ± 0.74 4.32 ± 0.78 4.61 ± 0.69 † 3.94 ± 0.74
Type II 3.62 ± 0.74 ** 3.54 ± 0.80 ** 3.83 ± 0.69 † ** 3.17 ± 0.80 **

C/Fi (number) Mixed 1.51 ± 0.30 1.48 ± 0.34 1.61 ± 0.31 † 1.32 ± 0.32
Type I 1.66 ± 0.32 1.72 ± 0.33 1.85 ± 0.31 † 1.57 ± 0.30
Type II 1.38 ± 0.31 ** 1.35 ± 0.33 ** 1.47 ± 0.29 † ** 1.21 ± 0.34 **

CD (cap/mm2) Mixed 262 ± 58 284 ± 83 305 ± 86 257 ± 72
Type I 272 ± 59 † 324 ± 73 340 ± 85 303 ± 52
Type II 255 ± 64 263 ± 95 ** 284 ± 101 * 236 ± 83 **

CFPE Mixed 4.70 ± 0.79 4.89 ± 0.99 5.26 ± 0.96 † 4.42 ± 0.84
(cap/1,000 μm) Type I 5.05 ± 0.82 † 5.70 ± 0.92 6.02 ± 1.04 † 5.28 ± 0.53

Type II 4.41 ± 0.83 ** 4.46 ± 1.02 ** 4.80 ± 0.97 ** 4.03 ± 0.96 **

Values represent mean ± SD. Capillary Density (CD), Capillary Contacts (CC), Capillary per fiber (C/Fi), 
Capillary-to-Fiber Perimeter Exchange (CFPE) index. Difference between groups (HC versus HFrEF or 
NYHA II versus NYHA III) † p < 0.05. Difference between fiber types * p < 0.05, ** p < 0.01.
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three patients (12%). In the remaining 22 patients, the independent observers agreed on the 
determination of the GET (mean V̇O

2
 14.1 ± 3.3 mL·min–1·kg–1). Moderate-intensity constant 

work rate exercise testing was performed at 57 ± 17 W, which was at 47 ± 10 % of maximal 
exercise work rate.
 Patients in NYHA class II had significantly higher peakO

2
 than those in class III 

(21.5 ± 4.7 versus 15.3 ± 2.3 mL·min−1·kg−1, respectively, p < 0.001). Gas exchange and NIR-
SRS parameters for moderate-intensity constant work rate exercise categorized by NYHA class 
are listed in table 4. They show that V̇O

2
 onset kinetics were slower and end-exercise RER was 

higher in NYHA class III (p < 0.05). Skeletal muscle oxygenation was non-significantly lower 
for NYHA class III during rest (p = 0.349) and exercise (p = 0.072). Deoxygenation was more 
rapid for NYHA class II, evidenced by a smaller time-constant for the mono-exponential decay 
during onset of exercise. No significant differences between groups were noted for the time-
delay of exercise onset, and the incidence or area of the deoxygenation overshoot.

Figure 3. Comparison between groups (patients with heart failure with reduced ejection fraction (HFrEF) 
and healthy control (HC) subjects) and fiber types (i.e. I, II and mixed) for (A) mean muscle fiber cross-
sectional area (CSA) and (B) mean muscle capillary-to-fiber perimeter exchange (CFPE) index (error bars 
denote standard error). * p < 0.05.

A

B
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Relation between exercise parameters and fiber characteristics
In patients with HFrEF, mixed muscle fiber CSA and proportional area of type I fibers were not 
related to peakV̇O

2
 (rs = 0.015, p = 0.942 and rs = -0.152, p = 0.468, respectively) or to V̇O

2
 onset 

kinetics (rs = -0.179, p = 0.391 and rs = -0.015, p = 0.945, respectively). CFPE index for mixed 
fibers (representing mixed muscle tissue capillarization under the NIRS probe) was not related 
to peakV̇O

2
 (rs = 0.206, p = 0.323), but correlated positively with faster deoxygenation at exercise 

onset (τTSIonset: rs = -0.682, p = 0.001; figure 4A). TSI onset kinetics (i.e. the time constant) 
also showed a significant relationship with V̇O

2
 onset kinetics (rs = 0.709, p < 0.001), while no 

significant correlation was noted for TSI onset kinetics with COX activity (rs = -0.282, p = 0.216; 
figure 4B), mixed fiber CSA (rs = 0.094, p = 0.687), percent area of type I fibers (rs = -0.171, p = 
0.457), or peakV̇O

2
 (rs = -0.308, p = 0.175).

Discussion

This study shows that moderately impaired patients with HFrEF have equal fiber CSA, and a 
larger percent area of type II fibers compared with matched healthy subjects. In contrast to 
our hypothesis, capillary density and CFPE index of type I fibers was greater in patients with 
HFrEF compared with HC. When severity of heart failure (categorized by NYHA class) was 
taken into account, it was shown that better functional capacity was associated with greater 

Table 4. Gas exchange and skeletal muscle oxygenation measurements during moderate intensity constant 
work rate exercise testing in patients with New York Heart Association (NYHA) class II and III heart failure 
with reduced ejection fraction (HFrEF). 

Variable HFrEF
NYHA II

HFrEF
NYHA III

Gas exchange measurements n = 14 n = 11
V̇O

2baseline (mL·min-1) 401 ± 169 342 ± 87
Δ V̇O

2exercise (mL·min-1) 958 ± 256 728 ± 175 †
RER end-exercise 0.84 ± 0.06 0.92 ± 0.07 †
τV̇O

2onset (s) 52 ± 28 77 ± 21 ‡
Skeletal muscle oxygenation n = 11 n = 10

TSI baseline (%) 66.6 ± 3.2 65.6 ± 5.0
TSI end-exercise (%) 63.7 ± 3.4 61.2 ± 7.8
Td TSI onset (s) 13.3 ± 3.3 13.0 ± 5.5
τ TSI onset (s) 5.4 ± 1.6 7.6 ± 2.2 †
MRT TSI onset (s) 18.7 ± 2.9 20.6 ± 5.5
TSI overshoot (%) 82% 70%
TSI overshoot area (%·s) 103 ± 161 118 ± 112

Values represent mean ± SD. Pulmonary oxygen uptake (V̇O
2
); respiratory exchange ratio (RER); time 

constant of mono-exponential model (τ); Tissue Saturation Index (TSI); Time delay (Td); Mean response 
time (MRT). Difference between groups (NYHA II versus NYHA III) † p < 0.05, ‡ p < 0.01.
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skeletal muscle oxidative capacity and muscle fiber capillarization, faster V̇O
2
 kinetics and more 

rapid microvascular deoxygenation during onset of moderate-intensity exercise. Moreover, 
faster deoxygenation was significantly correlated with higher muscle fiber capillarization and 
not with skeletal muscle oxidative capacity.

Muscle fiber dimensions and fiber type distribution
In the present study we observed no difference for type I, II and mixed muscle fiber CSA in 
patients with HFrEF compared with matched healthy control subjects, which is in line with 

Figure 4. Correlations between the time constant (tau) of the mono-exponential model of the tissue 
saturation index (TSI) response during onset of moderate-intensity constant work rate exercise (rspearman = 
-0.682, p = 0.001) and (A) the capillary-to-fiber perimeter exchange (CFPE) index of mixed muscle tissue, 
and (B) the skeletal muscle oxidative capacity, represented by muscle cytochrome c oxidase (COX) activity 
(r = -0.282, p = 0.216).

A

B
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previous findings (8, 25, 50, 52, 60, 75, 76). In patients with HFrEF with greater exercise 
impairment (peakV̇O

2
 13-16 mL·min–1·kg–1, compared with 19.2 ± 5.0 mL·min–1·kg–1 in this 

study) and worse cardiac function (LVEF 21-24 %, versus 32 ± 10 % in this study), muscle fiber 
atrophy and a significant relation of fiber size and peak exercise capacity have been described (54, 
85, 90). However, we and others did not observe a relation between muscle fiber dimensions and 
whole body aerobic exercise capacity (i.e. peakV̇O

2
 or V̇O

2
 onset kinetics) (47, 75). Although we 

cannot exclude that muscle fiber atrophy was counteracted by mild subclinical fluid retention 
causing myocyte swelling, no patients showed any sign of decompensated heart failure, as for 
instance peripheral edema. It is therefore likely that muscle fiber atrophy is not a compulsory 
component of moderate HFrEF and that other muscle attributes than fiber dimensions are 
related to exercise intolerance. For instance, Miller et al. have demonstrated lower single fiber 
myosin protein content in muscle fibers that were larger in HF than in healthy subjects (62), 
indicating a dissociation between contractile potential and fiber size. Moreover, preservation of 
muscle fiber dimensions may also indicate that reductions in skeletal muscle mass and exercise 
performance in moderate HF are more closely associated with fiber loss than with fiber atrophy 
(1, 38, 91).
  Remarkably, patients in NYHA class II had significantly larger type II muscle fiber 
CSA compared with matched healthy controls, and no difference between type I and type 
II muscle fiber CSA. Therefore, these patients do not show evidence of age-related type II 
muscle fiber atrophy, which is widely recognized (79) and confirmed in healthy subjects in 
this and recent studies from our laboratory (35, 88). It could indicate that patients with greater 
functional capacity expanded the potential for anaerobic metabolism through hypertrophy of 
glycolytic muscle fibers to cope with physical demands in case O2 delivery was compromised 
by heart failure. Support for such a mechanism is given by the finding that the intensity of daily 
activities of patients with HFrEF is substantially closer to maximum exercise capacity (i.e. more 
anaerobically) compared with healthy subjects (82). Moreover, we found that the proportion 
of type II muscle fibers was larger in patients with HFrEF, which confirms previous studies 
(10, 19, 50, 52, 54, 60, 76, 84), and emphasizes an anaerobic potential. Similar to Larsen et al. 
(47), we found that when fiber type distribution was expressed as a portion of muscle fiber area 
instead of a numerical portion, type II muscle fiber area was still dominant. Correspondingly, 
studies using electrophoretical analyses of myosin heavy chain (MHC) isoform composition, 
which shows good agreement with proportional fiber type area (31), demonstrated a decrease of 
MHC1 content (84, 87, 91), and an increase in MHC2b (90), or MHC2x content in HF (21, 57, 
83).
  Importantly, recent studies that explicitly employed a discriminative design of 
matching HC subjects to patients with HFrEF based on physical activity level, did not show a 
significant difference of muscle fiber type area distribution (25), or MHC isoform distribution 
(20, 62, 87). Although we did not quantify or monitor physical activity, it can be argued that our 
patients with HFrEF also had a reduced level of physical activity compared with HC subjects.
  Other chronic illnesses, like chronic pulmonary obstructive disease (COPD) and 
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chronic renal failure (CRF), have been argued to be accompanied by similar skeletal muscle 
fiber abnormalities as those reported in HF (e.g. less oxidative fiber type distribution, and in 
some cases, muscle fiber atrophy), despite different disease etiology and pathophysiology (13, 
29, 71). However, given that muscle fiber atrophy is not an indisputable part of the HF syndrome, 
deconditioning, as a common denominator, cannot be considered the only determinant of 
muscle fiber alterations in different disease states. Although evidence clearly indicates that 
additional mechanisms (e.g. hypoperfusion, immune activation, sympathetic overstimulation) 
exert an influence over skeletal muscle function in HF (67, 89), there is no definite understanding 
of the isolated influence of these mechanisms on structural skeletal muscle fiber maladaptations, 
and more importantly, how they are interrelated.

Muscle fiber capillary characteristics
The novel finding of a higher capillary count relative to muscle fiber CSA and perimeter (i.e. CD 
and CPFE index, respectively) in patients with HFrEF compared to HC subjects was confined 
to type I muscle fibers. The difference was predominantly attributable to patients in NYHA class 
II, as patients in NYHA class III showed no differences with HC subjects. Higher CD in HF 
compared with HC has previously been described in mixed fibers of gastrocnemius muscle by 
Mancini et al. (53), however, CD in vastus lateralis muscle was generally not different in other 
studies (25, 75–77, 84, 92). Differences with respect to characteristics (e.g. activity and fitness 
levels) of patients and healthy subjects could have contributed to this discrepancy. Remarkably, 
when fiber type specificity of capillarization was reported, C/Fi was reduced with fiber size, 
allegedly to maintain CD in type I muscle fibers (52, 76, 77, 92). In accordance, we found a strong 
positive correlation between type I muscle fiber CSA and C/Fi in patients in NYHA class III, 
which suggests that in more severe HF redundancy of capillaries (relative to fiber area) is tightly 
regulated, probably because type I muscle fibers are more dependent on O2 supply than type II 
muscle fibers. The contrasting poor correlation of C/Fi with type I muscle fiber size in patients 
in NYHA class II may suggest greater type I muscle fiber capillarization was regulated to comply 
with relatively higher O2 demand, not fiber area. An alternative or complementary explanation 
could be that mild HF is accompanied by a preferential loss of type I fibers with preservation of 
the vascular bed, or that favorable skeletal muscle capillarization in individuals, when affected by 
heart failure, predisposes to preserve exercise capacity. Whether the physiological significance 
of increased capillarization in patients in NYHA class II is a functional adaptation to optimize 
the supply of oxygen and substrate to meet skeletal muscle demands by means of augmented 
diffusive or convective capacity, is discussed hereafter.

Muscle fiber characteristics and muscle oxygenation
As mentioned above, indicators of whole body aerobic exercise capacity were not entirely 
explained by muscle fiber size, or percent area of type I fibers in this study. While these 
muscle fiber characteristics were also not statistically different between NYHA groups, it was 
seen that CFPE index was the only indicator of capillarization in this study to discriminate 
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between patients with HFrEF and HC subjects, as well as between NYHA classes. Compared 
with conventional capillary indices, CFPE index is thought to be a better estimate of resistance 
to oxygen diffusion, because diffusive capacity (DO

2
m) relies more heavily on transport over 

the muscle fiber membrane than on the diffusion distance per se (41, 42). From this we can 
conclude that the structural capacity for oxygen diffusion is greater in skeletal muscle tissue of 
our patients with HFrEF compared with HC subjects, however, less so with increasing severity 
of HF.
  Interestingly, we showed that higher CFPE index was related to faster deoxygenation 
of skeletal muscle during the transition from rest to moderate-intensity exercise (i.e. SmO2 
kinetics). Since skeletal muscle oxygenation is an indicator of the ratio of Q̇O

2m
 to V̇O

2m
 (46, 

81), faster SmO2 kinetics signify that Q̇O
2m

 was slower relative to V̇O
2m

, or vice versa, that 
V̇O

2m
 was faster relative to Q̇O

2m
. From a HF perspective, it is hard to conceive that Q̇O

2m
, 

in the form of microvascular blood flow, is slower with better functional capacity (45, 73). 
Therefore, one can assume that our result of faster SmO2 kinetics in patients in NYHA class II, 
indicates that V̇O

2m
 increased more rapidly during exercise onset compared with patients in 

NYHA class III (65).
  An explanation for faster SmO2 kinetics with increasing CFPE lies in the fact that 
CFPE influences DO

2
m in two ways. First, by the extent of the capillary exchange surface, and 

second, through the number of capillaries per muscle fiber outer surface area. That is, a greater 
CFPE index enlarges the interface for diffusion, plus the greater capillary number per muscle 
fiber surface area will decrease velocity of red blood cells (RBC) in individual capillaries (given 
that muscle RBC flux remains the same), thereby increasing the transit time of RBC’s along the 
capillary, allowing sufficient diffusion time for equilibration of capillary blood with the myocyte 
(68). This may suggest that higher capillarization (i.e. CFPE index) in less advanced HF serves as 
a mechanism to maintain oxygen consumption in the face of reduced blood flow by increasing 
the possibility for oxygen extraction. Moreover, it can be speculated that lower CFPE index, as 
seen in more advanced HF (i.e. NYHA class III), is an adaptation to the situation of severely 
reduced muscle blood flow, wherein increasing diffusion capacity through capillarization is no 
longer functional because of the already very large RBC transit times. The fact that previous 
studies have demonstrated increased oxygen extraction and both impaired and enhanced 
diffusive capacity in patients with HFrEF and animal models of HF (26, 43, 45, 58), may support 
our contentions.
  Although, skeletal muscle COX activity in this study was higher in patients in NYHA 
class II, there was no significant correlation between SmO2 kinetics and COX activity, percent 
area of type I fibers, or fiber cross-sectional area. Therefore, greater skeletal muscle oxidative 
capacity does not present as a key determinant of accelerated skeletal muscle O2 extraction at 
exercise onset. While high skeletal muscle oxidative capacity is probably important in exploiting 
the diffusive potential of the capillary bed in less affected patients (6, 18), low capacity in 
severely impaired patients is thought to be a functional adaptation to reduced O2 supply (9, 
22). Similarly, the speed of activation of the O2 consuming metabolic pathways in mitochondria 
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(i.e. those supplying ATP for contraction) may also decrease with severity of HF (7, 36, 65, 
95, 96), and slow SmO2 onset kinetics. That is, slower activation of mitochondrial oxidative 
phosphorylation is thought to manifest itself in a longer time delay of the temporal profile of 
SmO2 (i.e. before actual deoxygenation commences; figure 2) (46, 65, 72). Yet, the time delay 
was not different between patients with NYHA class II and III. In contrast, the time constant 
(τ TSI onset), which was shorter in patients in NYHA class II and which formed the basis for our 
conclusions, is considered a better representation of the actual interplay between the kinetics of 
Q̇O

2m
 to V̇O

2m
 once respiration is activated (46, 72).

  Taken together, the higher structural capacity for oxygen diffusion in patients in 
NYHA class II has physiological consequences in that it is associated with faster SmO2 kinetics, 
indicating accelerated oxygen extraction. Because faster SmO2 kinetics were related to faster O

2
 

onset kinetics (associated with a decreased O2 deficit), the importance of this finding may be 
that capillary diffusive capacity is an important requisite for the functional ability to cope with 
activities of daily living (68).

Clinical implications
The alterations of skeletal muscle fibers found in patients with HFrEF in this study may serve 
as a target to improve exercise capacity. For instance, the lower percentage of type I fibers 
can potentially be reversed by training interventions aimed at increasing aerobic capacity 
specifically (e.g. endurance-type exercise training). Furthermore, the higher capillarization in 
our patients with HFrEF may be important to prime further exercise-induced improvements, 
because it has been shown that higher CPFE index in healthy individuals predisposes to increase 
type II fiber CSA to a greater extent when performing resistance-type exercise training (78). 
However, patients with lower capillarization are still able to induce angiogenesis through 
exercise training (26, 37), with a specific response to either endurance or resistance type exercise 
training depending on the primarily affected fiber type (i.e. type I and II, respectively) (24, 
49, 51). Moreover, recent evidence suggests that high-intensity aerobic interval training can 
increase maximal exercise capacity and the response to submaximal exercise by improving 
microvascular hemodynamics and matching of Q̇O

2m
 to V̇O

2m
 (80). This may be of particular 

importance when skeletal muscle cannot increase O2 extraction because of limited convective 
O2 delivery, as we argue to be the case in more severely impaired patients. 

Study limitations
Several limitations should be acknowledged. First, this study did not include women or 
individuals with NYHA class I and IV. Therefore, the results can only be generalized to 
moderately-impaired male patients with HFrEF. Second, muscle biopsy samples and NIRS 
measurements were performed on the distal vastus lateralis, because this is a representative 
locomotor muscle of mixed fiber type composition. However, other muscle groups were not 
investigated and inferences on systemic muscle abnormalities in HFrEF cannot be made. 
Third, NIR-SRS measurements of SmO2 are confounded by the thickness of the layer of adipose 
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tissue overlying the muscle of interest, thereby invalidating between-subject comparisons 
(63). However, we found differences of kinetic parameters of SmO2 (e.g. τTSI onset), which are 
descriptions of the temporal profile of deoxygenation and therefore less likely to be influenced 
by adipose tissue thickness. Finally, because this study did not include measurements of capillary 
morphology (e.g. path lengths, branching, tortuosity), capillary permeability, or capillary 
recruitment patterns, the presented role of capillarization in diffusive and convective O2 delivery 
may be a simplification of the physiology at hand.

Conclusions

This study shows that moderately-impaired patients with HFrEF have equal skeletal muscle fiber 
CSA and a larger portion of type II fibers compared with matched healthy subjects. However, 
capillary indices related to fiber dimensions were greater in type I fibers, which was primarily 
attributable to patients with less advanced heart failure, and in whom it may be a compensatory 
adaptation for reduced muscle blood flow. From measurements of skeletal muscle oxygenation, 
we conclude that higher capillarization may enhance O2 diffusing capacity which in turn 
facilitates O2 extraction and V̇O

2
 kinetics during exercise.
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Abstract

The extent and speed of transient skeletal muscle deoxygenation during exercise onset in chronic 
heart failure (CHF) patients are related to impairments of local O2 delivery and utilization. 
This study examined the physiological background of submaximal exercise performance in 19 
moderately impaired patients with CHF (Weber class A, B, and C) compared with 19 matched 
healthy control (HC) subjects by measuring skeletal muscle oxygenation (SmO2) changes during 
cycling exercise. All subjects performed two subsequent moderate-intensity 6-min exercise tests 
(bouts 1 and 2) with measurements of pulmonary oxygen uptake kinetics, and SmO2 using near-
infrared (NIR) spatially resolved spectroscopy (SRS) at the vastus lateralis for determination 
of absolute oxygenation values, amplitudes, kinetics (mean response time for onset), and 
deoxygenation overshoot characteristics. In CHF, deoxygenation kinetics were slower compared 
with HC (21.3 ± 5.3 s versus 16.7 ± 4.4 s, p < 0.05, respectively). After priming exercise (i.e. during 
bout 2) deoxygenation kinetics were accelerated in CHF to values no longer different from HC 
(16.9 ± 4.6 s versus 15.4 ± 4.2 s, p = 0.35). However, priming did not speed deoxygenation 
kinetics in CHF subjects with a deoxygenation overshoot, whereas it did reduce the incidence of 
the overshoot in this specific group (p < 0.05). These results provide evidence for heterogeneity 
with respect to limitations of O2 delivery and utilization during moderate-intensity exercise in 
patients with CHF, with slowed deoxygenation kinetics indicating a predominant O2 utilization 
impairment, and the presence of a deoxygenation overshoot, with a reduction after priming in a 
subgroup, indicating an initial O2 delivery to utilization mismatch.

New & Noteworthy
This study provides novel evidence for heterogeneity regarding O2 delivery or utilization 
impairments to moderate-intensity exercise in chronic heart failure patients by NIRS 
measurements of skeletal muscle oxygenation. Slowed deoxygenation during onset was related 
to an O2 utilization impairment, whereas a deoxygenation overshoot indicated an O2 delivery to 
utilization mismatch.
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Limitations of O2 delivery and utilization in patients with CHF

Introduction

Chronic heart failure (CHF) is a syndrome characterized by fatigue, dyspnea and exercise 
intolerance. Although these symptoms are generally attributed to the cardiac dysfunction, 
highlighting compromised oxygen delivery to the metabolizing tissues during exercise, 
research indicates that this might be an erroneous assumption, putting forward skeletal muscle 
dysfunction (i.e. impaired oxygen utilization) in more severe cases and for certain exercise 
intensities (14, 52, 59). Discriminating the contributions of skeletal muscle and cardiovascular 
function to exercise intolerance introduces the ability to discern different types of limitations, 
and to tailor treatment, like physical training (combating skeletal myopathy) and cardiac 
resynchronization therapy (aiding cardiac output). As such, this approach has the potential of 
targeting the large number of non-responders (30-50%) to these interventions (31, 42).
  Skeletal muscle O2 utilization (V̇O

2m
) and O2 delivery (Q̇O

2
m) are frequently estimated 

by measurements of pulmonary oxygen uptake (V̇O
2
p) and cardiac output (Q̇), respectively. 

However, evidence points out that the speed of adjustment of pulmonary oxygen uptake to 
an exercise transition (V̇O

2
p kinetics) dissociates from V̇O

2
m kinetics due to circulatory and 

respiratory interactions at exercise onset (13, 48, 49). Moreover, variability of blood flow 
redistribution and vasodilatory capacity complicate the approximation of Q̇O

2
m from cardiac 

output measurements (37, 54, 69).
  The need for measurements to directly assess V̇O

2
m and Q̇O

2
m in humans is met 

with generally invasive, complex methods that are confronted with several limitations (e.g. 
limited active muscle mass and transit times related to sampling sites). Nonetheless, they have 
consistently shown that, in healthy young subjects, Q̇O

2
m is not limiting V̇O

2
m at exercise onset 

(18, 34, 41). Remarkably, experiments conducted in patients with CHF revealed no differences 
with inactive healthy subjects, showing that direct measurements were unable to explain the 
reduced exercise capacity in CHF (25).
  An alternative to separate measurements of V̇O

2
m and Q̇O

2
m is the assessment of 

microvascular oxygenation in skeletal muscle (SmO2) during exercise transitions using larger 
muscle mass. This measure gives insight in the joint contributions of V̇O

2
m and Q̇O

2
m to 

aerobic exercise performance. In the microvasculature, SmO2 will decrease when utilization 
exceeds delivery, and vice versa.
  In studies that simulate limitations of O2 delivery and utilization by computer 
modeling it has been shown that reducing V̇O

2
m relative to Q̇O

2
m slows and lessens the 

decrease of SmO2 during the rest-exercise transition of constant work rate exercise (3, 5, 28). In 
contrast, limiting Q̇O

2
m relative to V̇O

2
m results in a more rapid and deeper transient muscle 

deoxygenation. Moreover, a low pre-exercise Q̇O
2
m, which may be encountered in patients with 

CHF, amplifies the latter response (13). Animal studies using phosphorescence quenching to 
assess muscle microvascular O2 pressure have shown in vivo evidence of both patterns in CHF, 
depending on disease severity and skeletal muscle fiber type distribution (8, 22). As such, these 
results were suggestive of an O2 delivery limitation in moderate CHF, while in severe CHF, O2 



142

Chapter 7

utilization could be considered limiting.
  In human skeletal muscle, near infrared spectroscopy (NIRS) measurements during 
exercise have shown that both deoxygenated haemoglobin, and spatially resolved spectroscopy 
(SRS) derived tissue O2 saturation (StO2) correspond closely to actual SmO2 (46, 68, 74). This 
non-invasive technique, combined with the use of priming by prior moderate-intensity exercise, 
or improvement of nitric oxide (NO) bio-availability due to administration of sildenafil, could 
be argued to reveal an O2 delivery limitation by slowing of SmO2 onset kinetics when the 
impairment of Q̇O

2
m relative to V̇O

2
m was relieved by the intervention (14, 69). Vice versa, 

speeding of SmO2 onset kinetics (from a condition of relatively slow V̇O
2m

 kinetics), could be 
interpreted as closer matching of V̇O

2m to Q̇O
2
m (2, 5, 38).

  Priming exercise, as used by Bowen et al. in patients with CHF (14), revealed both 
slowing and speeding of SmO2 onset kinetics, suggesting heterogeneous exercise limitations. 
However, it remains to be determined whether these responses are different from those in healthy 
subjects, and are thus attributable to the disease. To date, no studies have reported whether 
quantitative SmO2 and its temporal profile during moderate-intensity exercise in patients 
with CHF are different from that of healthy individuals. However, this might provide a better 

Table 1. Subject characteristics.

Variable CHF HC p

Number (n) 19 19
Male / Female 15/4 15/4
Age (yr) 62 ± 6 63 ± 6 .24
Height (cm) 177 ± 9 176 ± 7 .79
Weight (kg) 82 ± 15 82 ± 13 .69
BMI (kg.m-2) 25.9 ± 3.1 26.5 ± 3.2 .17
Body fat (%) 27.2 ± 5.3 26.2 ± 5.0 .44
ATT (mm) 4.8 ± 2.8 5.0 ± 3.0 .65
Etiology (ICM/DCM) 11/8 -
Duration of HF (months) 67 ± 74 -
NYHA class (II/III) 14/5 -
Weber class (A/B/C/D) 10/4/5/0 -
Medication

Beta blocker 100% 0%
Diuretic 74% 11%
ACE-inhibitor 68% 5%
ARB  21% 11%
Digoxin 11% 0%
Nitrate 26% 0%
Anticoagulant 74% 0%
Statin 58% 5%

Data are presented as means ± SD for continuous variables and as numbers or percentages for dichotomous 
variables. Patients with Chronic Heart Failure (CHF); Healthy Control subjects (HC);  Body Mass Index 
(BMI);  Ischemic Cardiomyopathy (ICM);  Dilated Cardiomyopathy (DCM);  New York Heart Association 
(NYHA);  Angiotensin Converting Enzyme (ACE);  Angiotensin II Receptor Blocker (ARB).
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understanding of peripheral metabolic and vascular actions on muscle oxygenation kinetics, and 
its impact on exercise intolerance during activities of daily life in patients with CHF.
  Therefore, the main objective of the study is to investigate NIRS-derived SmO2 during 
moderate-intensity cycling exercise in patients with CHF when compared with well-matched 
healthy subjects before and after priming exercise. We hypothesized that SmO2 is reduced in 
moderately impaired patients with CHF and that oxygenation kinetics will show evidence of 
impaired O2 delivery.

Methods

Subjects
Nineteen patients with CHF [15 men (79%) and 4 women] were studied. In addition nineteen 
healthy active subjects were matched to individual patients with CHF by sex, BMI (± 2 kg.m-2) and 
age (± 5 yr). Subject characteristics are listed in table 1. Inclusion criteria for patients with CHF 
were stable systolic heart failure attributed to either dilated cardiomyopathy or ischemic heart 
disease due to myocardial infarction and New York Heart Association (NYHA) functional Class 
II or III. Left ventricular ejection fraction as assessed by echocardiograph was ≤ 40% (mean ± 
SD: 32.8 ± 7.8%). Exclusion criteria for both patients with CHF and healthy subjects were recent 
myocardial infarction (≤ 3 months prior), angina pectoris at rest, pulmonary, neurological or 
orthopedic disorders limiting the ability to exercise and clinical signs of decompensated heart 
failure or peripheral vascular disease.
  The study protocol was approved by the local Research Ethics Committee of Máxima 
Medical Center, Veldhoven, the Netherlands. Before inclusion, all participants gave written 
informed consent, and all procedures were conducted according to the Helsinki Declaration of 
1964. 

Exercise protocols and ventilatory and respiratory gas measurements
Tests were performed on an electromagnetically braked cycle ergometer (Lode Corrival, Lode 
BV, Groningen, the Netherlands) in an upright seated position, with subjects maintaining a 
pedaling frequency of 70 rpm during the exercise phases. A twelve-lead electrocardiogram 
and breath-by-breath measurements of ventilatory and gas exchange parameters (ZAN 680 
USB, ZAN Messgeräte, Oberthulba, Germany; calibrated before each test) were recorded 
continuously.
 Maximal exercise testing consisted of an individualized ramp protocol aiming to reach 
exhaustion within 8-12 min (29). The test commenced with a 1-min resting period and 4 min of 
unloaded pedaling before work rate started to increase. The test was ended when the required 
pedaling frequency could not be maintained because of volitional exhaustion. Peak work rate 
was defined as the highest registered work rate. Peak pulmonary oxygen uptake (peakV̇O

2
) and 

peak respiratory exchange ratio (RER) were the average values of the final 30 s of the maximal 
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exercise test. The gas exchange threshold (GET) was determined by using the mean value of the 
assessments of two blinded experienced physicians by means of the V-slope method (6).
 Moderate-intensity constant work rate exercise testing was performed on a separate 
day and commenced with a 2-min resting period on the cycle ergometer, while the right leg was 
passively held in a predetermined position. This was followed by a 6-min bout (bout 1) at 80% 
of the work rate corresponding to the GET, or at 50% of the peak work rate when the GET could 
not be assessed (44). Subsequently, passive recovery was monitored during 5 min with the same 
pre-exercise leg position. After storage of the data, a second and identical test protocol (bout 2) 
was promptly initiated. Time between exercise bouts (including combined recovery and resting 
period of 7 minutes) was 12.1 ± 4.5 min and 10.1 ± 3.4 min, for CHF and HC, respectively (p 
= 0.12). Peripheral oxygen saturation was measured with a pulse oximeter (Masimo Radical 7, 
Masimo Corporation, Irvine, CA, USA) during the last minute of the exercise bouts.
 Subjects were advised to refrain from strenuous exercise (48 h), consuming a meal (2 
h), and caffeine (4 h) before testing and to take their medication as usual.

NIRS measurements
NIRS measurements were performed during constant work rate exercise using a wireless 
continuous wave (CW) near-infrared spectrophotometer (Portamon, Artinis, Elst, the 
Netherlands) using modified Beer-Lambert Law and spatially resolved spectroscopy (SRS) with 
two wavelengths of emitting light (760 and 841 nm). The device employs three pairs of light-
emitting diodes and a detector photo diode, which are configured spatially to provide three 
source-detector distances (30, 35, and 40 mm). By determining the absorption coefficients derived 
from the slopes of light attenuation at different source-detector distances and wavelengths, an 
absolute measure of tissue oxygen saturation (StO2), the tissue saturation index (TSI), can be 
calculated. TSI equals the ratio of oxygenated haemoglobin and myoglobin (O2HbMb) and the 
sum of oxygenated and deoxygenated haemoglobin and myoglobin ([O2HbMb] + [HHbMb] 
= [totalHbMb]), and is expressed as a percentage. Like [HHbMb], TSI is considered a valid 
estimator of microvascular oxygen extraction and the dynamic balance between local Q̇O

2
m and 

V̇O
2
m (26) and, as such, is used in this study as a representation of skeletal muscle oxygenation 

(SmO2). Moreover, it is essentially less sensitive to changes of blood volume (i.e. [totalHbMb]), 
and has superior test-retest reliability compared with [HHbMb] (14, 45, 55).
 The NIRS device was placed over the belly of the vastus lateralis of the right leg, 20 
cm proximally from the lateral patellar edge, and attached with adhesive tape and a Velcro strap. 
Thereafter, it was occluded from ambient light by cloth. NIRS data were sampled at 10 Hz, and 
stored for offline analysis.
 To verify that potential confounding of the NIRS signal amplitude by the cutaneous 
and subcutaneous layers was not different between groups, the skinfold thickness at the site of 
NIRS measurement was recorded with a skinfold caliper (Harpenden, Baty International, West 
Sussex, UK) before each measurement session (19). Dividing the skinfold thickness by two gave 
an estimate of the adipose tissue thickness (ATT).
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Data analysis
Ventilatory and gas exchange parameters for the constant work rate exercise test were averaged 
into 10-s sampling intervals after removal of outliers (values > 3 SDs from the local mean were 
omitted) (44). NIRS data were filtered using a central moving average filter with a window of 11 
data points and resampled into 1-s intervals.

Absolute V̇O
2
 and TSI values

Absolute values of V̇O
2
 and TSI were calculated as described previously (55), where V̇O

2baseline 
and TSIbaseline are the resting values, TSIminimum the minimally attained value after the start of 
exercise, and V̇O

2end-exercise and TSIend-exercise the average of the last minute of the exercise phase.
 Absolute responses of TSI to exercise were calculated as amplitudes, where ΔTSIonset is 
the difference between TSIbaseline and TSIminimum. The overall V̇O

2
 and TSI response to the constant 

work rate exercise (∆V̇O
2exercise and ΔTSIexercise, respectively) was defined as the difference between 

their baseline and end-exercise values.

Kinetics analysis
Mono-exponential modeling of TSI and V̇O

2
 onset data was performed to attain kinetic values, 

to be able to compare both parameters, and to grade submaximal exercise capacity. The rise of 
V̇O

2
 (fundamental phase or phase II) and decay of TSI during onset were calculated by fitting 

the data to a first-order (mono-exponential) model using the non-linear (damped) least squares 
method (Python 2.7, Python Software Foundation, Beaverton, OR, USA) with the following 
equations (44): 

Y (t) = Ybaseline + A * (1- e - (t – Td)/τ)             (1)
Y (t) = Ybaseline – B * (1- e - (t – Td)/τ)             (2)

where Y equals V̇O
2
 or TSI, Ybaseline depicts the average values during the last 30 s before the 

specific exercise transition, A indicates the amplitude during exercise onset for V̇O
2
 (∆V̇O

2exercise) 
and B indicates the amplitude for TSI (amplitude from TSIbaseline to the end of the mono-
exponential fit). Td is the time delay and tau (τ) is the time constant of the mono-exponential 
function (in seconds). For V̇O

2
, the first 20 s after onset were omitted from kinetics analysis, 

since the rapid increase of V̇O
2
 during this period (cardiodynamic phase or phase I) is assumed 

to represent increased pulmonary blood flow rather than microvascular gas exchange (13). For 
TSI, the time to the start of the mono-exponential fit (Td) was determined using a matched filter 
method by sliding a mono-exponentially shaped kernel over the TSI signal, while calculating the 
cross-correlation (55). The mean response time was calculated as the sum of tau and time delay 
(MRT = τ + Td) and represents the time to reach 63% of the response from onset of exercise.

Deoxygenation overshoot
A transient overshoot in the profile of skeletal muscle deoxygenation during onset of exercise 
has frequently been reported and is considered to reflect a temporary kinetic mismatch between 
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Q̇O
2
m and V̇O

2
m (3, 22, 28). In studies investigating skeletal muscle oxygenation in various 

chronic diseases, the overshoot was predominantly found in the affected group and less frequently 
in healthy subjects (4, 14, 56, 65, 68). It has been related to aging (9), and shows responsiveness 
to different interventions (e.g. modulation of NO availability and exercise training) (69, 72). 
The effect of prior exercise on the occurrence of a deoxygenation overshoot has thus far not 
been investigated in patients with CHF during moderate-intensity exercise. A deoxygenation 

Figure 1. Examples of tissue saturation index (TSI) changes during moderate-intensity constant work rate 
exercise in representative subjects with chronic heart failure without (A) and with (B) a deoxygenation 
overshoot. The vertical dashed lines indicate (from left to right): start of exercise phase (t = 120 s), and end of 
exercise phase (t = 480 s). The horizontal lines indicate (from left to right): baseline value, minimum value, 
end-overshoot value (if applicable), and end-exercise value. The curved dashed lines represent the best fit of 
the mono-exponential model (with time-constant tau) to the TSI response for (from left to right) onset and 
overshoot (when present). Kinetic and curve fitting data for onset and the overshoot are presented in the 
graph, where Td is the time delay, MRT the mean response time, and R2 the goodness of fit. The gray area 
represents the area of overshoot.

A

B
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overshoot was defined as a TSI rise of more than 10% of ΔTSI onset after the initial decrease during 
the first 3 min of exercise (55). Quantitative assessment of the overshoot included calculation of 
the amplitude of the upward component (ΔTSIovershoot), the average TSI of the third minute after 
onset of exercise (TSIend-overshoot) and the time constant of the upward component (tauovershoot), 
which was calculated using equation 1 (equation 1), as previously described (55). The area of the 
overshoot (Areaovershoot in %·s) was calculated as the integral between the measured response and 
TSIend-overshoot, starting from the intersection with the onset curve (3, 15) (Figure 1).

Statistical analysis
All data were analyzed using SPSS 22.0.0 statistical software (SPSS Inc, Chicago, IL, USA). 
Results are presented as mean value ± standard deviation. Normality was assessed by skewness 
and kurtosis of the distribution, and by Shapiro-Wilk tests. Comparisons were made by using 
the paired Student’s t-test in case of a normal distribution, or the Wilcoxon signed-rank test 
when appropriate. Associations between categorical data were assessed by Pearson’s chi-square 
test. In the analysis of correlations, Pearson’s correlation coefficient (when normally distributed) 
or Spearman’s rho (rs) was assessed as a continuous variable throughout. The level of statistical 
significance was set at p < 0.05 for all tests.

Results

All subjects successfully performed exercise testing without any untoward events. The measured 
responses to the maximal incremental exercise test showed lower aerobic exercise capacity in 
patients with CHF compared with HC subjects (Table 2). The submaximal exercise bouts for 

Table 2. Cardiopulmonary responses to maximal RAMP incremental exercise.

Variable CHF HC p

Maximal exercise testing (n = 19)
Peak Work Rate (W) 124 ± 50 238 ± 49 < .001
PeakV̇O2

(mL·min-1·kg-1) 20.1 ± 6.0 33.3 ± 7.0 < .001
(mL·min-1) 1632 ± 519 2706 ± 572 < .001

PeakRER 1.07 ± 0.09 1.11 ± 0.07 .11
HR (bts·min-1)

rest 73 ± 11 74 ± 10 .69
peak 129 ± 27 158 ± 15 < .01

GET (n = 13) (n = 19)
(mL·min-1·kg-1) 16.3 ± 5.1 22.3 ± 4.6 < .01
(mL·min-1) 1252 ± 330 1788 ± 423 < .001

Data are presented as means ± SD.  Patients with Chronic Heart Failure (CHF);  Healthy Control subjects 
(HC); Peak pulmonary oxygen uptake (Peak V̇O

2
);  Respiratory Exchange Ratio (RER);  Heart Rate (HR); 

Gas Exchange Threshold (GET).
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CHF and HC were performed at 61 ± 26 W and 117 ± 29 W (p < 0.001), which was at 49 ± 8 
%, and 49 ± 6 % (p = 0.95) of maximal exercise work rate, respectively. Resting heart rate was 
higher before bout 2 than bout 1 in both groups (Table 3). The heart rate during submaximal 
exercise was lower in patients with CHF and a higher end-exercise heart rate during bout 2 was 
observed in HC subjects only. Peripheral oxygen saturation was 96.9 ± 1.5 % for CHF and 96.4 
± 1.4 % for HC (p = 0.22).

Pulmonary gas exchange
Coefficients of determination (R2) for V̇O

2
onset kinetics were 0.83 ± 0.16 and 0.88 ± 0.09, for 

CHF and HC, respectively. There was no evidence for a slow component during the exercise 
phase, confirming an intensity of exercise below the gas exchange threshold.
  Oxygen uptake kinetics at exercise onset were faster in HC subjects than in patients 
with CHF (Table 3). Priming led to non-significant slowing of V̇O

2
 onset kinetics for CHF (+8.8 

Data are presented as means ± SD. Patients with Chronic Heart Failure (CHF);  Healthy Control subjects 
(HC); Heart Rate (HR); pulmonary oxygen uptake (V̇O

2
);  Respiratory Exchange Ratio (RER); time constant 

(τ);  Tissue Saturation Index (TSI);  amplitude (Δ);  overshoot area (Area overshoot);  Mean Response Time 
(MRT);  Time delay (Td). CHF versus HC * p < 0.05; † p < 0.01. Bout 1 versus bout 2 ‡ p < 0.05; § p < 0.01.

Table 3. Cardiopulmonary and skeletal muscle oxygenation responses to moderate-intensity constant work 
rate exercise.

Variable CHF HC

Bout 1 Bout 2 Bout 1 Bout 2
Moderate-intensity constant work rate exercise test (n = 18)

HR baseline (bts·min-1) 76 ± 14 80 ± 15 § 73 ± 10 84 ± 12 §
HR end-exercise (bts·min-1) 107 ± 22 109 ± 23 120 ± 18 124 ± 18 §
V̇O2 baseline (mL·min-1) 344 ± 91 346 ± 65 328 ± 92 342 ± 84
V̇O2 end-exercise (mL·min-1) 1287 ± 367 1306 ± 375 1858 ± 397 † 1904 ± 365 †
∆V̇O2 exercise (mL·min-1) 944 ± 369 958 ± 373 1531 ± 356 † 1562 ± 334 †
τV̇O2 onset (s) 55.9 ± 21.9 64.6 ± 30.0 39.5 ± 11.8 † 47.4 ± 16.2 *
RER end-exercise (L·L-1) 0.91 ± 0.07 0.90 ± 0.06 0.89 ± 0.06 0.89 ± 0.05

Muscle oxygenation response (n = 18)
TSI baseline (%) 67.9 ± 4.0 70.6 ± 4.5 § 70.0 ± 5.4 73.1 ± 4.7 * §
TSI minimum (%) 57.6 ± 9.0 59.5 ± 9.0 § 59.8 ± 7.2 61.5 ± 7.8 ‡
TSI end-exercise (%) 60.4 ± 8.0 61.2 ± 9.0 63.3 ± 7.3 63.2 ± 7.6
ΔTSI onset (%) 10.4 ± 6.6 11.1 ± 8.1 10.2 ± 4.9 11.6 ± 6.0
ΔTSI exercise (%) 7.6 ± 6.3 9.4 ± 8.1 ‡ 6.6 ± 5.4 9.9 ± 5.9 §
MRT TSI onset (s) 21.3 ± 5.3 16.9 ± 4.6 § 16.7 ± 4.4 * 15.4 ± 4.2 ‡
τ TSI onset (s) 7.3 ± 3.3 6.9 ± 3.4 5.3 ± 1.9 * 6.2 ± 2.6
Td TSI onset (s) 14.1 ± 3.9 10.0 ± 2.5 § 11.4 ± 3.5 * 9.3 ± 3.0 §

Deoxygenation overshoot response
Incidence overshoot (%) 10 (56%) 6 (33%) § 14 (78%) * 10 (56%)
ΔTSI overshoot (%) 3.0 ± 1.9 1.9 ± 1.0 3.3 ± 1.5 2.4 ± 1.4
τ TSI overshoot (s) 35.1 ± 23.8 37.0 ± 37.4 43.4 ± 21.2 31.5 ± 24.5
Area overshoot (%·s) 92.1 ± 95.1 50.8 ± 27.8 127.6 ± 95.1 65.0 ± 49.0 ‡
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Figure 2. Typical response for tissue saturation index (TSI) kinetics during onset of two consecutive bouts 
(bout 1 and 2) of moderate-intensity constant work rate exercise in a subject with chronic heart failure. 
The vertical dashed lines indicate (from left to right): start of exercise phase (t = 120 s), start of mono-
exponential fit for bout 2 (gray circles) and 1 (gray triangles), respectively. The curved dashed lines represent 
the best fit of the mono-exponential model (Tauonset) to the TSI response. Kinetic and curve fitting data are 
presented in the graph where Td is the time delay, MRT the mean response time, and R2 the goodness of fit.

± 29.2 s, p = 0.220) and HC (+7.9 ± 16.2 s, p = 0.055), whereas slowing occurred as frequently in 
CHF as in HC (n = 12 and 11, respectively, p = 0.729).

Skeletal muscle oxygenation
In one subject with CHF, analysis of NIRS data failed because of persistent poor signal-to-noise 
ratio during the exercise phase. A high ATT (9 mm) and low cardiac capacity (LVEF 20%) in 
this subject may attribute the compromised signal to either a limited signal from active muscle 
or tissue perfusion abnormalities. Data of this subject and her healthy counterpart were omitted 
from further analysis. There were no evident movement artifacts in the exercise signals that 
disturbed analysis of the remaining data.
  Coefficients of determination (R2) for TSI onset kinetics were 0.94 ± 0.08 and 0.95 
± 0.04, for HC and CHF, respectively. Table 3 shows no differences for absolute values and 
amplitudes between groups, except that TSIbaseline was lower in patients with CHF after priming 
exercise (i.e. preceding the exercise phase of bout 2). Priming increased values of TSIbaseline and 
TSIminimum and amplified the deoxygenation response to exercise (ΔTSIexercise) in both groups.
  Analysis of TSI onset kinetics showed slower MRT for bout 1 in patients with CHF 
compared with HC subjects, attributable to a longer time constant and time delay (Table 3). In 
both groups, the time delay and MRT were reduced following priming during bout 2 (Figure 2). 
Yet, the initial between-group difference for these parameters was no longer present for bout 2. 
In the CHF and HC group, TSI onset kinetics (i.e. MRT) were not related to pulmonary oxygen 
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kinetics (i.e. τV̇O
2onset; r = -0.114, p = 0.652, and rs = 0.342, p = 0.165, respectively). There was no 

statistically significant correlation between changes of end-exercise heart rate and TSIbaseline and 
MRT TSIonset changes in both groups (r = 0.050 and r = 0.090 for HC, and r = 0.010 and r = 0.160 
for CHF, p > 0.05 for all). Moreover, TSIend-exercise did not correlate significantly with HRend-exercise 
(r = 0.050 and r = 0.040, for HC and CHF respectively, p > 0.05 for both). Concerning disease 
characteristics, NYHA and Weber scores were related to TSI onset kinetics (r = 0.606, p = 0.008, 
and r = 0.501, p = 0.034, respectively), whereas LVEF, and duration of CHF were not (r = -0.031, 
p = 0.904, and rs = -0.287, p = 0.248, respectively).
  Qualitative analysis of the deoxygenation overshoot showed it was less frequent in 
the CHF group compared with the HC group during bout 1, and its incidence became lower 
after priming in patients with CHF (Table 3). Subanalysis showed that the incidence of the 
deoxygenation overshoot was equal between patients with CHF with dilated and ischemic 
cardiomyopathy [4/7 (57%) and 6/11 (55%), respectively]. The presence of an overshoot was not 
related to peakV̇O

2
 or age (r = 0.281, p = 0.096, and r = 0.153, p = 0.372, respectively). Oxygen 

Figure 3. Mean response time (MRT) for tissue saturation index (TSI) kinetics during onset of two 
consecutive bouts (bout 1 and 2) of moderate-intensity constant work rate exercise in patients with chronic 
heart failure (CHF) (A) and healthy control (HC) subjects (B) with and without a deoxygenation overshoot 
(OS) at exercise onset [OS (+) and OS (−), respectively]. * p < 0.01 between bouts; † p < 0.05 between groups.

A

B
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uptake kinetics (τV̇O
2onset) were not different between patients with CHF with and without an 

overshoot (56.2 ± 26.6 s versus 55.5 ± 15.9 s, respectively, p = 0.965). Deoxygenation kinetics 
(MRT TSI onset) differed between subjects with [OS(+)] and without [OS(-)] an overshoot during 
bout 1 (21.9 ± 7.0 s versus 17.6 ± 3.7 s, respectively, p = 0.005), but not during bout 2 (16.5 
± 5.0 s versus 15.7 ± 3.6 s, p = 0.814). Specifically, priming reduced MRT TSI onset in [OS(-)] 
CHF subjects only (Figure 3). Quantitative analysis of the deoxygenation overshoot revealed 
no differences between groups (Table 3). For HC subjects, the overshoot area was lower after 
priming exercise.

Discussion

This study is the first to compare skeletal muscle oxygenation and its kinetics during moderate-
intensity exercise between moderately impaired patients with CHF and HC subjects. In contrast 
to our hypothesis, deoxygenation kinetics were 28% slower in patients with CHF, which indicates 
that V̇O

2
m was slowed relative to Q̇O

2
m during onset of exercise. Moreover, a deoxygenation 

overshoot, indicating a temporary Q̇O
2
m to V̇O

2
m mismatch, was less frequent in the CHF 

group. In patients with CHF without an overshoot, deoxygenation kinetics were accelerated 
(26% faster) toward HC values after moderate-intensity priming exercise, indicating a relative 
improvement of V̇O

2
m kinetics. In contrast, subjects with an overshoot showed a reduction in 

the presence of an overshoot after priming exercise, indicating improved matching of Q̇O
2
m to 

V̇O
2
m for some individuals. This apparent disparity suggests different limitations with respect to 

oxygen delivery and utilization, which is possibly relevant for patient assessment and treatment.

Deoxygenation response at exercise onset
The present finding of slow deoxygenation kinetics at exercise onset in moderate CHF contrasts 
faster deoxygenation in moderately impaired rats with CHF (9). Moreover, slow deoxygenation 
was only found in severely impaired specimens (9, 22). The only known human study comparing 
CHF with HC has thus far demonstrated shortened deoxygenation kinetics at higher relative 
exercise intensity (i.e. supra-GET) than used in the present study (68). The degree of heart 
failure, and possibly the intensity of exercise, may therefore influence SmO2 kinetics in CHF.
 In explaining our results, it is important to note that for healthy subjects and animal 
models, heavy-intensity exercise is a condition during which Q̇O2m is likely to slow (7, 32, 41, 
47). Moreover, heavy-intensity exercise has been known to speed the deoxygenation response 
compared with moderate-intensity exercise (1, 28, 33, 66). This is, among other factors, related 
to a greater activation of fast-twitch muscle fibers, known to display a reduced kinetic response 
of Q̇O

2
m, concomitant with an increased fractional O2 extraction to maintain V̇O

2
m (51). 

Accordingly, in absence of disease, the kinetics of V̇O
2
m at exercise onset are considered to be 

more or less insensitive to Q̇O
2
m. Instead, they seem to be subject to mitochondrial control 

(41, 47, 60, 70, 74). Thus, normally heavy-intensity exercise will not cause slowed Q̇O
2
m to 
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delay V̇O
2
m kinetics, and further slowing of Q̇O2m (e.g. moderate CHF) will only result in 

faster deoxygenation kinetics (68). However, when Q̇O
2
m is unusually low and/or slowing is 

exaggerated (e.g. severe CHF), this may lead microvascular O2 pressure (PO
2
m) to fall below 

a certain critical level. In turn, according to the concept of an O2 delivery dependent zone for 
oxygen uptake kinetics as proposed by Pool et al. (59), this results in aerobic energy provision 
becoming O2 supply dependent. Indeed, it has been demonstrated that low muscle oxygenation 
levels (in CHF or induced by breathing hypoxic air) slow oxygen kinetics (14, 15, 24, 40, 67), 
and also slow deoxygenation kinetics in (older) rats with severe CHF (9, 22). However, slow 
SmO2 kinetics in our study do not seem to be related to low resting or minimally attained muscle 
oxygenation, because their proxies (i.e. TSIbaseline and TSIminimum) were similar in patients with 
CHF and HC subjects. Furthermore, a relatively high peakV̇O

2
 in the CHF group compared 

with other studies evaluating patients with CHF with NIRS (20.1 ± 6.0 versus 14.0 ± 3.3, 14.7 
± 3.0, and 15.1 ± 2.8 mL·min-1·kg-1) indicates they were not severely limited (12, 14, 68). It is 
therefore suggested that O2 supply dependency (i.e. surpassing a critical PO

2
m) was not the 

mechanism by which SmO2 kinetics were slowed, particularly not during moderate-intensity 
exercise. Rather, slow activation of the O2 consuming metabolic pathways (i.e. those supplying 
ATP for contraction) may be a more appropriate suggestion, since the alternative explanation 
for our results, slowing of deoxygenation due to faster Q̇O

2
m kinetics in CHF compared with 

those in HC, is less likely considering the known sluggish cardiac and capillary hemodynamics 
in CHF (43, 61, 68).
 The mechanism by which activation of oxidative energy supply during onset of 
exercise occurs is considered complex, because it is thought not to rely solely on feedback control 
by [ADP] (73, 74). Indeed, several biochemical compounds have been identified to be involved 
in allosteric or parallel activation of mitochondrial oxidative phosphorylation (e.g. porins, the 
voltage dependent anion channel, adenine nucleotide transporters, pyruvate dehydrogenase 
(PDH), and complex I and V of the oxidative phosphorylation system) (73). Although slowed 
activation of oxidative energy supply has been demonstrated in aging subjects (35), to date no 
studies exist that address this topic in CHF subjects. However, the proposed mechanisms of 
delayed mitochondrial activation (especially PDH and complex I activation) share a reliance 
on cytosolic and mitochondrial Ca2+ regulation (30, 35), which has been known to be disturbed 
in skeletal muscle of both older and CHF subjects (23, 52, 58, 63), and may form an interesting 
subject for future research.

Response to prior moderate-intensity exercise bout
Our result of speeding of the deoxygenation response (i.e. MRT) after priming, specifically 
because of shortening of the time delay, is in accordance with studies in young healthy humans 
(2, 36). However, other studies show a concomitant increase of the time constant. In those cases, 
this resulted in unchanged mean response times (27, 53, 62, 67), or increased mean response 
times for older subjects (21). Physiologically, speeding of deoxygenation after priming will 
signify that the inertia of V̇O

2
m was (partially) abolished, at least under our assumption that 
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V̇O
2
m was initially slowed relative to Q̇O

2
m, and that Q̇O

2
m did not slow to a great degree 

after priming. Such a concept is supported by measurements in healthy subjects, demonstrating 
speeding of limb oxygen consumption without slowing of limb blood flow during a second bout 
of heavy-intensity exercise (20, 50, 57). Moreover, the previously discussed lag in activation of 
mitochondrial respiration during onset of contractions (11, 35, 73, 74), was shown to be reduced 
after prior exercise (17, 30, 39). Thus, as suggested by several authors (46, 60), the reduction 
of the time delay of deoxygenation due to priming may therefore indicate that the time delay 
is associated with the activation of mitochondrial respiration, whereas the time constant may 
be more representative of the actual interplay between the kinetics of Q̇O

2
m and V̇O

2
m once 

respiration is activated. As such, delayed oxygen extraction may indicate slow mitochondrial 
activation in patients with CHF compared with HC subjects, whereas prior exercise equalizes 
this difference. Nevertheless, given the sluggish V̇O

2
p kinetics in CHF, the separate kinetic 

responses of Q̇O
2
m and V̇O

2
m are likely to remain compromised (i.e. slower) after priming in 

this group. 
 The current finding of unchanged V̇O

2
p kinetics after prior moderate-intensity 

exercise is consistent with other studies (16, 27). As such, these results fail to verify speeding 
of V̇O

2
m kinetics. However, predictions from computational modeling showed that in the 

presence of augmented tissue oxygen availability, speeded V̇O
2
m kinetics would be more likely 

to increase than to decrease the time constant of phase II V̇O
2
p kinetics (13, 49). Hence, the 

higher resting SmO2 values preceding the second exercise bout in the current study may indicate 
a supplementary local oxygen source delaying the increase of oxygen uptake at the lungs. As 
such, unchanged V̇O

2
p kinetics, do not dismiss our statement of priming induced speeding of 

V̇O
2
m kinetics.

 In a similar but smaller study than the present, Bowen et al. did find speeding of V̇O
2
p 

kinetics after moderate-intensity priming exercise, however, combined with two distinctive 
deoxygenation responses (i.e. speeding or slowing) depending on primed V̇O

2
p kinetics (fast or 

slow, respectively) (14). In the group that accelerated deoxygenation, speeding of V̇O
2
p kinetics 

was interpreted as evidence for speeding of V̇O
2
m relative to Q̇O

2
m (as opposed to Q̇O

2
m slowing 

relative to V̇O
2
m). While this is in agreement with our interpretation, it was argued to occur in a 

more O2 dependent manner because subjects were more severely impaired (peakV̇O
2
 14.7 ± 3.0 

mL·min-1·kg-1 versus 20.1 ± 6.0 mL·min-1·kg-1 in our study), and resting oxygenation was raised 
after priming from rather low levels (57.2 ± 7.2 % versus 67.9 ± 4.0 % in our study), possibly 
facilitating exploitation of a utilization reserve (14). In contrast, speeding of V̇O

2
p kinetics in 

the group that slowed deoxygenation was not seen as evidence for faster V̇O
2
m. Instead, it was 

concluded that there was an intramuscular deficit that prevented the use of a heightened and 
accelerated Q̇O

2
m. However, it was not known whether the slowed deoxygenation response 

either approached or departed from a ‘healthy’ response. In the case of an initially low absolute 
Q̇O

2
m (evidenced by lower SmO2 at baseline for the slow group) and slow Q̇O

2
m kinetics, it 

cannot be excluded that V̇O
2
m actually sped together with an even greater speeding of Q̇O

2
m 

kinetics. Therefore, the lack of a reference as to what constitutes a normal response (i.e. an HC 
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group) hindered interpretation of their data. Furthermore, their reported time constants for 
V̇O

2
p kinetics were faster than in our study and those reported for CHF by Sperandio et al. 

(49 ± 19 s versus 56 ± 22 s and 65 ± 17 s, respectively) (14, 68), which could be attributable to 
differences in modeling (averaging of two repeats with isolation of the fundamental phase), and/
or a smaller impact of disease related pathophysiology on their patients’ oxygen kinetics. Again, 
an HC group is required to appraise the latter suggestion.

Deoxygenation overshoot and heterogeneity of limitations to submaximal 
exercise performance
A temporary kinetic mismatch of Q̇O

2
m to V̇O

2
m at exercise onset is thought to be reflected 

by deoxygenation overshooting the subsequent steady state (3, 22, 28). In this study, the lower 
frequency of overshoots in the CHF group supports our interpretation of deoxygenation kinetics 
in moderate CHF. That is, a limitation to aerobic energy provision at onset of moderate-intensity 
exercise was less attributable to a low Q̇O

2
m to V̇O

2
m ratio than in the HC group.

 Comparing patients with CHF and HC subjects, Sperandio et al, showed higher 
percentages for the overshoot in CHF (70% versus 56% in our study), and its absence in healthy 
subjects (78% in this study) (68). This contrast could be due to a difference in exercise protocol 
(i.e. supra-GET exercise intensity), healthy subject characteristics (i.e. inactive subjects), 
or method of overshoot determination (i.e. visual confirmation in a normalized [HHbMb] 
response).
 In contrast to the study by Bowen et al. (14), this study analyzed the incidence of 
the deoxygenation overshoot after prior exercise. Interestingly, the incidence of overshoots was 
significantly reduced after priming in the CHF group, while the overshoot area was reduced 
in the HC group. This finding implies that for some subjects in both groups, Q̇O

2
m was sped 

relative to V̇O
2
m to such a degree that an overshoot-related kinetic mismatch was reduced 

after prior exercise. It thus contradicts our previous conclusions based on deoxygenation 
kinetics. Actually, when subjects were grouped with respect to the presence or absence of a 
deoxygenation overshoot [OS (+) or OS (−), respectively], it was clear that slow deoxygenation 
kinetics in patients with CHF could be primarily attributed to the OS (−) group (Figure 3A). 
Notwithstanding the fact that deoxygenation kinetics sped after priming in both CHF and HC 
subjects (Table 3), speeding of deoxygenation was only significant in the OS (-) group of patients 
with CHF, and not in the OS (+) group, or both separate groups of HC subjects (Figure 3B). 
Therefore, exercise responses exhibiting an overshoot did not contribute to the overall difference 
between kinetic SmO2 responses of the CHF and HC groups, providing evidence that these 
responses were related to a contrasting limitation (i.e. slow Q̇O

2
m relative to V̇O

2
m instead of 

the opposite).
 The observation that SmO2 onset kinetics were not faster in OS (+) patients with CHF 
than in OS (+) HC subjects raises the suspicion that an overshoot-related O2 delivery impairment 
was not as substantial as reported by Sperandio et al. using heavy-intensity exercise (68). 
Additionally, an equal area and height of the overshoot (shown to be proportional to a Q̇O

2
m 
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to V̇O
2
m mismatch) between CHF and HC subjects indicates that the adjustment of Q̇O

2
m to 

V̇O
2
m was quite similar between groups (3), and was actually not further off balance in the CHF 

group. Especially the fact that our active healthy subjects were older could have contributed to 
a relatively blunted Q̇O

2
m response to exercise, because aging has been shown to be responsible 

for altered vascular responses per se (e.g. maldistribution due to distorted capillary recruitment) 
(10, 54), increasing the incidence and height of a deoxygenation overshoot (9).
 Taken together, the present results provide indirect evidence for heterogeneity with 
respect to the type of limitation during exercise onset in patients with CHF based on the 
deoxygenation overshoot. In its absence, slowed deoxygenation kinetics are associated with an 
O2 utilization impairment progressive with the lengthening of its time course. This evidence was 
strengthened by the association between SmO2 onset kinetics and mitochondrial enzyme activity 
(i.e. citrate synthase) in CHF animals (9, 22), and with NYHA and Weber scores in this study. 
Instead, a deoxygenation overshoot was related to an O2 delivery impairment, proportional to 
its height and surface area, and possibly more so in case of a persistent overshoot after prior 
exercise.

Study limitations
First, a limited number of females were included. Therefore generalizability of the conclusions 
may be restricted to moderately impaired older men with CHF. Second, the fact that the 
incidence of a deoxygenation overshoot was not different between CHF types (ischemic 
and idiopathic dilated cardiomyopathy) may imply that both pathologies recruit common 
mechanisms for flow-metabolism matching or mismatching. However, because the study sample 
size was limited, the existence of divergent mechanisms (i.e. the possibility of a type II error) 
cannot be excluded. Third, control subjects were active (i.e. not sedentary), which could have 
led to an erroneous attribution of measured differences to the disease state instead of to activity 
status (25). However, patients with CHF were relatively active as well, given their functional 
status (e.g. peakV̇O

2
), and the fact that some had previously been enrolled in our cardiac 

rehabilitation program. Fourth, skeletal muscle oxygenation of the healthy subjects that used 
antihypertensive medication could have been altered due to hypertension-related peripheral 
vasoconstriction and reduced functional sympatholysis at exercise onset (64). However, the 
facts that these subjects were normotensive at the time of testing, and treatment of hypertension 
has been demonstrated to restore functional sympatholysis (71), make a confounding influence 
on SmO2 unlikely. Fifth, although ATT is known to influence absolute (de-)oxygenation values 
and amplitudes (15, 19), no correction was used when analyzing NIRS data, limiting utility for 
drawing conclusions based on correlations with these parameters. Nevertheless, distribution of 
ATT was similar in both groups and measurements were only compared between matched pairs 
(i.e. with equal BMI and ATT). Sixth, NIRS measurements were limited to one muscle (site), 
while spatially distributed measurements can potentially provide evidence of maldistribution 
of blood flow between and within active muscles (66). Nevertheless, the apparently high degree 
of vascular control in the distal vastus lateralis allowed a window into the slowed metabolic 
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machinery of some patients with CHF that may otherwise (e.g. in less oxidative muscles) not 
have been observed and can be considered a finding in its own right. Seventh, as this study was 
based on non-invasive assessments, there was no absolute or approximating measure of actual 
Q̇O

2
m or V̇O

2
m to relate the measure of SmO2 to. However, such measurements are necessary 

to draw definitive conclusions about Q̇O
2
m to V̇O

2
m matching during exercise. Finally, phase 

II pulmonary oxygen kinetics were fitted after excluding 20 s from exercise onset to avoid 
influence from phase I. However, this approach risks elimination of the first part of phase II, 
which has been predicted to produce erroneously larger values for tau V̇O2 onset when phase I 
is short (i.e. less than 20 s) (13).

Conclusions

In conclusion, this study showed that NIR-SRS derived SmO2 kinetics at onset of moderate-
intensity exercise were slowed with the degree of heart failure in moderately impaired patients 
with CHF compared with healthy control subjects. Absence of a deoxygenation overshoot at 
onset was related to slowed SmO2 kinetics and speeding towards healthy values after moderate-
intensity priming exercise, reflecting an initial limitation of O2 utilization to aerobic energy 
provision. In contrast, the presence of an overshoot, which is indicative of a Q̇O

2
m to V̇O

2
m 

mismatch, decreased after priming exercise in a significant number of subjects. Together, these 
results provide evidence for heterogeneity with regard to an O2 delivery or utilization impairment 
in moderate CHF. Although such impairments were relieved by prior exercise, indicating that 
the balance of the adjustment of Q̇O

2
m and V̇O

2
m was easily restored, V̇O

2
p kinetics remained 

slow compared with healthy subjects. Future studies must provide an answer as to whether 
SmO2 measurements during exercise can aid the prediction of outcomes to different treatment 
strategies in CHF.
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Abstract

Background: High intensity Interval Training (HIIT) improves exercise capacity in patients 
with chronic heart failure (CHF). Moreover, HIIT was associated with improved resting cardiac 
function. However, it remains to be elucidated to what extent these improvements actually 
contribute to training-induced changes in exercise capacity. Therefore, we evaluated effects of 
HIIT on exercising central hemodynamics and skeletal muscle oxygenation.
Methods: Twenty-six patients with CHF were randomized to a 12-week 4 x 4-min HIIT 
program at 85-95% of peakV̇O

2
 or usual care. Patients performed maximal and submaximal 

cardiopulmonary exercise testing with simultaneous assessment of cardiac output and  skeletal 
muscle oxygenation by near infrared spectroscopy (NIRS), using the amplitude of the tissue 
saturation index (TSIamplitude).
Results: Peak work rate increased with 11% after HIIT (between group p = 0.01) with a non-
significant increase in peakV̇O

2
 (+7%, between group p = 0.19). Cardiac reserve (CR) increased 

by 37% after HIIT (within group p = 0.03, between group p = 0.08); this increase was not related 
to improvements in peak work rate. Oxygen uptake recovery kinetics after submaximal exercise 
accelerated by 20%, (between-group p = 0.02); this improvement was related to a decrease in 
TSIamplitude (r = 0.71 p = 0.03), but not to changes in cardiac output kinetics.
Conclusion: HIIT induced improvements in maximal exercise capacity and exercising 
hemodynamics at peak exercise. Improvements in recovery after submaximal exercise were 
associated with attenuated skeletal muscle de-oxygenation during submaximal exercise but not 
with changes in cardiac output kinetics, suggesting that the effect of HIIT on submaximal exercise 
capacity is mediated by improved microvascular oxygen delivery-to-utilization matching.
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Introduction

It is widely recognized that exercise training improves functional capacity and quality of life in 
chronic heart failure (CHF) patients. Furthermore exercise training is safe and has beneficial 
effects on prognosis (24, 35, 37). For this reason, exercise training is highly recommended in 
international guidelines for patients with CHF (25, 26). Nevertheless, to date, it remains unclear 
what the optimal training characteristics should be (33, 39). In a randomized controlled trial in 
elderly patients with CHF, high intensity interval training (HIIT) was shown to have superior 
effects on exercise capacity and quality of life as compared to moderate-intensity continuous 
training (MCT) (42). In this study, HIIT was not only associated with improvements in skeletal 
muscle function, but also with a marked reduction in left ventricular size (reverse remodeling) 
and improvement in cardiac function. However, as resting hemodynamics correlate poorly with 
exercise capacity, it remains unclear to what extent hemodynamics during exercise contributes 
to the improvement in exercise capacity. 
 From a physiological standpoint, a reduced cardiac output (Q̇) response to exercise  
(i.e. bulk oxygen delivery) may compromise peripheral oxygen delivery (i.e. micro vascular 
blood flow; Q̇m) and subsequently impair the ratio between microvascular oxygen delivery 
and metabolic demands in skeletal muscles resulting in impaired contractile performance and 
exercise capacity (28, 29). Therefore, in order to investigate whether HIIT-induced improvements 
in central hemodynamics actually contribute to improved skeletal muscle oxygenation, it is 
essential to assess both exercising cardiac function and oxygen delivery-to-utilization (Q̇O2-to-
V̇O

2
) matching in skeletal muscles. Previously, near infrared spectroscopy (NIRS) has been used 

in humans to asses skeletal muscle oxygenation and is considered to be a proxy of microvascular 
Q̇O2-to-V̇O

2
 matching during dynamic transitions (2, 7). It was shown that MCT improves Q̇O2-

to-V̇O
2
 matching in healthy subjects and animal models of CHF (10). However, these studies 

did not investigate whether this improvement was mediated through improvements in central 
hemodynamics or improved peripheral oxygen delivery, as exercising central hemodynamics 
were not assessed. Also, studies investigating the effects of HIIT on microvascular oxygen 
delivery-to-utilization matching in patients with CHF are lacking.  
 The purpose of this explorative study was to investigate the effect of HIIT in patients 
with CHF on maximal and submaximal exercise capacity and in particular to establish whether 
these improvements are mediated through improvements in exercising central hemodynamics 
and/or changes in microvascular Q̇O2-to-V̇O

2
 matching.

Methods

The study was designed as a prospective randomized controlled trial. Baseline assessment 
consisted of cardiac MRI and/or echocardiography, (sub)maximal exercise testing with 
respiratory gas analysis and simultaneously cardiac output measurements using a pulse 
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wave contour analysis method. In addition, changes in skeletal muscle tissue oxygenation 
during and after (sub)maximal exercise were assessed by NIRS. After the intervention, 
all subjects underwent the same assessment. All tests were conducted at the department 
of cardiology of the Máxima Medical Center. The research protocol was approved by the 
medical ethics committee of the Máxima Medical Center, Veldhoven, the Netherlands. The 
study complies with the Declaration of Helsinki. All patients provided written and signed 
informed consent. 

Population
Consecutive patients with CHF who were referred to the department of cardiology of the 
Máxima Medical Center were screened for eligibility. Patients with stable (≥ 3 months) CHF 
were considered eligible for participation in the study. Additional inclusion criteria were: 
CHF secondary to ischemic or dilated cardiomyopathy, New York Heart Association (NYHA) 
functional class II-III, left ventricular ejection fraction ≤ 40% and optimized medical treatment 
(26). Exclusion criteria were: recent myocardial infarction, unstable angina (≤ 3 months prior 
to inclusion), hemodynamically significant valve disease, participation in a training program 
(≥ 2 times per week) in the last year, significant chronic obstructive pulmonary disease [forced 
expiratory volume in the first s (FEV1) / forced vital capacity (FVC) < 60%] and orthopaedic or 
neuromuscular conditions limiting the ability to perform exercise. 

Randomization, blinding and treatment allocation
Randomization was performed after completion of baseline measurements. Sealed envelopes 
were used to allocate the patient to the training or usual care group (1:1 ratio). The study 
physician was blinded for the treatment allocation. Blinded physicians or technicians analyzed 
testing results.

High Intensity Interval Training
Exercise training was performed 3 times a week during 12 weeks. The HIIT program was 
adapted from the study of Wisløff et al. in elderly patients with CHF (42). In contrast to the 
original treadmill based program, study participants performed the HIIT protocol on a bicycle 
ergometer. Training commenced with a 5-min warming up period. Subsequently, subjects 
performed 4 intervals of 4 min with a work rate corresponding to 85-95% of peakV̇O

2
 achieved at 

the maximal exercise test. The intervals were separated by 3-min active pauses. After completion 
of the interval sessions there was a 5-min cool down. All subjects were trained in the hospital 
under direct supervision of trained physiotherapists. The control group was advised to remain 
physically active according to recommendations for physical activity (43).

Cardiopulmonary exercise testing
Exercise testing was performed in an upright seated position on an electromagnetically 
braked cycle ergometer (Lode Corrival, Lode BV, Groningen, the Netherlands). A twelve-
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lead electrocardiogram (ECG) was registered continuously. During the test, ventilatory and 
gas exchange parameters were measured breath-by-breath (ZAN 680 USB, ZAN Messgeräte, 
Oberthulba, Germany) and were averaged over 10-s intervals after removal of outliers (values > 
3 standard deviations (SD) from the local mean) (18). Volume and gas analyzers were calibrated 
before each test. 
 Maximal exercise testing consisted of a symptom-limited test using an individualized 
ramp protocol aiming at total test duration of 8-12 min. The test was preceded by 4 min of 
unloaded pedaling and was ended when the patient was not able to maintain the required 
pedaling frequency. The results of this baseline test were used to determine the work rate for the 
submaximal exercise test. Peak work rate was defined as the final registered work rate. PeakV̇O

2
 

was defined as the final 20-s averaged value of the maximal exercise test. The gas exchange 
threshold (GET) was assessed by the V-slope method (1).
 Submaximal constant load exercise testing commenced with a 2-min resting period, 
passively maintaining the right leg in a fixed position, followed by a 6-min bout at 80% of the 
work rate corresponding to the GET, achieved during the maximal exercise test. Patients were 
instructed to maintain a pedaling frequency of 70 rpm. After the load phase, there was a 5-min 
recovery phase with the same fixed leg position as during the resting period. 

Skeletal muscle deoxygenation
NIRS measurements were performed using a portable continuous wave near-infrared 
spectrophotometer (Portamon, Artinis, Elst, the Netherlands). This technique is based on the 
modified Lambert-Beer law and spatially resolved spectroscopy. The theoretical principles and 
clinical utility of the measurement technique have been described elsewhere (7). To distinguish 
between oxygenated (O2Hb) and deoxygenated haemoglobin (HHb), the device emits light at 
two different wavelengths (760 nm and 841 nm). We used the tissue saturation index (TSI) 
during submaximal exercise to measure absolute values of skeletal muscle deoxygenation (see 
also section data analysis). TSI is the ratio of oxygenated haemoglobin (O2Hb) divided by total 
Hb (tHb), and is expressed as a percentage. 
 In a previous study, we demonstrated better relative reliability of absolute TSI values 
compared with kinetic values (intraclass correlation coefficient range 0.74-0.90 for absolute 
value, and 0.53 and 0.51 for onset and recovery kinetics, respectively) (23). The NIRS probe 
was connected to the right thigh with adhesive tape and kept in place by an elastic strap. It 
was located at 20 cm proximally from the lateral patellar edge over the center of the vastus 
lateralis muscle. Ambient light was impeded by a dark cloth. Data were sampled at 10 Hz and 
stored for off-line analysis. Absolute baseline values of TSI were defined as the average values 
during the last min of the resting period, steady state values as the average values during the 
last min of exercise (TSIend-exercise). The amplitude of TSI (TSIamplitude) during submaximal exercise 
was defined as TSIbaseline minus the lowest 5-s averaged value (TSIminimum). Regarding maximal 
exercise testing, TSI @ peak was defined as the average of the last 20 s. The difference between 
TSIbaseline and TSI @ peak was defined as ∆TSIpeak. 
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Assessment of exercise hemodynamics
Assessment of exercise hemodynamics was performed by a radial artery pulse contour analysis 
method (LiDCO plus, LiDCO Ltd, London, UK). This technique provides beat-to-beat changes 
in central hemodynamics, by calculating nominal stroke volume (SV) from a pressure-volume 
transform of the radial artery pressure waveform (11). Previous studies showed that LiDCO 
is a reproducible and accurate method for assessment of cardiac output (Q̇) under a variety of 
physiological conditions (9, 20). Moreover, in a study using the Fick method as a reference, we 
showed that this technique is highly accurate for continuous assessment of Q̇ during incremental 
symptom-limited exercise testing in patients with CHF (16).
 Before the exercise test, a 20-gauge arterial catheter was inserted into the radial artery. 
The radial artery catheter was connected to the LiDCO plus monitor. In order to convert nominal 
SV to absolute SV, the system had to be calibrated at rest by an independent method. For this 
purpose, we used echocardiography and determined resting SV according to international 
recommendations (19). Directly after calibration, patients were positioned upright on the cycle 
ergometer and the exercise protocol was started. Resting Q̇ was defined as the average of 60 s 
during the resting phase and peak Q̇ as the average of the last 20 s at the end of maximal exercise. 
Cardiac reserve (CR) was defined as peak minus baseline Q̇.

Cardiac Magnetic Resonance Imaging (CMR) 
CMR was performed on a clinical whole-body 1.5 Tesla scanner (Philips Achieva, Best, the 
Netherlands) with acquisition of two-chamber, four-chamber and short-axis cineloops. Left 
ventricular end diastolic (LVEDV) and end systolic volumina (LVESV) were determined using 
the modified Simpson’s rule algorithm by tracing the short axis 2D areas. Quantitative flow of 
the proximal aorta was used as a reference for SV measurements. Analysis was performed post-
hoc by a blinded physician using cardiac analysis software (Cardiac Explorer, Philips, Best, the 
Netherlands).

Echocardiography at rest
In patients with a contra indication for CMR, such as an ICD or pacemaker, echocardiography 
was used to determine cardiac volumina and function (Philips IE33; Best, the Netherlands) 
Volumina and left ventricular ejection fraction were determined using the modified biplane 
Simpson’s rule algorithm by tracing endocardial borders at end systole and diastole in a apical 
two- and four-chamber view, according to international recommendations (19). Analysis was 
done post-hoc by a blinded echocardiographist using cardiac analysis software (TomTec Arena, 
TomTec, Munich, Germany).

Data analysis
Kinetic analysis 
The analysis of kinetics of V̇O

2
 and Q̇ during onset and recovery of the constant load tests was 

reported previously (14). First, all data were resampled into 10-s intervals. Considering exercise 
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onset, the first 20 s of the V̇O
2
 data set were omitted, as it is generally accepted that during this 

period (cardiodynamic phase) the increase in V̇O
2
 reflects merely an increase in pulmonary 

blood flow, rather than changes in tissue gas exchange. To calculate time constants of onset of V̇O
2
 

and Q̇, a non-linear (damped) least squares regression procedure (Python 2.7, Python Software 
Foundation, Beaverton, USA) was applied to the onset phase, using the following formula:

Y(t) = Ybaseline + A . (1 - e - (t - Td)/τ)

with Y = V̇O
2
 or Q̇, A = the amplitude during exercise onset, Td = time delay (s), and τ = time 

constant (s). For the recovery phase of V̇O
2
 and Q̇, the following formula was used:

Y(t) = Ysteadystate - A . (1 - e - (t - Td)/τ)

with Y = V̇O
2
 or Q̇, A = the amplitude during recovery from steady state, Td = time delay (s), 

and τ = time constant (s). 
Figure 1 shows an example of the responses of V̇O

2
, Q̇ and TSI during submaximal exercise in 

a representative subject.

Statistical analysis
Data were analyzed using SPSS 19.0.0 statistical software (SPSS Inc., Chicago, IL, USA). 
Continuous variables describing the patient sample are presented as mean with SD and 
dichotomous data as numbers and percentages. Data was analyzed by paired Student's t-tests for 
within group differences and by independent Student's t-tests for between group differences. A 
p-value less than 0.05 was considered to be statistically significant. Relations between variables 
were assessed by Pearson’s correlation coefficient. The “goodness of fit” was determined by the 
coefficient of determination (R2 ).

Results

In total, 31 eligible patients consented to participate. Five patients were excluded from final 
analysis: two patients had ventricular arrhythmias requiring hospitalization (one from the 
control group and one from the intervention group) and two patients from the intervention 
group died (progressive renal and heart failure after a severe gastro-enteritis in one subject 
and progressive heart failure and personal decision to refrain from further medical services 
in another subject). Finally, one patient stopped after ten training sessions because of lack 
of motivation. Twenty-six patients finished the study protocol. Twelve completed the HIIT 
protocol; all subjects attended > 80% of training sessions. Fourteen patients were allocated to 
the control group. Table 1 represents baseline characteristics of the included subjects. Except for 
age, no statistical significant differences were observed between categories. 
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Exercise testing
All study procedures were performed without adverse events. Cardiac output assessment at 
the final evaluation was not performed in two patients due to refusal and unsuccessful arterial 
cannulation respectively. Cardiac output data from another patient could not be used due to 
damping of the arterial pressure waveform. Oxygen uptake recovery kinetics could not be 
adequately determined due to insufficient data quality in one patient in the intervention group 
at the final assessment. TSI values could not be determined at baseline in one patient in the 
intervention group due to technical problems. Four out of 52 maximal TSI tests could not be 
analyzed due to insufficient data quality. 

Resting hemodynamics
Table 2 represents the data obtained from the baseline and final assessments in both groups. 
There were no significant training-induced changes in left ventricular volumes and function 
at rest. Changes in these parameters were not related to changes in exercising hemodynamics, 
oxygen uptake or TSI parameters. 

Maximal exercise capacity
There was a significant within- and between-group increase in peak work rate, but no significant 
change in maximal oxygen uptake and oxygen uptake at the GET (Table 2). Although the increase 
in peak Q̇ did not reach statistical significance, there was a 37% increase in cardiac reserve (CR) 
in the intervention group (2.3 ± 3.2 L.min-1, p = 0.03), which did not reach statistical significance 

Table 1. Subject characteristics at baseline

Characteristic HIIT (n = 12) Control (n = 14) p

Age (yr) 58.0 ± 7.8 66.5 ± 8.7 .02
Gender (male/female) 10/2 13/1 .48
Weight (kg) 83 ± 12 89 ± 13 .23
Height (cm) 175 ± 8 177 ± 7 .25
Etiology (ICM/DCM) 8/4 6/8 .38
Duration of heart failure (months) 47 ± 43 38 ± 61 .66
NYHA class (II/III) 9/3 7/7 .25
LVEF (%) 33 ± 9 32 ± 12 .81
ICD/CRT-D/PM 7/1/0 1/2/1 .07
Rhythm (SR/AF/PM) 10/1/1 8/5/1 .25
Beta blocker (%) 92 100 .30
ACE/ARB (%) 100 93 .51
MRA (%) 33 29 .80

Values are presented as mean ± SD, number or percentage. High-Intensity Interval Training (HIIT); 
Ischaemic Cardiomyopathy (ICM), Dilated Cardiomyopathy (DCM), New York Heart Association 
(NYHA), Left Ventricular Ejection Fraction (LVEF), Implantable Cardioverter Defibrillator (ICD), Cardiac 
Resynchronization Therapy with Defibrillator (CRT-D), Sinus Rhythm (SR), Atrial Fibrillation (AF), 
Pacemaker (PM), Angiotensin-Converting Enzyme Inhibitor (ACE), Angiotensin II Receptor Blocker 
(ARB), Mineralocorticoid Receptor Antagonist (MRA).
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at a between-group level. There were no significant within- and between-group changes in peak 
skeletal muscle deoxygenation or in the amplitudes during the symptom limited exercise test.
 The training induced change in work rate correlated significantly with changes in 
peakV̇O

2
 and V̇O

2
 at GET (r = 0.7, p = 0.01 and r = 0.77, p = 0.004), but not with changes in peak 

Q̇ and CR (r = 0.55, p = 0.08 and r = 0.56, p = 0.09) nor with changes in peak skeletal muscle 
deoxygenation (r = -0.40, p = 0.29) or amplitude (r = 0.13, p = 0.7).

Submaximal exercise data
Physiological and kinetic variables at submaximal exercise in both groups are shown in table 
2. Whereas V̇O

2
 onset kinetics showed no significant improvement after HIIT, there was a 

significant within- and between group acceleration of V̇O
2
 recovery kinetics (p = 0.02, Table 2). 

In the HIIT group, there was a non-significant acceleration in Q̇ onset kinetics (p = 0.11). There 

Figure 1. Example of (A) cardiac output (Q̇), (B) oxygen uptake (V̇O
2
), and (C) skeletal muscle deoxygenation 

[tissue saturation index (TSI)] response at the onset of submaximal exercise. Measured study parameters are 
presented in the figure.

A

B

C



172

Chapter 8

were no significant within and between-group differences in the amplitudes of skeletal muscle 
deoxygenation (TSIamplitude) and TSIminimum. Training-induced changes in V̇O

2
 recovery kinetics 

correlated significantly with changes in TSIamplitude (r = 0.71, p = 0.03,  Figure 2) but not with Q̇ 
onset or recovery kinetics. Also, TSI parameters were not correlated with Q̇ kinetics.

Discussion

The results of this study demonstrate that high intensity interval training in patients with CHF 
induces improvements in the maximally achieved work rate and the rate of recovery from 
submaximal exercise. The increase in maximal work rate was associated with an increase in 

Values are presented as mean +/- SD. High Intensity Interval Training (HIT); Ejection Fraction (EF); End 
Systolic Volume (ESV); End Diastolic Volume (EDV); time constant of oxygen uptake (τV̇O

2
); time constant 

of cardiac output (τQ̇); Tissue Saturation Index (TSI); minimal value of TSI (TSI min); amplitude of the TSI 
response between the baseline and minimal value (TSI amp); oxygen uptake (V̇O

2
); Gas Exchange Threshold 

(GET); Cardiac Output (Q̇); Cardiac Reserve (CR: peak minus baseline value); .TSI baseline value from the 
maximal exercise test (TSI bl max); TSI value at the end of maximal exercise (TSI peak); amplitude between 
baseline and peak TSI (TSI delta). * represents within group statistical significance with a p-value < 0.05.

Table 2. Physiological and kinetic variables at rest, submaximal and maximal exercise at baseline and 
follow-up.

HIIT (n = 12) Control (n = 14) p
Before After Before After Between

Rest 
EF (%) 32.8 ± 8.6 33.5 ± 10.4 32.9 ± 11.7 35.5 ± 12.4 .53
ESV (mL) 150 ± 43 150 ± 53 179 ± 97 169 ± 84 .58
EDV (mL) 219 ± 42 221 ± 48 251 ± 103 244 ± 100 .62

Submaximal
τV̇O

2
 on (s) 57 ± 22 49 ± 17 60 ± 28 56 ± 23 .72

τV̇O
2
rec (s) 71 ± 19 59 ± 14* 68 ± 23 69 ± 24 .02

τQ̇ on (s) 62 ± 27 49 ± 17 52 ± 39 48 ± 31 .38
τQ̇ rec (s) 52 ± 23 55 ± 23 66 ± 49 60 ± 25 .58
TSI bl (%) 65 ± 4.4 65.4 ± 7 67.8 ± 4.9 66.7 ± 4.6 .43
TSI min (%) 54.9 ± 10.6 56.2 ± 10 60.4 ± 7.1 57.8 ± 8.2 .06
TSI amp (%) 10.1 ± 7.2 9.2 ± 4.6 7.4 ± 5.2 8.9 ± 5.7 .17

Maximal
Peak work rate (W) 135 ± 47 150 ± 51* 130 ± 57 132 ± 64 .01
V̇O

2 peak (mL.min-1.kg-1) 20.8 ± 5.4 22.2 ± 5.3 20.2 ± 6.0 19.9 ± 6.7 .19
V̇O

2
  GET (mL.min-1.kg-1) 13.9 ± 3.2 14.9 ± 3.1 13.8 ± 4.4 13.8 ± 4.3 .39

Q̇ peak (L.min-1) 12.4 ± 3.8 15 ± 4.4 10.6 ± 5.2 11.1 ± 7.3 .20
Q̇ bl (L.min-1) 5.3 ± 2.2 5.7 ± 1.5 4.8 ± 1.7 5.3 ± 1.7 .87
CR (L.min-1) 7.2 ± 2.6 9.7 ± 4.1* 5.8 ± 4.3 5.8 ± 5.7 .08
TSI bl max (%) 70.7 ± 4.2 68.9 ± 2.1 70.7 ± 5.9 69.6 ± 7.0 .96
TSI peak (%) 57.5 ± 6.4 56.5 ± 3.7 56.1 ± 6.8 55.3 ± 7.9 .65
TSI delta (%) 13.2 ± 4.4 12.4 ± 2.9 14.6 ± 5.2 14.3 ± 4.5 .81
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CR but there was no correlation with changes in resting or exercising hemodynamics. The 
acceleration of recovery after submaximal exercise was related to a decrease in skeletal muscle 
deoxygenation during submaximal exercise, suggesting that the effect of HIIT on submaximal 
exercise capacity is mediated at least partly by improved microvascular Q̇O2-to-V̇O

2
 matching 

and not by improved central hemodynamics. 

Resting hemodynamics
Our results did not demonstrate any signs of left ventricular reverse remodeling after HIIT. These 
findings are in contrast to the study by Wisløff et al., showing substantial improvements in cardiac 
size and function (42). The mechanistic base for LV reverse remodeling is supported by previous 
animal and in vitro studies, showing improved calcium handling and myocyte contractility (13, 
41). This discrepancy might be explained by several factors. First, the population in the study by 
Wisløff  et al. was considerably different (42). It consisted of older males (mean age of 75.5 ± 11 
yr) with an ischemic cardiomyopathy and a severely impaired exercise capacity (mean peakV̇O

2
 

13 mL.kg-1.min-1). In comparison, our study population consisted of both male and females, was 
younger (mean age 58 ± 7.8 yr), included both ischemic and dilated cardiomyopathies and were 
moderately impaired (peakV̇O

2  20.8 ± 5.4 mL.kg-1.min-1). However, the non-significant increase 
in resting cardiac output (+ 7%) and the improvement of cardiac reserve capacity during exercise 
suggests LV remodeling and/or improved contractility induced by HIIT. Moreover, looking at 
individual patients, we observed responders and non responders of HIIT (e.g. improvement 
of ejection fraction, reduced end systolic volume), but at group level this was non-significant. 
Because of the small study sample a subgroup analysis was not performed. The lack of LV 

Figure 2. Relation between training induced changes in submaximal oxygen uptake recovery kinetics 
(τV̇O

2
-recovery) and training induced changes in skeletal muscle deoxygenation amplitude (TSIamplitude) in 

the high-intensity interval training group (n = 10, r = 0.71, p = 0.03).
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remodeling at rest is in line with studies in coronary artery disease (4, 38) and heart failure (6, 
34) that also failed to demonstrate superior effects of HIIT on LV reverse remodeling. Future 
studies should therefore focus on physiological and clinical characteristics predicting effects of 
HIIT in patients with CHF so that HIIT can be prescribed more individually.

Maximal exercise
Despite the lack of change in resting hemodynamics after HIIT, we did observe a significant and 
substantial improvement in CR (+ 35%). An improvement in exercising hemodynamics after a 
comparable HIIT protocol was also demonstrated by Fu et al. (e.g. peak Q̇ increased 31%) (8). 
The ability to increase Q̇ from baseline to peak values is an important marker of cardiac function 
(36). Moreover, exercising hemodynamics provide substantial additional information regarding 
to prognosis and prediction of treatment effects (3, 21, 32, 40). Therefore, improvement of 
the central hemodynamic performance at peak exercise induced by HIIT may be of clinical 
importance. From a physiological point of view, an increase in bulk O2 delivery during exercise 
may improve microvascular Q̇O

2
-to-V̇O

2
 matching in skeletal muscles, which leads to improved 

exercise capacity (27, 28). Although we did not observe a direct relation between improved 
exercising hemodynamics and maximal exercising capacity, the fact that skeletal muscle 
deoxygenation did not increase despite a higher maximally achieved work rate suggests an 
increase in the microvascular Q̇O

2
-to-V̇O

2 
ratio. 

Submaximal exercise
Regarding submaximal exercise, the present study demonstrated a significant acceleration of 
V̇O

2 recovery kinetics after HIIT.  This finding is clinically relevant as many patients with CHF 
are hindered by prolonged fatigue after repetitive daily activities.  Although the positive effects of 
aerobic exercise on oxygen uptake kinetics in patients with CHF have already been described in 
previous studies (22, 30), studies evaluating the effect of HIIT on submaximal exercise capacity 
in patients with CHF are scarce. A previous study using a training protocol with shorter intervals 
of higher intensity, also demonstrated accelerated post- exercise oxygen uptake recovery kinetics 
after exercise training in patients with CHF (17). However, the physiological mechanism of these 
training effects was not evaluated. Theoretically, training-induced acceleration of oxygen uptake 
recovery kinetics can be explained by an improved oxygen delivery or a faster decline of the rate 
of tissue oxygen utilisation (14). TSI represents the dynamic balance between oxygen delivery 
and utilization at the skeletal muscle level. Therefore, the fact that we observed a significant 
relation between training-related changes in the amplitude of skeletal muscle deoxygenation and 
acceleration of oxygen uptake recovery kinetics (i.e. a decrease in deoxygenation is associated 
with improved recovery), suggests that an increase in the ratio between microvascular oxygen 
delivery and utilization is a determinant of the training effect. This concept is in agreement with 
results from previous studies, showing an increase in microvascular blood flow to exercising 
muscles after HIIT (8,42). Moreover, it is in line with studies showing that the rate of submaximal 
exercise recovery in CHF is primarily limited by reduced skeletal muscle oxygen delivery (5, 15). 
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A possible mechanism underlying HIIT-induced improvements of peripheral oxygen delivery 
that has been postulated relates to improved endothelial function by an increased anti-oxidant 
status, indicating lower levels of reactive oxygen species and higher production of nitric oxide 
(NO) (e.g. improved NO bio-availability). In addition, HIIT has been shown to increase levels 
of PGC-1α (42), which is associated with upregulation of capillary and oxidative capacity (12). 
Greater capillary and red blood cell flux adjacent to contracting myocytes may serve to reduce 
spatial heterogeneity of microvascular blood flow and enhance oxygen delivery and diffusion 
capacity. Theoretically, the relation between acceleration of V̇O

2
 recovery kinetics and decreased 

muscle deoxygenation could also be mediated by improved central hemodynamics. However, 
given the lack of correlation between cardiac output kinetics and CR with both V̇O

2
 recovery 

kinetics and skeletal muscle de-oxygenation, central hemodynamic improvements do not seem 
to play a role in HIIT-induced improvements in submaximal exercise capacity in the present 
study.

Limitations
Before drawing definite conclusion to our study results some limitations have to be addressed. 
First, the study population was relative small, limiting the ability to evaluate subgroups for 
differences in response (e.g. etiology, severity). However the sample size is in line with most 
CHF training studies. Furthermore, because of the explorative nature of the study, we feel that 
the results extend the current understanding of the benefits of HIIT in patients with CHF. 
Second, a relative high dropout rate of 25% (n = 4) was observed in the intervention group. 
However, individual analysis of these cases did not reveal a causal relation between the dropout 
reason and HIIT, but accentuates the fact that it is a fragile population with an unpredictable 
course of the disease itself.  On the other hand, in a large study in cardiac rehabilitation a 
low risk of cardiovascular events during HIIT in patients with CHF was found (31). Third, 
the measurement techniques used in our study to asses cardiac output and local Q̇O2-to-V̇O

2
 

ratio provide an estimation rather than absolute values. However, both the pulse wave contour 
method as well as NIRS have been validated in a comparable cohort in previous studies (16, 23).  
Furthermore, we did not evaluate Hb before and after HIIT. An increase in Hb after training 
might have a positive influence on O2 delivery. Finally, our results cannot be extrapolated to 
different interval training protocols and more severely impaired patients, as we included 
predominantly moderately impaired patients. 

Conclusions

This study showed that high intensity interval training is effective in improving maximal and 
submaximal exercise capacity in patients with CHF. In contrast with resting hemodynamics, 
a significant within-group improvement in cardiac reserve was observed.  At a submaximal 
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exercise level, the acceleration of V̇O
2
 recovery kinetics was correlated with a decrease in skeletal 

muscle deoxygenation during submaximal exercise but not with cardiac output kinetics or 
cardiac reserve. Therefore, these results suggest that the effect of HIIT on submaximal exercise 
capacity is mediated at least partly through improved microvascular Q̇O

2
-to-V̇O

2
 matching and 

not through improved central hemodynamics.
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Abstract

Background: Patients with heart failure with reduced ejection fraction (HFrEF) suffer from 
exercise intolerance, which can be alleviated by high-intensity interval training (HIIT). We 
hypothesize that the response to HIIT on peak or submaximal exercise capacity may depend on 
individual baseline exercise hemodynamics or skeletal muscle attributes.
Methods: Forty stable, moderately impaired, patients with HFrEF were included and 
randomized to twelve weeks of HIIT or a twelve-week control period with subsequent HIIT. 
Baseline and consecutive tests consisted of maximal RAMP and moderate-intensity constant 
work rate exercise with measurements of respiratory gas, exercise hemodynamics, and skeletal 
muscle oxygenation. In addition, skeletal muscle phosphocreatine (PCr) recovery after exercise, 
and muscle biopsy samples were analyzed.
Results: HIIT improved peak work rate (p = 0.009 versus control), however not peak oxygen 
uptake (peakV̇O

2
; p = 0.142) or aerobic recovery from moderate-intensity exercise (τV̇O

2recovery; 
p = 0.081). Out of 25 patients completing HIIT, 60% improved either peakV̇O

2
 or τV̇O

2recovery, 
and 20% improved both. PeakV̇O

2
-responders (n = 13) had lower baseline peakV̇O

2
, vascular 

conductance gain, and peak arteriovenous oxygen difference (a-̅vO
2
diff; all p < 0.05). PeakV̇O

2
-

responders improved exercise hemodynamics, skeletal muscle oxidative capacity, and matching 
of skeletal muscle O2 delivery (Q̇O

2m
) to O2 utilization (V̇O

2m
) with HIIT (p < 0.05). ΤV̇O

2recovery 
responders (n = 12) had greater baseline peak hemodynamic capacity (cardiac output × mean 
arterial pressure; p < 0.05) and lower skeletal muscle oxidative capacity (p = 0.069) than non-
responders. PCr-recovery accelerated with HIIT in ΤV̇O

2recovery responders (p < 0.05). ΤV̇O
2recovery 

non-responders improved exercise hemodynamics, and decreased a-̅vO
2
diff (p < 0.05), with 

unchanged Q̇O
2m

-to-V̇O
2m

 matching (p > 0.05).
Conclusions: This study reveals that the response of patients with HFrEF to HIIT is variable, 
and likely depends on baseline peripheral disturbances of vascular conductance (peakV̇O

2
-

responders), or oxidative capacity (τV̇O
2recovery-responders). Improvements of peakV̇O

2
 with 

HIIT require improved central hemodynamics and Q̇O
2m

-to-V̇O
2m

 matching. In contrast, 
acceleration of V̇O

2
 and PCr-recovery kinetics occurred in absence of central hemodynamic 

improvements, which indicates a metabolic adaptation to HIIT.
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Introduction

Exercise intolerance is a cardinal symptom of patients with heart failure with reduced ejection 
fraction (HFrEF). Because exercise training (ET) has been shown to safely reduce exercise 
intolerance and improve quality of life in patients with HFrEF, ET is now an integral part of 
guidelines for the management of heart failure (62, 88). However, the optimal intensity of ET 
in HFrEF is still under debate. Recent focus has been on the efficacy of high intensity interval 
training (HIIT) because of its potential as a time-efficient modality to establish gains in peak 
exercise capacity through improvements of cardiac, vascular, and skeletal muscle mitochondrial 
function (85). However, the results of the multicenter SMARTEX heart failure study (21), 
which reported no advantages of HIIT over moderate-intensity continuous training (MCT), 
contrasted with the superior results of HIIT in the hallmark study of Wisløff et al. (85). While 
training intensity for HIIT in the SMARTEX study was lower than prescribed, differences of 
participants’ age and baseline peak oxygen uptake (peakV̇O

2
) between studies were also argued 

to have influenced the response to HIIT (21).
 A variable response to ET, as seen in aforementioned studies, reinforces the 
acknowledgement of heterogeneous characteristics and subtypes of patients with HFrEF (3), 
and stresses the need for a classification that can guide treatment. The premise that patient 
characteristics may provide clues to discern the beneficiaries of a specific therapy (e.g. ET or 
cardiac resynchronization therapy) provides an opportunity to optimize benefits, improve 
outcome, and prevent individuals from enduring arduous or invasive forms of treatment without 
success. When considering the demanding nature of HIIT, and the questionable advantage over 
MCT, identifying its potential responders and non-responders is of utmost importance.
 The response to ET is conventionally assessed by changes of peakV̇O

2
, because 

it reflects the integration of whole-body O2 delivery and utilization and holds prognostic 
significance (17, 51). However, the aerobic recovery from moderate-intensity exercise (i.e. V̇O

2
-

recovery kinetics) may be a more appropriate marker of daily functional capacity, and has been 
shown to be responsive to ET independent of changes of peakV̇O

2
 (37). This was confirmed 

by recent results from our laboratory, showing that HIIT accelerated V̇O
2
-recovery kinetics 

without significant improvements of peakV̇O
2
 (70). Moreover, faster V̇O

2
-recovery kinetics were 

associated with improved matching of skeletal muscle oxygen delivery (Q̇O
2m

) and utilization 
(V̇O

2m
). In contrast, peak work rate increased significantly in combination with improved 

central hemodynamic capacity. Thus far, no evidence exists that these indications of a diversified 
response are based on distinct differences between individuals. However, such proof is expected 
to create insight in which patients respond to HIIT and how.
 Therefore, this study sought to physiologically characterize patients with HFrEF and 
to identify responders in terms of peakV̇O

2
 and V̇O

2
-recovery kinetics in order to reveal the 

components of O2 transport and consumption that determine the improvement of functional 
capacity with HIIT. To this end, extensive functional assessments of skeletal muscle properties 
(i.e. 31P magnetic resonance spectroscopy and biopsy sampling), exercise hemodynamics (i.e. 
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cardiac output and arterial blood pressure monitoring), and skeletal muscle microvascular 
oxygenation (i.e. near-infrared spectroscopy) were performed to evaluate the clinical efficacy 
of HIIT in a randomized controlled design. Subsequently, physiological effects were assessed 
in a pooled group of patients receiving HIIT, providing increased statistical power to perform 
a post-hoc analysis of responders and non-responders. We hypothesized that this unique and 
comprehensive approach would reveal and explain some of the heterogeneity with respect to the 
physiological determinants of the response to HIIT in patients with HFrEF. 

Methods

This study was a prospective randomized controlled trial with a semi-crossover design allowing 
patients in the control group to receive the intervention (HIIT) after the 3-month control 
period. The study was registered in the Dutch Trial Register (NTR2604) and approved by the 
Medical Ethical Committee of Máxima Medical Center, Veldhoven, the Netherlands. The study 
was conducted according to the Helsinki Declaration and all participants provided written 
informed consent. 

Patients
A total of 40 patients with stable HFrEF secondary to dilated cardiomyopathy or ischemic heart 
disease attributable to myocardial infarction, New York Heart Association (NYHA) functional 
Class II or III (without change in class or medication ≤ 3 months prior to inclusion) and left 
ventricular ejection fraction ≤ 40% (as assessed by echocardiography or magnetic resonance 
imaging ≤ 2 months prior) were recruited from the outpatient clinic between December 2010 
and June 2014. Exclusion criteria were recent myocardial infarction (within the preceding 3 
months), unstable angina, participation in a physical training program (≥2 times per week) 
during the previous year, and significant pulmonary, neurological, orthopedic or peripheral 
vascular disorders limiting the ability to exercise. Patients that presented with contra-
indications for magnetic resonance scanning (e.g. implanted cardiac device, claustrophobia, 
et cetera) could participate with the exclusion of 31P-MRS measurements. Additionally, muscle 
biopsy sampling was performed in patients who provided additional written informed consent 
for the procedure.

Randomization and blinding
Patients were randomized to the training (HIIT) or usual care group (control) on a 1:1 ratio using 
sequentially numbered opaque sealed envelopes (SNOSE). Initial testing made apparent that 
two randomizations were false inclusions (LVEF > 40%) for which replacement randomizations 
(adjusting for prior dropouts in the training group) were requested and approved by the medical 
ethical committee. Physicians and technicians who performed data collection and analysis were 
blinded for the treatment allocation.
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High-intensity interval training
High-intensity interval training was conducted according to the protocol by Wisløff et al. (85), 
except for the use of a bicycle ergometer instead of a treadmill. Training sessions were performed 
3 times per week for 12 consecutive weeks, and consisted of a 5-min warm-up, followed by four 
4-min high-intensity bouts interspersed by three 3-min active recovery periods, and completed 
by a 5-min cool down. Training work rate of the high intensity bouts was set from the maximal 
RAMP incremental exercise test by taking into account O2 uptake and heart rate kinetics (52), 
and a gradually increasing tolerance for an exercise intensity corresponding with 85-95% 
of peakV̇O

2
 during the first four weeks of training. In the remaining 8 weeks work rate was 

increased with an average of 0.5-1.0% per session as tolerated. Training sessions were conducted 
in the hospital under direct supervision of a trained physical therapist. Borg scores for perceived 
exertion (6 to 20 scale) and heart rate during the last min of the fourth bout of each session were 
recorded. Patients in the usual care group were encouraged to adhere to recommendations on 
physical activity for health (87). 

Measurements
Measurements were performed at baseline, and directly after the control and intervention 
periods. Patients were advised to take their medication as usual, to avoid strenuous exercise 
(48 h), consuming a meal (2 h), and caffeine (4 h) prior to measurements, and to arrive at the 
laboratory by car or public transportation.

Cardiopulmonary exercise testing
Patients performed cardiopulmonary exercise tests (CPET) on an electromagnetically braked 
cycle ergometer (Lode Corrival, Lode BV, Groningen, the Netherlands) in an upright seated 
position. They were instructed to maintain a pedaling frequency of 70 rpm during the exercise 
phases. Ventilatory and gas exchange measurements (ZAN 680 USB, ZAN Messgeräte, 
Oberthulba, Germany; calibrated before each test) were recorded breath-by-breath during the 
entire testing protocols.
 The maximal exercise protocol started with a 1-min resting period and 4 min of 
unloaded pedaling before work rate started to increase with an individualized ramp rate aiming 
to reach exhaustion within 8-12 min (23). The test was terminated when the required pedaling 
frequency could not be maintained due to volitional exhaustion. Peak work rate was the highest 
registered work rate.
 Moderate-intensity constant work rate exercise testing (MICWRET) commenced 
with a 2-min resting period, while the right leg, with the NIRS-device in place, was passively 
held in a predetermined position. This was followed by a 6-min bout at 80% of the work rate 
corresponding to the gas exchange threshold, or at 50% of the peak work rate when the GET 
could not be assessed (39). Subsequently, passive recovery was monitored during 5 min with the 
same pre-exercise leg position.
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Near infrared spectroscopy measurements
NIRS measurements were performed during CPET with a wireless continuous-wave near-
infrared spectrophotometer (Portamon, Artinis, Elst, the Netherlands), which employs 
modified Beer-Lambert Law and spatially resolved spectroscopy (SRS) with 2 wavelengths of 
emitting light (760 and 841 nm). The device consists of 3 pairs of light emitting diodes and 
a photodetector diode, which are configured spatially to provide 3 source-detector distances 
(30, 35, and 40 mm). By determining the absorption coefficients derived from the slopes of 
light attenuation at different source-detector distances and wavelengths, an absolute measure of 
tissue oxygen saturation (StO2), the tissue saturation index (TSI), can be calculated. TSI equals 
the ratio of oxygenated hemoglobin and myoglobin (O2HbMb) and the sum of oxygenated 
and deoxygenated hemoglobin and myoglobin ([O2HbMb] + [HHbMb] = [totalHbMb]), and 
is expressed as a percentage. In this study, TSI is interpreted as skeletal muscle oxygenation 
(SmO2), a proxy for local O2 extraction and the balance between Q̇O

2m
 and V̇O

2m
 (42, 71). 

The reliability of the measurement during exercise in patients with HFrEF has been described 
before (58).
 The NIRS device was positioned over the distal vastus lateralis of the right leg, 20 
cm proximally from the lateral patellar edge, and fixated with adhesive tape and a Velcro strap. 
Thereafter, it was occluded from ambient light by dark cloth. Data were sampled at 10 Hz, and 
stored for off-line analysis.

Hemodynamic measurements
Assessment of hemodynamics during CPET was performed by a radial artery pulse contour 
analysis method, which enables calculation of beat-to-beat changes of nominal stroke volume 
(SV) from a pressure–volume transform of the radial artery pressure waveform. The reliability 
and accuracy of the method for the continuous assessment of Q̇ during exercise testing in 
patients with HFrEF have been evaluated before (38). First, a 20-gauge arterial catheter was 
placed into the radial artery and connected to a pressure monitor (Marquette Solar 8000, GE 
Medical Systems Information Technologies, Inc., Milwaukee, WI, USA), using a disposable 
pressure transducer (Safedraw, Becton-Dickinson, Franklin Lakes, NJ, USA). The pressure 
monitor provided heart rate (HR) and continuous blood pressure (BP) registration, and was 
connected to the LiDCO plus monitor (LiDCO Ltd, London, UK). Determination of the resting 
SV by echocardiography, according to international recommendations (44), allowed calibration 
of the system by converting nominal SV into absolute SV. The HR, BP, SV and Q̇ data were 
stored beat-to-beat for off-line analysis.

Skeletal muscle metabolic recovery
Skeletal muscle metabolic recovery was assessed by simultaneous 31P-magnetic resonance 
spectroscopy (MRS) and NIRS measurements on the distal vastus lateralis during recovery from 
submaximal exercise in a whole-body magnet.
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31P-magnetic resonance spectroscopy
In vivo 31P-MRS was performed with a 1.5-T or 3.0-T whole-body magnetic resonance (MR) 
scanner (Gyroscan S15/ACS or Achieva, respectively; Philips Medical Systems, Best, the 
Netherlands). The spectroscopy procedures that were used have been described previously (10, 
21). In short, after the magnetic field homogeneity was optimized by localized shimming on the 
proton signal, 31P signals were collected using a 6-cm diameter surface coil placed over the vastus 
lateralis muscle of the right leg (20 cm above the patella). Data were acquired following a 90° 
adiabatic excitation pulse with a sweep width of 1547 Hz (at 1.5 T) or 4000 Hz (at 3 T) and 1024 
data points. First, 31P MR spectra were measured in the resting state at repetition times of 30 
and 3 s, from which saturation correction factors were determined. Then, spectra were acquired 
during a rest-exercise-recovery protocol with a repetition time of 3 s and two scans yielding a 
time resolution of 6 s. While lying in the bore of the magnet, patients performed a dynamic 
incremental leg extension exercise with the right leg using a custom-built MR compatible 
ergometer. A digital metronome guided pacing of exercise, and the intensity and duration of the 
protocol were adjusted individually such that PCr depletion approximated 40% at the end of the 
test, while avoiding intracellular acidosis. The exercise was followed by a recovery period of at 
least 10 min, during which the course of PCr-recovery was assessed. For each patient, the rest-
exercise-recovery protocol was performed in duplicate. The obtained spectra were fitted in the 
time domain by using a nonlinear least-squares algorithm (AMARES) in the jMRUI software 
package (81). Phosphocreatine (PCr), inorganic phosphate (Pi), adenosine triphosphate (ATP) 
and phosphodiester (PDE) signals were fitted to Lorentzian line shapes. Absolute concentrations 
of PCr were calculated after correction for partial saturation under the assumption that the ATP 
concentration is 8.2 mmol·L-1 at rest (77). PCr depletion was defined as the difference between 
resting and end-exercise PCr concentrations divided by the resting value. Intracellular pH was 
calculated from the chemical-shift difference between the Pi and PCr resonances (76).

Near infrared spectroscopy
NIRS measurements were performed on the same region of the vastus lateralis muscle as 31P 
MRS measurements by the integration of two nonmagnetic fiber optic light guides into the 
MRS-coil (source-detector distance of 35 mm), which were connected to a single channel 
continuous-wave near-infrared spectrophotometer (Oxymon, Artinis, Elst, the Netherlands), 
emitting 2 wavelengths of light (766 and 859 nm). Because the device does not allow spatially-
resolved measurements (which estimates StO2), changes of deoxygenated hemoglobin ([HHb] 
in μM) were calculated by incorporating a differential path length factor of 4 (manufacturer 
recommendation) in the modified Beer-Lambert law, and were used as a proxy for local oxygen 
extraction (42, 71). Data were sampled at 50 Hz and stored for off-line analysis.

Exercise data analysis
Gas exchange, ventilatory and hemodynamic parameters for CPET were averaged into 10-s 
sampling intervals after removal of outliers (values > 3 SDs from the local mean were omitted) 
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(39). Peak values for V̇O
2
, minute ventilation (V̇E), respiratory exchange ratio (RER), HR, BP, SV, 

and Q̇ were the average values of the final 30-s of the maximal exercise test. The gas exchange 
threshold (GET) was determined by the mean of the independent assessments of two experienced 
physicians using the V-slope method (5). The oxygen uptake efficiency slope (OUES) was 
obtained by performing linear regression analysis of the relation between V̇O

2
 (mL·min-1) and the 

logarithm of V̇E (L·min-1) using the following equation: V̇O
2
 = a · log10 V̇E + b, with a representing 

the OUES (51). OUES was calculated from different time intervals, using all exercise data 
(OUES100) and the first 75% (OUES75) of exercise duration (56). The V̇E versus V̇CO

2
 slope was 

calculated from data up to the GET (73). Cardiac reserve (CR) and SV reserve were calculated as 
peak minus resting Q̇ and SV, respectively. Left cardiac work (LCW) was defined as Q̇ times mean 
arterial pressure (MAP), and systemic vascular conductance (SVC) was set equal to Q̇ divided by 
MAP. Arteriovenous oxygen content difference (a-̅vO

2
diff) was calculated from Fick’s principle 

(V̇O
2
 divided by Q̇) (51). Net efficiency was calculated as MICWRET work rate divided by the 

product of V̇O
2
 gain from rest (in L·s-1) and (4940 × RERend-exercise + 16040) (46).

 NIR-SRS data were filtered using a central moving average filter with a window of 11 
data points and resampled into 1-s intervals. TSI @ peak was the average value of the final 30 
s of the maximal exercise test. TSI parameters during MICWRET included the average of the 
last minute of the resting phase (TSIrest), the 5-s average of the minimally attained value after 
the start of exercise (TSIminimum), and the average of the last minute of the exercise phase (TSIend-

exercise), as described previously (58). A deoxygenation overshoot was defined as a TSI rise of 
more than 10% of after the initial decrease (TSIminimum) during the first three minutes of exercise 
(58). The area of the overshoot (TSIovershoot-area in %·s) was calculated as the integral between the 
measured response and the average TSI of the third minute after onset of exercise, starting from 
the intersection with the onset curve (4, 9).

Kinetics analysis
Mono-exponential modeling of V̇O

2
, Q̇, and TSI onset data was performed to attain kinetic 

values for onset and recovery of MICWRET. The rise of V̇O
2
 (fundamental phase or phase II) and 

Q̇, and decay of TSI during onset, and decrease of V̇O
2
 and Q̇, and rise of TSI during recovery, 

were calculated by fitting the data to a first-order (mono-exponential) model using the non-
linear (damped) least squares method (Python 2.7, Python Software Foundation, Beaverton, 
OR, USA) with the following equations (39):

Y (t) = Ybaseline + A · (1- e - (t – Td)/τ)            (1)
Y (t) = Ybaseline – B · (1- e - (t – Td)/τ)             (2)

where Y equals V̇O
2,  

Q̇ , or TSI. Ybaseline depicts the average value during the last minute prior 
to the exercise transition. A in equation 1 indicates a positive amplitude during the transition 
(i.e. V̇O

2
 and Q̇ during onset and TSI during recovery), and B in equation 2 implies a negative 

amplitude (i.e. V̇O
2
 and Q̇ during recovery and TSI during onset). Td is the time delay and τ 
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(τ) is the time constant of the mono-exponential function (in seconds). For V̇O
2
, the first 20 

s after onset were omitted from kinetics analysis, since it is assumed that the rapid increase 
of V̇O

2
 during this period (cardiodynamic phase or phase I) represents increased pulmonary 

blood flow rather than microvascular gas exchange (7). For TSI, the time to the start of the 
mono-exponential fit (Td) was determined using a matched filter method by sliding a mono-
exponentially shaped kernel over the TSI signal, while calculating the cross-correlation (58). The 
mean response time (MRT) was calculated as the sum of τ and time delay (Td) and represents 
the time to reach 63% of the response.
 For analysis of PCr-recovery kinetics, PCr concentrations were fitted to a mono-
exponential model with equation 1 with Td set to zero. For each patient, the results from the 
duplicate measurements at each time point of the study were averaged.
 Kinetic analysis of HHb-recovery during MRS measurements was performed by 
resampling data into 1-s intervals and calculating the half time (T1/2 HHb recovery) between the 
10-s average of end-exercise [HHb] and the average [HHb] of the last 100 s of the recovery 
period. This method was chosen above mono-exponential modeling, because the latter proved 
unreliable. As for PCr-recovery kinetics, duplicates of HHb-recovery kinetics for each patient 
were averaged to obtain a single value for T1/2 at each time point of the study.

Skeletal muscle biopsy sampling
Muscle biopsy sampling took place in the morning after an overnight fast (10 h), and after 
following identical diets during the preceding 24 h for subsequent sampling. After local 
anesthesia, muscle biopsies (50-80 mg) were obtained from the middle region of the vastus 
lateralis muscle of the left leg (20 cm above the patella) by the percutaneous needle biopsy 
technique described by Bergström et al (8). Muscle biopsies were carefully freed from any visible 
fat and blood. Approximately 20 mg of tissue was embedded in Tissue-Tek® (Sakura Finetek, 
Zoeterwoude, the Netherlands) and rapidly frozen in liquid nitrogen-cooled isopentane. The 
remaining part was immediately frozen in liquid nitrogen. Thereafter, parts were stored at –80 
°C for subsequent transport and analysis.

Immunohistochemistry, image recording and analysis
Immunohistochemical staining was performed to determine fiber type specific skeletal muscle 
capillarization. From the muscle samples cryosections of 5 μm thickness were cut. Samples for 
each time point of the study per subject were thaw mounted together on uncoated glass slides. 
After fixation, samples were air dried, and incubated with antibodies which is a procedure that is 
specified elsewhere (82). Samples were washed in between incubations. After the final washing, 
slides were mounted with Mowiol (Calbiochem, La Jolla, CA, USA). The staining procedure 
resulted in images with laminin in red, myosin heavy chain (MHC) I in green, and CD31 in 
blue. Images were automatically captured at 10x magnification with a fluorescence microscope 
with CCD camera. Image acquisition was done by Micromanager 1.4 software, and images 
were analyzed with ImageJ 1.50i (U. S. National Institutes of Health, Bethesda, MD, USA). The 
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images were recorded and analyzed by an investigator blinded to subject coding. In all sections, 
longitudinal fibers were excluded from analysis, and a mean of 241 ± 91 fibers for each individual 
per time point was counted for automatic determination of fiber type distribution and muscle 
fiber CSA for each fiber separately. A minimum of 25 fibers was counted per fiber type for 
analysis of muscle capillary characteristics. The number of capillaries was manually counted 
and expressed as capillary-to-fiber ratio (C/Fi) and capillary-to-fiber perimeter exchange index 
(CFPE; number of capillaries per 1,000 μm perimeter) as previously reported (33).

Oxidative enzyme activity assays
Skeletal muscle cytochrome c oxidase (COX) and citrate synthase (CS) activity were assessed 
in 40 mg mixed muscle tissue as previously described (29). Cytochrome c oxidase activity was 
interpreted as a maker for oxidative phosphorylation capacity and CS activity as a marker for 
mitochondrial density (45). 

Statistical analysis
All data were analyzed using SPSS 24.0.0.0 statistical software (SPSS Inc., Chicago, IL, USA). 
Results are presented as mean value ± standard deviation (SD). Normality was assessed by 
skewness and kurtosis of the distribution, and by Shapiro-Wilk tests. Between group differences 
were assessed by unpaired Student’s t tests or Mann-Whitney U tests depending on normality. 
For within-group differences, paired Student’s t-tests or Wilcoxon signed-rank tests were used 
accordingly. The threshold for classification of responders with respect to peakV̇O

2 
(104%) 

or τV̇O
2recovery (119%) was set at the upper limit of the minimal detectable difference (MDD) 

reported in reliability studies (15, 39). Associations between categorical data were assessed by 
Pearson’s chi-square test. Correlations were analyzed with Pearson’s correlation coefficient when 
data were normally distributed, or otherwise with Spearman’s rho (rs). A p-value < 0.05 was 
considered statistically significant for all tests.

Results

Clinical characteristics of the 40 patients included in the study are presented in table 1. After 
randomization 32 patients completed either the HIIT protocol (n = 14) or the 3-month control 
period (n = 18). Eight patients were excluded from the final analysis of the randomized 
controlled trial. One patient in the usual care group and one in the intervention group had 
ventricular arrhythmias requiring hospitalization. Two patients died unrelated to exercise 
training: one because of progressive renal and heart failure after severe gastroenteritis 6 weeks 
into HIIT, and one because of progressive heart failure after completing 7 weeks of HIIT. Finally, 
one patient stopped HIIT because of gout, and three patients withdrew from HIIT because of 
personal reasons.
 Of the 18 patients in the usual care group, 14 completed HIIT after the control period. 
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One patient did not start the HIIT protocol because of personal reasons, and three patients 
stopped because of lack of motivation. Moreover, three patients did not perform their final tests 
because they completed HIIT after the planned termination of the study protocol. In total, 25 
patients completed HIIT and the final measurements were pooled for a within-group analysis. 
Mean difference and variability (SD) of the difference of peakV̇O

2
 and τV̇O

2recovery before and 
after HIIT were 1.2 ± 3.2 mL·min-1·kg-1 and -8.2 ± 11.4 s, respectively. Patients were designated 
as responder for peakO

2
 and τO

2recovery if the difference exceeded the upper limit of the MDD of 
104% or 119%, respectively. A difference less than these percentages was considered a negative 
response (i.e. non-responder).
 Patients that completed HIIT attended 88 ± 11% of training sessions. The achieved 
average percentage of peak heart rate during the last minute of the fourth high intensity bout 
was 97 ± 10%, and the average Borg score was 15 ± 1.

Measurement procedures and analysis
All study procedures were conducted without any adverse events. One biopsy sample was not 
included in the final analysis because of an unexplained deviation of mean muscle fiber CSA (-2.7 

Variable HIIT CON p

n = 21 n = 19
Age (yr) 64 ± 10 65 ± 9 .725
Gender (male/female) 20 / 1 19 / 0 .335
Height (m) 1.77 ± 0.07 1.80 ± 0.06 .161
Weight (kg) 82 ± 12 91 ± 12 .031
BMI (kg.m-2) 26.2 ± 3.3 28.1 ± 3.8 .108
LVEF (%) 31 ± 10 31 ± 10 .875
Etiology (ICM/DCM) 13 / 8 12 / 7 .541
Duration of HF (months) 58 ± 59 41 ± 55 .537
NYHA Class (II/III) 14 / 7 10 / 9 .366
Weber Class (A/B/C/D) 8/8/3/2 8/7/4/0 .549
Cardiac device (PM/ICD/CRT) 0/7/1 1/2/3 .196
Cardiac rhythm (SR/AF/paced) 16/4/1 12/5/2 .632
Medication

Beta Blocker 81 % 100 %
Diuretic 92 % 50 %
ACE inhibitor or ARB 100 % 100 %
Anticoagulant 52 % 47 %

Data are presented as means ± SD for continuous variables and as numbers (percentages) for dichotomous 
variables. Body Mass Index (BMI), Left Ventricular Ejection Fraction (LVEF), Ischemic Cardiomyopathy 
(ICM), Dilated Cardiomyopathy (DCM), Heart Failure (HF), New York Heart Association (NYHA), Pace-
maker (PM), Implantable Cardioverter Defibrillator (ICD), Cardiac Resynchronization Therapy (CRT), Si-
nus Rhythm (SR), Atrial Fibrillation (AF), Angiotensin Converting Enzyme (ACE), Angiotensin II Receptor 
Blocker (ARB).

Table 1. Clinical characteristics of patients with heart failure (HF) with reduced ejection fraction in the high 
intensity interval training (HIIT) group and control (CON) group. 
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SD from the mean). The GET could not be determined in 4 cases (3 patients). Hemodynamic 
measurements failed in two patients because of refusal and unsuccessful arterial cannulation. 
NIR-SRS analysis of maximal exercise testing failed in one case because of insufficient data 
quality. The coefficient of determination (R2) for onset kinetics of V̇O

2
, Q̇ and TSI were 0.83 

± 0.16, 0.84 ± 0.17, and 0.94 ± 0.04, respectively. For recovery, they were 0.93 ± 0.07, 0.91 ± 
0.08, and 0.96 ± 0.04, respectively. PCr-recovery kinetics showed an R2 of 0.88 ± 0.09. Net-
efficiency was not calculated in 2 patients because RER during MICWRET reached 1.02. No 
slow component of V̇O

2
-onset kinetics was noted during MICWRET.

Randomized controlled trial
Peak work rate increased significantly in the HIIT group compared with the control group (+12 
± 17 versus -2 ± 13 W, respectively, p = 0.009), but peakV̇O

2
 did not (+1.5 ± 3.7 versus -0.4 

Variable
  HIIT

pre post p

n = 25
Peak work rate (W) 136 ± 51 147 ± 58 .001
PeakHR (bts·min-1) 127 ± 25 128 ± 26 .568

Gas exchange and ventilatory measurements
PeakV̇O

2
 (mL·min-1·kg-1) 19.6 ± 5.6 20.7 ± 5.7 .092

PeakRER 1.07 ± 0.07 1.11 ± 0.12 .152
PeakV̇e (L·min-1) 62.5 ± 16.1 68.1 ± 20.3 .050
OUES100% 1880 ± 524 1973 ± 608 .288
OUES75% 1895 ± 562 2118 ± 591 .032
GET (mL·min-1·kg-1) 14.4 ± 3.2 16.2 ± 4.4 .064
V̇e versus VCO2-slope @ GET 27.3 ± 5.0 27.8 ± 5.2 .702

Hemodynamic measurements n = 17
Peak Q̇ (L·min-1) 11.4 ± 5.7 13.2 ± 5.4 .163
SV reserve (mL·min-1) 31 ± 22 40 ± 23 .039
Peak a-̅vO

2
diff (mL·dL-1) 16.5 ± 5.3 15.4 ± 6.1 .407

Peak SBP (mmHg) 168 ± 31 183 ± 29 .029
MAP @ peak (mmHg) 106 ± 19 110 ± 16 .463
DBP @ peak (mmHg) 74 ± 16 74 ± 12 .795
SVC @ peak (mL·min-1·mmHg-1) 113 ± 72 122 ± 49 .266
Peak LCW (kg·m) 17.0 ± 7.0 21.1 ± 9.8 .037

NIR-SRS measurements n = 17
TSI @ peak (%) 56.1 ± 8.3 56.3 ± 6.2 .864

Data are presented as means ± SD. Heart Rate (HR); Respiratory Exchange Ratio (RER); Oxygen Uptake 
Efficiency Slope (OUES in mL·min-1/log[L·min-1]); Gas Exchange Threshold (GET); Cardiac Output (CO); 
Arteriovenous oxygen content difference (a-̅vO

2
diff); Systolic Blood Pressure (SBP); Mean Arterial Pressure 

(MAP); Diastolic blood pressure (DBP); Left Cardiac Work (LCW); Systemic Vascular Conductance (SVC); 
Near-infrared Spatially Resolved Spectroscopy (NIR-SRS); Tissue Saturation Index (TSI).

Table 2. Response to maximal RAMP exercise for pooled patients that completed high-intensity interval 
training (HIIT). 
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± 3.5 mL·min-1·kg-1, respectively, p = 0.142), nor did cardiac reserve (+2.5 ± 4.0 versus +0.5 
± 2.0 L·min-1, respectively, p = 0.210), or the amplitude of a-̅vO

2
diff (-0.2 ± 3.9 versus +1.6 

± 5.2 mL·dL-1, respectively, p = 0.968). When comparing HIIT with control, skeletal muscle 
deoxygenation at onset of MICWRET was significantly attenuated (TSIminimum; +2.0 ± 6.0 versus 
-3.1 ± 4.7 %, respectively, p = 0.037), together with the area of the deoxygenation overshoot (-84 
± 144 versus +54 ± 98 %·s, respectively, p = 0.015). V̇O

2
-recovery kinetics (τV̇O

2recovery; -11.1 ± 9.0 
versus -2.4 ± 16.1 s, respectively, p = 0.081) and skeletal muscle metabolic recovery (τPCrrecovery; 
-4.9 ± 6.8 versus -2.4 ± 5.8 s, respectively, p = 0.448) were not different between groups.
 Skeletal muscle mitochondrial density (CS activity) increased significantly after HIIT 
compared with control (+2.3 ± 2.7 versus -0.4 ± 2.4 µmol·[g wet weight]−1·min−1, respectively, 
p = 0.021) with a non-significant trend for skeletal muscle enzymatic oxidative capacity (COX: 
+4.1 ± 5.5 versus -1.4 ± 7.2 µmol·[g wet weight]−1·min−1, respectively, p = 0.056). The difference 
in type I muscle fiber size was not significant between groups (CSA: +943 ± 1166 versus -75 
± 1732 μm2, respectively, p = 0.121). However, CSA of type II muscle fibers was significantly 
increased after HIIT (+972 ± 972 versus +77 ± 1561 μm2, respectively, p = 0.028). No significant 

Variable
HIIT

pre post p

n = 25
HR end-exercise (bts·min-1) 105 ± 21 100 ± 15 .156

Gas exchange and ventilatory measurements
V̇O

2 end-exercise (mL·min-1) 1267 ± 309 1242 ± 305 .657
RER end-exercise 0.89 ± 0.08 0.86 ± 0.09 .022
τV̇O

2 onset (s) 54.5 ± 24.0 50.8 ± 24.5 .505
τV̇O

2 recovery (s) 69.1 ± 21.3 61.0 ± 19.0 .005
Hemodynamic measurements n = 17

Q̇end-exercise (L·min-1) 8.2 ± 3.1 8.7 ± 2.5 .407
a-̅vO

2
diff end-exercise (mL·dL-1) 16.6 ± 5.1 15.3 ± 4.6 .219

τQ̇onset (s) 68.1 ± 38.5 51.1 ± 27.8 .051
τQ̇recovery (s) 55.0 ± 27.4 47.4 ± 27.8 .379

NIR-SRS measurements n = 18
TSI rest (%) 65.5 ± 3.5 66.9 ± 3.7 .207
TSI minimum (%) 56.1 ± 6.7 58.3 ± 7.5 .150
TSI end-exercise (%) 60.2 ± 6.3 61.1 ± 6.9 .473
τ TSI onset (s) 5.9 ± 2.3 6.3 ± 3.0 .913
τ TSI recovery (s) 33.6 ± 53.0 23.3 ± 21.1 .948
TSI overshoot (n) 94% (17) 72% (13) .125
TSI overshoot-area (%·s) 147 ± 127 76 ± 86 .009

Table 3. Response to moderate-intensity constant work rate exercise for pooled patients that completed 
high-intensity interval training (HIIT).

Data are presented as means ± SD. Heart Rate (HR); Respiratory Exchange Ratio (RER); Time constant (τ); 
Cardiac output (Q̇); Arteriovenous oxygen content difference (a-̅vO

2
diff); Near-infrared Spatially Resolved 

Spectroscopy (NIR-SRS); Tissue Saturation Index (TSI); Mean Response Time (MRT); Time delay (Td).
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between-group shifts in muscle fiber type distribution (%type I: -0.04 ± 0.11 versus +0.04 ± 
0.20 %, respectively, p = 0.250) or changes in skeletal muscle capillary indices were noted (e.g. 
CFPE index for mixed muscle fiber: -0.37 ± 0.89 versus -0.43 ± 1.14 capillaries per 1,000 μm, 
respectively, p = 0.797).

Pooled within-group HIIT results
Results of the 25 patients completing HIIT are listed in table 2 (maximal exercise test results), 
table 3 (MICWRET results), and table 4 (31P-MRS and skeletal muscle biopsy results). Significant 
increases were seen for peak work rate and hemodynamic measures of SV reserve, peak systolic 
blood pressure (SBP) and cardiac work (LCW) (p < 0.05 for all, Table 2). However, peak oxygen 
uptake (efficiency) did not change significantly (peakV̇O

2
 and OUES100, p > 0.05 for both, Table 

2). In contrast, oxygen uptake efficiency from submaximal exercise did increase significantly 
(OUES75, p < 0.05, Table 2). Also, the area of the deoxygenation overshoot and RER were 
significantly lower during submaximal exercise, and V̇O

2
-recovery kinetics were accelerated (p 

Variable
HIIT

pre post p
31P-MR spectroscopy n = 10

PCr rest (mmol·L-1) 31.0 ± 3.5 32.3 ± 2.1 .269
PCr depletion (%) 43.4 ± 4.1 41.3 ± 4.1 .588
pH end-exercise 6.98 ± 0.08 6.97 ± 0.06 .769
τ PCr recovery (s) 48.1 ± 11.5 43.3 ± 9.0 .059
T1/2 HHb recovery (s) 68 ± 59 75 ± 59 .760

Skeletal muscle enzyme activities n = 19
Citrate synthase 8.6 ± 4.0 10.3 ± 3.6 .015
Cytochrome c oxidase 18.6 ± 8.9 23.2 ± 8.6 .010

Skeletal muscle fiber characteristics n = 19
CSA (μm2) Type I 5957 ± 1441 6707 ± 1520 .038

Type II 6076 ± 1520 6164 ± 1363 .459
Mixed 6043 ± 1568 6434 ± 1411 .236

%Type (%) Type I 42 ± 18 40 ± 19 .920
Type II 58 ± 18 60 ± 19 .735

C/Fi ratio Type I 1.75 ± 0.38 1.64 ± 0.32 .105
Type II 1.35 ± 0.33 1.25 ± 0.31 .144
Mixed 1.51 ± 0.38 1.42 ± 0.32 .194

CFPE index Type I 5.77 ± 0.88 5.32 ± 0.91 .046
Type II 4.50 ± 0.88 4.18 ± 0.87 .112
Mixed 4.95 ± 1.00 4.65 ± 0.89 .130

Table 4. Skeletal muscle 31P-MR spectroscopy and biopsy results for pooled patients that completed high-
intensity interval training (HIIT).

Data are presented as means ± SD. Phosphocreatine (PCr); Time constant (τ); Halve time (T1/2); Cross-
sectional area (CSA); Percentage distribution of fiber type (%Type); Capillary-to-fiber ratio (C/Fi ratio); 
Capillary-to-Fiber Perimeter Exchange (CFPE) index, expressed in capillaries per 1,000 μm; Citrate 
synthase and cytochrome c oxidase are expressed in µmol·[g wet weight]−1·min−1.



195

C
ha

pt
er

 9

Variable response to HIIT in patients with CHF

for both, Table 4). 

HIIT responders and non-responders
The classification of peakV̇O

2
- and τV̇O

2recovery-responders to HIIT (Figure 1) resulted in 15 out 
of 25 patients (60%) having dissimilar responses for peakV̇O

2
 and τV̇O

2recovery. Furthermore, 
Pearson’s chi-square test showed no significant association between classifications (χ2(1) = 0.987, 
p = 0.320). Five patients (20%) were classified as both peakV̇O

2
- and τV̇O

2recovery-responders.

Baseline differences
No significant differences were found between responders and non-responders of both groups 
for etiology or duration of HFrEF, NYHA class, age, BMI or medication use (p > 0.05 for 
all). Figure 2 shows that responders with respect to peakV̇O

2
 had significantly lower baseline 

peakV̇O
2
 than non-responders (p = 0.038), which was associated with a significantly lower peak 

a-̅vO
2
diff (p = 0.045), but not with a lower peak Q̇ (p = 0.669). During maximal exercise, SV 

reserve (21 ± 13 versus 45 ± 24 mL, respectively, p = 0.017) and the increase of systemic vascular 
conductance (122 ± 66 versus 193 ± 72 %, respectively, p = 0.044) were significantly smaller. 
Peak heart rate was higher, although not significantly (135 ± 22 versus 118 ± 26, respectively, p 
= 0.052). SV reserve correlated significantly with percent increase of SVC (r = 0.691, p = 0.002). 
Also, peakV̇O

2
-responders had significantly slower baseline onset kinetics of V̇O

2
 (p = 0.014) 

and Q̇ (p = 0.002) during MICWRET (Figure 2). 
 Responders with respect to τV̇O

2recovery showed a significantly steeper V̇e versus 
V̇CO

2
 slope at the GET than non-responders (30.0 ± 5.1 versus 24.7 ± 3.2, respectively, p 

= 0.007), greater LCW (20.7 ± 7.4 versus 13.8 ± 5.0 kg·m, p = 0.038), and trends towards 
higher peak systolic blood pressure (184 ± 25 versus 154 ± 29 mmHg, p = 0.052) and lower 
skeletal muscle enzymatic oxidative capacity (COX: 14.6 ± 7.1 versus 21.8 ± 9.1 µmol·[g 
wet weight]−1·min−1, p = 0.069). In τV̇O

2recovery-responders, baseline peak a- ̅vO
2
diff was not 

significantly lower compared with τV̇O
2recovery-non-responders (p =  0.096, Figure 2). When 

Figure 1. Classification of responders and 
non-responders to high-intensity interval 
training with respect to peakV̇O

2
 (pVO2) 

and τV̇O
2recovery (τVO2).

< 0.05 for all, Table 3). Moreover, a trend was 
seen for speeding of Q̇ kinetics at exercise onset 
and for skeletal muscle metabolic recovery 
(τPCrrecovery; p = 0.051 and p = 0.059, respectively, 
Table 4) However, no other changes for exercise 
hemodynamics or a-̅vO

2
diff were noted during 

MICWRET (p > 0.05, Table 3). Skeletal muscle 
mitochondrial density and enzymatic oxidative 
capacity increased significantly (CS and COX, 
respectively, p < 0.05 for both, Table 4). Type I 
muscle fiber size increased significantly, whereas 
type I muscle fiber capillarization (CFPE index) 
showed a significant decrease instead (p < 0.05 
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analyzing all patients (n = 25), baseline τV̇O
2recovery correlated significantly with change of 

τV̇O
2recovery (rs = -0.479, p = 0.016).

Changes with HIIT
Figure 3 shows within-group and between-group changes with HIIT, categorized by whole-
body oxygen consumption (V̇O

2
), cardiac output (Q̇), whole-body O2 extraction (a-̅vO

2
diff), 

and local skeletal muscle O2 extraction (i.e. inverse of TSI) for resting conditions and for their 
response (amplitudes or peak values) during MICWRET and maximal exercise testing. A 
similar presentation of changes of kinetic variables of V̇O

2
, Q̇, TSI, and PCr is provided in figure 

4. Figures 5 and 6 show changes for indices related to work and aerobic metabolism, and indices 
related to cardiovascular responses, respectively.
 The between-group comparison between peakV̇O

2
-responders and non-responders 

showed significant differences in changes for parameters related to aerobic metabolism and 
work: peakV̇O

2
 and peak work rate increased in responders (p < 0.05, Figure 3), while RER 

during MICWRET decreased (p < 0.05, Figure 5). Significant within-group increases for 
skeletal muscle enzymatic oxidative capacity (COX, p = 0.044, Figure 5) and mitochondrial 
density (CS, p = 0.002, Figure 5) were seen in the peakV̇O

2
-responder group, with a between-

group trend towards a greater increase of skeletal muscle mitochondrial density for responders 
(p = 0.057, Figure 5). Whereas a trend towards larger type I muscle fibers was seen in 
responders (CSA, p = 0.063, Figure 5), no changes in type II muscle fiber CSA or muscle fiber 
type distribution were noted (p > 0.05). Net efficiency during MICWRET tended to increase 
within the responders (p = 0.069, Figure 5), however, skeletal muscle metabolic recovery over 

Figure 2. Baseline characteristics of peakV̇O
2
- and τV̇O

2recovery-responders (black bars) and non-responders 
(white bars) to high-intensity interval training categorized by peak values during maximal exercise testing 
and kinetics during and after moderate-intensity constant work rate exercise testing. Values are mean ± 
standard error. Cardiac output (CO); Arteriovenous oxygen content difference (a-̅vO

2
diff); Phosphocreatine 

(PCr). * p < 0.05.
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the training period was not different between or within groups (τPCrrecovery, p > 0.05, Figure 4). 
For hemodynamic parameters, significant within-group changes in responders were seen for 
SV reserve (p = 0.038, Figure 6), together with trends for increases of CR (p = 0.067, Figure 
3), and speeding of τQ̇onset (p = 0.058, Figure 4). However, changes in other hemodynamic 
(Q̇ and BP, Figure 3 and 6) and vascular responses (SVC and skeletal muscle capillarization, 
Figure 6), and whole-body oxygen extraction (a- ̅vO

2
diff, Figure 3) were not significantly 

different between groups (p > 0.05 for all). Local skeletal muscle oxygenation measurement 

Figure 3. Relative changes of oxygen consumption (V̇ or VO2), cardiac output (Q̇ or CO), whole-body 
oxygen extraction (V̇/Q̇ or a-̅vO

2
diff), and local skeletal muscle oxygen extraction (muscle Q̇/V̇ or TSI) with 

high-intensity interval training in peakV̇O
2
- and τV̇O

2recovery-responders (black bars) and non-responders 
(white bars) during rest, moderate-intensity constant work rate exercise and peak exercise. Values are mean 
percentage change (%) ± standard error. * p < 0.05, † p < 0.07.
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showed significant between-group change (i.e. increased TSIrest and shorter τTSIrecovery in the 
responders; p = 0.011 and p = 0.027; Figure 3 and Figure 4, respectively). A similar trend was 
seen for TSI at peak exercise (+3.0 ± 6.0 versus -3.5 ± 6.5 %, for peakV̇O

2
-responder versus 

non-responders, respectively, p = 0.051). Moreover, the area of the deoxygenation overshoot 
decreased significantly within the peakV̇O

2
-responder group (p = 0.007, Figure 4). Finally, 

non-responders for peakV̇O
2
 showed a significantly decreased peakV̇O

2
 (p = 0.031, Figure 3) 

Figure 4. Relative kinetic changes oxygen consumption (V̇ or VO2), cardiac output (Q̇ or CO), and 
local skeletal muscle oxygen extraction (muscle Q̇/V̇, TSI or HHb) with high-intensity interval training 
in peakV̇O

2
- and τV̇O

2recovery-responders (black bars) and non-responders (white bars) during onset and 
recovery of moderate-intensity constant work rate exercise and during recovery from 40% phosphocreatine 
(PCr) depletion. Values are mean percentage change (%) ± standard error.  * p < 0.05, † p < 0.07.
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and increased RER at peak exercise (p = 0.036, Figure 5), as well as a significant within-group 
speeding of V̇O

2
-recovery kinetics (p = 0.003, Figure 4).

 The comparison between τV̇O
2recovery-responders and non-responders showed 

differences with respect to changes of indices related to work and aerobic metabolism. That 
is, peak work rate increased in both groups (p = 0.004 for responders and p = 0.037 for non-
responders, Figure 5). In addition to significantly accelerated V̇O

2
-recovery kinetics in 

responders (p < 0.001, Figure 4), RER during MICWRET was reduced, and skeletal muscle 
metabolic recovery (τPCr) was accelerated (p = 0.022 for both, Figure 5 and 4, respectively) 
in combination with nonsignificant slowing (+59%) of skeletal muscle reoxygenation (HHb-
recovery; p > 0.05, Figure 4). Moreover, the responder group showed a significant within-group 
trend towards an increase of type I muscle fiber size (p =  0.073, Figure 5). Percent increases of 
skeletal muscle mitochondrial density (i.e. CS activity) and oxidative capacity (i.e. COX activity) 
were significantly greater in non-responders (p = 0.037 for CS and p = 0.049 for COX, Figure 5). 

Figure 5. Relative changes of indices related to work and oxygen consumption with high-intensity interval 
training in peakV̇O

2
- and τV̇O

2recovery-responders (black bars) and non-responders (white bars). Values are 
mean percentage change (%) ± standard error. Respiratory exchange ratio (RER); Citrate synthase (CS); 
Cytochrome c oxidase (COX); Cross-sectional area (CSA). * p < 0.05, † p < 0.07.
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Hemodynamic and vascular changes were not noted for τV̇O
2recovery-responders (p > 0.05, Figure 

3 and 6). However, for τV̇O
2recovery-non-responders, there were increases of CR (p = 0.044, Figure 

3), SBP (p = 0.019, Figure 6), and LCW (p = 0.043, Figure 6), whereas capillarization (i.e. CFPE 
index) of type I (p = 0.071, Figure 6) tended to decrease, and capillarization of type II muscle 
fibers (p = 0.028, Figure 6) decreased significantly. Indices of whole-body O2 extraction (i.e. 
a-̅vO

2
diff) showed significantly less extraction in non-responders (between-group, p = 0.024 for 

peak exercise and p = 0.047 for MICWRET, Figure 3), accompanied by near-significant within-
group decreases of a-̅vO

2
diff during peak (p = 0.051, Figure 3) and submaximal exercise (p 

= 0.052, Figure 3). In contrast, local skeletal muscle deoxygenation was attenuated at exercise 
onset (i.e. TSIovershoot-area, Figure 4) within responders (p = 0.012), with a trend towards a difference 
between groups (p = 0.068). 

Figure 6. Relative changes of hemodynamic and vascular indices with high-intensity interval training 
in peakV̇O

2
- and τV̇O

2recovery-responders (black bars) and non-responders (white bars). Values are mean 
percentage change (%) ± standard error. Systolic blood pressure (SBP); Mean arterial pressure (MAP); 
Diastolic blood pressure (DBP); Heart rate (HR); Stroke volume (SV); Left cardiac work (LCW); Systemic 
vascular conductance (SCV); Capillary-to-fiber perimeter (CFPE) index. * p < 0.05, † p < 0.07.
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Discussion

This study showed, in a randomized controlled design, that HIIT resulted in a significant 
gain in peak exercise performance (i.e. peak work rate) in patients with HFrEF, along with 
several important beneficial physiological changes within skeletal muscle, such as increased 
mitochondrial density and improved Q̇O

2m
-to-V̇O

2m
 matching. However, these changes were 

not accompanied by significantly altered indices of maximal and submaximal aerobic capacity 
(i.e. peakV̇O

2
 and τV̇O

2recovery, respectively). The SMARTEX heart failure study, which provided 
evidence for gains in exercise capacity for HIIT and MCT, but no superiority of either training 
form, identified an unsolicited deviation from prescribed exercise intensity as a possible cause 
for lack of contrast between modalities (21). However, in this study, HIIT was performed with a 
heart rate well over 90% of peak values on average, making it unlikely that intensity per se was 
responsible for limited gains in peakV̇O

2
.

 Increasing sample size by pooling a larger number of patients for analysis of 
within-group differences with HIIT revealed several changes in addition to the randomized 
comparison, as for instance increased peak cardiac work and stroke volume reserve. Despite 
these hemodynamic improvements and enhanced skeletal muscle oxidative capacity (i.e. COX 
and type I muscle fiber CSA) the increase of peakV̇O

2
 (+ 6%) was not significant. Instead, the 

main functional enhancements were at submaximal exercise level, and consisted of improved 
oxygen uptake efficiency (OUES75), improved Q̇O

2m
-to-V̇O

2m
 matching, and accelerated 

kinetics of cardiac output during exercise onset and of V̇O
2
 during recovery. 

 The summation of randomized and pooled results could lead to the conclusion that 
HIIT is not as effective in increasing peakV̇O

2
, as in improving submaximal exercise performance. 

However, it should be recognized that each individual patient may have its specific response to 
this training intervention. Indeed, when classifying patients on the basis of improvement of 
maximal or submaximal aerobic indices, it was seen that 52% benefited from HIIT in terms of 
peakV̇O

2
, and 48% in terms of V̇O

2
-recovery kinetics. However, because 60% improved either 

one index, responses were shown not to be associated. These findings are in line with previous 
training studies in patients with HFrEF reporting peakV̇O

2
-response rates of 37-60% (3, 50, 65, 

84), a τV̇O
2recovery–response rate of 48% (37), and no significant relation between the two (37). 

Thus, as we hypothesized, the response to HIIT is variable among patients, and it is an important 
explanation for limited overall effect size. 

What are the physiological characteristics of responders to HIIT?
Responders for peakV̇O

2
Previous studies showed that clinical variables, as for instance etiology of HFrEF, NYHA class, 
age, or medication use were unable to identify responders to ET (37, 50, 65). This study showed 
that these clinical patient characteristics were also not associated with response to HIIT. Instead, 
greater discriminative capability was shown by physiological variables attained from exercise 
testing, revealing that peakV̇O

2
-responders had lower baseline peakV̇O

2
, smaller peak a-̅vO

2
diff, 
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more persistent peripheral vascular resistance (i.e. lower increase of SVC), lower SV reserve, and 
higher peak heart rate compared with non-responders. Previous studies have independently 
identified lower peak a-̅vO

2
diff (defined by a ‘normal’ Q̇ response relative to V̇O

2
) and higher 

peak heart rate as predictors of improvement of peakV̇O
2
 with ET in patients with HFrEF (65, 

84). However, the combination of these predictors and those found in the present study can be 
unified by application of the theory of the ‘muscle hypothesis’ (14).
 The ‘muscle hypothesis’ states that patients with HFrEF who fail to increase SV with 
exercise, instead rely on sympathetically induced peripheral vasoconstriction and increased heart 
rate to maintain blood pressure, and increase Q̇ for sufficient cerebral and cardiac perfusion at 
the expense of skeletal muscle blood flow (14, 18). When peripheral vasoconstriction ultimately 
becomes exaggerated, a smaller portion of Q̇ is distributed towards working muscle (19, 75), 
which limits whole-body O2 extraction (a-̅vO

2
diff) and O2 consumption (peakV̇O

2
). 

 Altogether, the present results reveal that peakV̇O
2
-responders are characterized 

by a more pronounced maldistribution of blood flow because of exaggerated peripheral 
vasoconstriction within skeletal muscle than peakV̇O

2
-non-responders, which is presumably 

mediated by sympathetic overactivity (66, 67, 89). Moreover, these characteristics can also explain 
why Q̇ kinetics, and consequently V̇O

2
 kinetics, during onset of MICWRET were slower than in 

peakV̇O
2
non-responders. Alleviating peripheral vasoconstriction with ET (13, 28) may, therefore, 

be an important prerequisite for improving maximal and submaximal exercise capacity. However, 
regulators of exaggerated vasoconstriction were not assessed in the current study, and future 
studies are needed to assess the role of sympathetic overactivity (60), but also impaired muscle 
sympatholysis (78), and β-adrenergic desensitization (31) in modifying the response to HIIT.

Responders for V̇O
2
-recovery kinetics

The differences between τV̇O
2recovery-responders and non-responders comprised of higher peak 

cardiac performance (i.e. greater LCW with greater peak SBP) and excess ventilation (i.e. steeper 
V̇e versus V̇CO

2
-slope at the GET) in responders. Whereas LCW indicates that τV̇O

2recovery-
responders had a more favorable central hemodynamic profile (49), the origin of a steeper V̇e  
versus V̇CO

2
-slope is less clear. It is commonly attributed to augmented ventilatory drive from 

either chemoreceptors or peripheral ergoreceptors and/or a greater dead space ventilation (Vd/
Vt) because of regional pulmonary ventilation–perfusion mismatching (73). However, it has 
been shown that a ventilation-perfusion mismatch is less pronounced in patients who are able 
to generate a higher blood pressure during exercise (80). This and the fact that skeletal muscle 
oxidative enzyme activity (COX) tended to be lower in τV̇O

2recovery-responders, could mean 
that peripheral metabolic factors, as for instance early metabolic acidosis during exercise and 
associated muscle sympathetic nerve activity (12, 36, 86), had a greater contribution to excess 
ventilation in our patients, and that these factors are related to  a better training response on the 
speed of recovery from submaximal exercise.
 The finding that an increase of peakV̇O

2
with HIIT was more likely in the presence of 

greater maldistribution of skeletal muscle blood flow, and that an acceleration of V̇O
2
-recovery 
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kinetics was more probable in patients with greater skeletal muscle metabolic perturbations, is 
therefore an important confirmation of the presumption that patients with HFrEF whose exercise 
capacity is more limited by peripheral derangements show greater overall responsiveness to 
ET (2, 59, 69). However, because the peripheral abnormalities in peakV̇O

2
 and V̇O

2
 -recovery 

kinetics responders are distinct (vascular versus metabolic, respectively), the HIIT induced 
changes are also expected to differ.

What physiological changes constitute a positive response to HIIT?
Responders for peakV̇O

2
The HIIT-related improvement of peakV̇O

2
 and the corresponding skeletal muscle changes 

in responders (i.e. increased CS and COX activity, and greater CSA of type I muscle fibers), 
were accompanied by increased cardiac reserve (in fact, SV reserve). This finding is in line with 
previous results of ET in patients with HFrEF and healthy subjects, which demonstrated that 
increments of peakV̇O

2
 depend on improvement of Q̇ (11, 25, 53, 55, 74).

 The consequence of the simultaneous increase of whole-body convective O2 delivery 
and O2 consumption with HIIT, was that peak O2 extraction (a-̅vO

2
diff) did not change. 

However, local skeletal muscle O2 extraction (i.e. inverse of TSI) was lower at rest and during 
peak exercise after HIIT. Because V̇O

2
 at rest was unchanged and V̇O

2
 during peak exercise 

increased, absolute Q̇O
2m

 increased after HIIT at both instances. Moreover, the deoxygenation 
overshoot during onset of submaximal exercise, which is an indicator of a Q̇O

2m
-to-V̇O

2m
 

mismatch in various chronic diseases and aging (6, 61, 68, 71), was significantly decreased with 
HIIT in peakV̇O

2
-responders. This means that the onset kinetics of Q̇O

2m
 were accelerated to a 

greater degree than those of V̇O
2m

 (4, 32, 54, 72, 83), which may be attributable to speeding of 
Q̇ onset kinetics. Therefore, HIIT was shown to reduce the Q̇O

2m
-to-V̇O

2m
 mismatch along the 

spectrum of rest, and exercise of moderate and maximal intensity, and this mechanism therefore 
presents as an important determinant of enhancement of aerobic exercise capacity in HFrEF 
(35). Since skeletal muscle capillarization was not altered, the basis for increased Q̇O

2m
 rather 

lay in functional than structural microvascular changes. The improvement of (micro-)vascular 
conductance was therefore likely sufficient (although not significant) to increase the relative 
proportion of total Q̇ to active skeletal muscle in peakV̇O

2
-responders.

 Metabolic changes with HIIT in peakV̇O
2
-responders consisted of improved net 

efficiency, a finding similar to Wisløff et al. (85), and reduced RER during MICWRET. Because 
nitric oxide (NO) has been known to simultaneously cause local vasodilation and reduce 
skeletal muscle O2 utilization (16, 27), increased NO bio-availability (34) after HIIT might 
explain both improved efficiency and Q̇O

2m
-to-V̇O

2
m matching in responders. However, it 

must be acknowledged that complementary mechanisms (e.g. autonomic, neurohumoral, and 
inflammatory) induced by ET, may have also contributed to Q̇O

2m
-to-V̇O

2
m matching (35).  

In addition, the finding of reduced RER may be the consequence of a blood flow related shift 
in substrate utilization, since increased Q̇O

2m during submaximal exercise is correlated with 
augmented muscle regional free fatty acid uptake (43).
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 In peakV̇O
2
-non-responders, HIIT resulted in acceleration of V̇O

2
-recovery kinetics, 

unchanged maximal work rate with a decrease of peakV̇O
2
 and increased RER at peak exercise. 

The latter two indicate a substantial functional shift towards anaerobic metabolism (no shift 
of structural muscle fiber type specific indices was found) to cope with energy demands for 
maximal exercise in the case when HIIT fails to induce mechanisms to increase Q̇ and/or Q̇O

2m
. 

 In conclusion, the physiological changes associated with an improvement of 
peakV̇O

2
with HIIT comprised of synchronized improvements of skeletal muscle oxidative 

capacity and hemodynamic reserve, with a central role for improved local skeletal muscle O2 
delivery relative to demands. Patients that were non-responders decreased peakV̇O

2
, but were 

able to maintain exercise capacity by extending their anaerobic potential. The remarkable 
finding that V̇O

2
-recovery kinetics improved in spite of reductions in peakV̇O

2
 illustrates clearly 

that distinct physiological mechanisms are responsible for training-induced changes in these 
parameters.

Responders for V̇O
2
-recovery kinetics

In line with previous results from our group, the speeding of V̇O
2
-recovery kinetics in responders 

was associated with reduced skeletal muscle deoxygenation at exercise onset (70), but also 
with reduced RER during submaximal exercise. In peakV̇O

2
-responders, improved Q̇O

2m
-

to-V̇O
2
m matching appeared to be mediated by enhanced central hemodynamics. However, 

in τV̇O
2recovery-responders no changes of central hemodynamics were noted. On the contrary, 

it was in the opposing group of τV̇O
2recovery-non-responders that cardiac reserve, peak systolic 

blood pressure, and (consequently) peak cardiac work improved with HIIT. Therefore, it could 
be suggested that Q̇O

2m
-to-V̇O

2
m matching was the result of spatial distribution of available 

Q̇O
2m

 towards muscle fibers with higher oxidative capacity, which are associated with a tighter 
vascular control (prohibiting a deoxygenation overshoot) and faster oxidative recovery from 
exercise (47, 48). However, redistribution of Q̇O

2m
 cannot entirely explain speeding of V̇O

2
- 

recovery kinetics, because V̇O
2
- and PCr-recovery kinetics were associated with slowed skeletal 

muscle reoxygenation. Therefore, metabolic adaptations to HIIT were partially O2 delivery 
independent and probably more dependent on the intensity of the exercise bouts.
 When performing high-intensity exercise, such as HIIT, all systems of oxidative 
metabolism, PCr breakdown, and anaerobic glycogenolysis-glycolysis are needed to maintain 
ATP provision for power output (26). The latter two (i.e. substrate-level phosphorylation) 
become more important for sustaining high-intensity exercise bouts when V̇O

2m
 cannot be 

extended by increasing Q̇O
2m

, such as when exercise hemodynamics do not adapt to ET. The 
system of PCr resynthesis must therefore show adaptations to cope with the greater reliance on 
anaerobic metabolism during exercise (e.g. pH-dependent shift in mitochondrial function and/
or the creatine kinase equilibrium)(10). Therefore, acceleration of PCr-recovery kinetics, and 
thus V̇O

2
-recovery kinetics (63), without improving peak Q̇ may reflect a metabolic adaptation 

specifically for sustaining high-intensity exercise bouts (e.g. HIIT). Interestingly, exercise 
training studies in various groups which found no relation between the response of peakV̇O

2
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and improvement of V̇O
2
-recovery kinetics employed high-intensity interval training (24, 37, 

40). Instead, MCT was used in studies that demonstrated simultaneous improvements of both 
peakV̇O

2
 and V̇O

2
 (or PCr) recovery kinetics (1, 64, 79). Moreover, previous studies in athletes 

established that V̇O
2
-recovery kinetics showed stronger relationships with repeated sprinting 

ability and training volume when compared with peakV̇O
2
 (20, 41).

 Taken together, accelerated recovery from submaximal exercise with HIIT is more 
likely in absence of improvements of exercise hemodynamics, and may therefore be a specific 
metabolic adaptation to high-intensity exercise. However, unraveling the exact mechanisms 
underlying this adaptation requires further research.

Limitations
Before drawing definite conclusions from this study some limitations must be addressed. First, 
the study participants consisted mainly of moderately-impaired (i.e. NYHA II and III) elderly 
male patients with HFrEF that were willing to participate in an exercise training program 
which required a substantial effort. Therefore, generalizability is limited to these patient groups 
performing HIIT. Second, the sample size was probably sufficient to acquire satisfactory 
statistical power for most, but not for all tests. Therefore, caution must be kept in applying the 
results of the present study to clinical practice before their validation in larger trials. Third, 
the measurement of NIR-SRS has been known to be influenced by adipose tissue thickness 
(ATT) (57). Therefore, ATT was confirmed not to have changed between measurements and no 
between-subject comparisons were made with skeletal muscle oxygenation data. Furthermore, 
it cannot be excluded that an ET related increase in myoglobin content increased oxygen 
availability in myocytes, because measurement of oxygenation with NIR-SRS merely represents 
the percentage of oxygenated Hb and Mb. However, myoglobin content has been shown not to 
vary greatly with a training intervention (30).

Conclusions

This study shows that patients with HFrEF, after performing 12 weeks of HIIT, increase peak 
exercise work rate and accelerate V̇O

2
-recovery kinetics from submaximal exercise, with a non-

significant improvement of peakV̇O
2
. Importantly, this study confirms a variable response to 

ET, because individual responders in terms of peakV̇O
2
 and of V̇O

2
-recovery kinetics could 

be identified. In effect, most patients profited from HIIT, however, depending on relative 
limitations in the periphery of either skeletal muscle blood flow (for peakV̇O

2
-responders), or 

skeletal muscle oxidative capacity (for τV̇O
2recovery-responders). As such, initial physiological 

heterogeneity of patients with HFrEF is a plausible and important explanation for the variable 
response to HIIT.
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General discussion

Exercise intolerance is a key characteristic of the syndrome of chronic heart failure (CHF). 
Objectively grading and diagnosing exercise intolerance is essential in the evaluation of patients 
with CHF in terms of assessment of disease severity and prognosis, treatment decisions, and 
treatment efficacy (57). To further the use of exercise testing in the CHF population, this 
thesis evaluated effort-independent measurements of exercise intolerance by appraisal of the 
oxygen uptake efficiency slope (OUES) and of the clinical validity of near-infrared spectroscopy 
(NIRS) in skeletal muscle. Moreover, skeletal muscle attributes were assessed to determine their 
contribution to exercise intolerance and to provide evidence for physiological heterogeneity 
with respect to the fundamental limitation of exercise capacity (i.e. O2 delivery or O2 utilization) 
and the response to high-intensity interval training (HIIT). This chapter addresses the principal 
findings of the conducted studies in the context of the main objectives as outlined in the 
introduction. Furthermore, clinical implications of the results and directions for future research 
will be discussed.

I. Exploration of novel methods for the assessment of exercise intolerance and its 
physiological determinants in skeletal muscle of patients with HFrEF

The assessment of exercise capacity in patients with CHF is routinely based on parameters 
derived from maximal cardiopulmonary exercise testing (CPET), with the most widely used 
parameter being peak pulmonary oxygen uptake (peakV̇O

2
) (47). The main criticism on 

determination of peakV̇O
2
 is that it requires maximal effort of the tested patient. However, in 

patients with CHF, symptomatology and unfamiliarity with high levels of exercise and the type 
of testing can lead to premature termination of an exercise test, which gives uncertainty about 
whether peakV̇O

2
 represents the highest obtainable O2 uptake (i.e. V̇O

2
max). The OUES has 

been shown to overcome this issue with a seemingly equal clinical utility to that of peakV̇O
2
 

(5, 17, 33). That is, the OUES can similarly be obtained from maximal or a submaximal part 
of an incremental exercise test, based on the assumption of a linear relation between V̇O

2
 and 

the logarithmic conversion of pulmonary ventilation (V̇E) throughout an incremental exercise 
test (4). In chapter 2, we demonstrated in 98 patients with CHF that the assumption of linearity 
for the OUES is violated when exercise does not exceed onset of metabolic acidosis [defined by 
the gas exchange threshold (GET)], or when V̇O

2
 levels off during the last part of the test (i.e. a 

V̇O
2
 plateau). Because linearity is the defining principle of the OUES, we therefore recommend 

determining OUES from the most linear portion of the slope. More precisely, it should at 
least include an exercise level exceeding the GET, however, with the exclusion of a possible 
V̇O

2
 plateau. These recommendations may lead to a uniform method of assessment of exercise 

intolerance, independent from the patient’s effort, and can further reinforce the application of 
the OUES in clinical practice.
 Another significance of exercise testing is that it may offer the ability to partition 
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the physiological contributors to exercise tolerance (21). Ventilatory and gas exchange 
measurements enable assessment of pulmonary function during exercise, and cardiac function 
may be derived from V̇O

2
 and heart rate data (i.e. oxygen pulse) (71), or from more invasive 

or complex hemodynamic measurements (e.g. direct Fick method, stress echocardiography, 
or radial artery pulse wave contour analysis) (38). Although whole body metabolic function 
can be inferred from gas exchange, evaluation of skeletal muscle function during CPET is 
less evident. However, important innovations in NIRS technology, as for instance spatially-
resolved spectroscopy (SRS), have provided improvements in the assessment of skeletal muscle 
oxygenation during exercise. Unlike conventional NIRS (continuous-wave or CW-NIRS), which 
only measures relative changes of oxygenated (O2Hb) and deoxygenated hemoglobin [HHb], 
NIR-SRS can directly assess absolute tissue oxygen saturation (StO2), an estimate of skeletal 
muscle oxygenation (SmO2). Therefore, it has the potential to develop into a clinical application 
that can identify limitations of skeletal muscle O2 delivery and utilization (23). In this thesis, 
we addressed several issues that determine the clinical applicability of NIR-SRS, as for instance 
reliability and (construct) validity.
 In chapter 3, the day-to-day variability of NIR-SRS-measurements on leg muscle (i.e. 
vastus lateralis) during and after moderate-intensity constant work rate exercise was determined 
in 30 patients with CHF. It was found that absolute StO2 values and deoxygenation kinetics 
at exercise onset had acceptable absolute reliability, which suggests that these parameters are 
suitable for serial within-subject comparisons (e.g. for evaluation of treatment effects). However, 
absolute reliability of StO2 amplitudes (i.e. oxygenation changes on exercise transitions) and 
reoxygenation kinetics during exercise recovery were considered unsatisfactory. Moreover, 
relative reliability of absolute StO2 values and amplitudes was acceptable, which indicates 
agreeable reliability for purposes of physiological distinction between individual patients with 
CHF. The relative reliability of deoxygenation and reoxygenation kinetics was lower, but these 
characteristics may still be considered useful for clinical application. In addition, deriving 
kinetic values for deoxygenation and reoxygenation from NIR-SRS was far more successful 
compared with kinetics of [HHb] from CW-NIRS measurements. In conclusion, reliability of 
NIR-SRS during exercise in patients with CHF was adequate depending on the type and use 
of the parameter of choice, however, greater than reliability of CW-NIRS. Based on this study, 
reliable and relevant parameters were chosen to be evaluated in the physiological chapters in 
part II of this thesis.
 Discriminating patients on the basis of differences in SmO2 not only requires adequate 
test-retest reliability, but also demands that NIR-SRS derived StO2 represents SmO2, and that 
assumptions made in the calculation of StO2 do not impede comparability between patients. For 
instance, the assumption that the measured tissue predominantly consists of skeletal muscle (i.e. 
tissue homogeneity) is violated by interindividual differences of overlying tissue, specifically the 
thickness of the adipose tissue layer (i.e. subcutaneous fat). It has been shown that with greater 
adipose tissue thickness (ATT) sensitivity for measuring skeletal muscle deoxygenation during 
exercise decreases (7, 22, 39, 50, 52, 76), and that values for resting StO2 are higher (14, 27, 31). 
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Another potential confounding factor lies in the fact that the principle of NIRS is based on 
absorption of NIR-light by tissue chromophores (in this case hemoglobin and myoglobin), and 
that it relies on scattering to allow light that has not been absorbed to return to the surface and to 
be measured. However, in the NIR-SRS algorithm, the amount of scattering in tissue (quantified 
by the reduced scattering coefficient) is assumed a constant, while it is known to vary among 
subjects, as well as during exercise and whole body heating (24, 40). In order to value these 
potential confounders, chapters 4 and 5 describe the influence of ATT and the uncertainty of 
the reduced scattering coefficient (μs’) on the validity of SmO2 measurements with NIR-SRS.
 Chapter 4 discussed the independent influence of variable ATT on NIR-SRS by 
evaluating in vivo data of 76 subjects together with factors that are associated with ATT (55), and/
or are known to contribute to variability of SmO2 (i.e. presence of circulatory disease (e.g. CHF), 
age, gender and pulmonary oxygen uptake kinetics) (10, 14, 15, 27, 31). This analysis showed 
that greater ATT was the strongest independent predictor of higher StO2 values and decreased 
sensitivity for deoxygenation, followed by absence of CHF and faster oxygen uptake kinetics. 
Variability because of age and gender was mostly explained by inter-individual ATT differences, 
with higher ATT for younger and female subjects. Moreover, influences of ATT were greater 
for [HHb] than for StO2. Additionally, in vitro measurements on a whole blood mixture with 
variable hemoglobin oxygenation that was covered by porcine adipose tissue, showed reduced 
measurement sensitivity for deoxygenation from ATT as small as 1 mm. From an ATT of 8 mm 
or higher, StO2 values were restricted to a range of 68–74%, indicating that when the measured 
volume (or depth) consists of an increasing part of (exsanguinated) adipose tissue, NIR-SRS 
derived StO2 results are strongly biased towards this range. Altogether, these findings indicate 
that correcting StO2 measurements for ATT by adjusting for measurement sensitivity (42, 50, 
52), or by normalizing for physiological properties (e.g. oxygen consumption and saturation) 
(11, 60) has potential for considerable error in estimating SmO2. Instead, if one wants to make 
meaningful comparisons of SmO2 between individuals in a group that is heterogeneous with 
respect to age, gender, disease state or oxidative capacity, a correction method for ATT needs to 
incorporate the optical properties of the measured tissues.
 In chapter 5, a so-called Monte Carlo method (MCM) was applied to correct StO2 for 
ATT. An MCM is based on computer modeling to simulate near-infrared (NIR) light behavior 
in biological tissue with multiple layers and with variable optical properties (e.g. absorption 
and scattering coefficients). By selecting the applicable number of layers (two in this case) and 
ascribing them optical properties representative of adipose and muscle tissue, the MCM can be 
used to create look-up tables (LUT) for each wavelength of emitted light (i.e. 760 and 840 nm) 
with values for the property measured by NIR-SRS (i.e. the slope of NIR light attenuation at a 
given distance from the light emitter) for each possible combination of absorption coefficient and 
ATT. Subsequently an optical liquid phantom was constructed with the same optical properties 
as used in the MCM, and with a variable thickness of the compartment representing adipose 
tissue. The model was validated by showing that corrected NIR-SRS measurements on the 
phantoms were less dependent on ATT compared with uncorrected measurements. Additional 
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simulations showed that the ATT entered in the model must be fairly accurate, preferably with 
an uncertainty of less than 1.0 mm. Moreover, the potential uncertainty of actual μs’, because 
of inter-individual differences (possibly due to variability of ATT) and changes during exercise, 
was accompanied by a substantial error on calculated SmO2. Therefore, MCM based corrections 
can minimize the influence of variable ATT, nonetheless, between-subject comparisons are 
likely impaired by a constant and assumed μs’ in the calculation of NIR-SRS derived SmO2.
 In summary, part I of this thesis provided recommendations for improved assessment 
of the OUES (chapter 2) and evidence for enhanced reliability and validity of NIR-SRS derived 
StO2 over CW-NIRS based [HHb] measurements (chapters 3 and 4). However, the thickness of the 
adipose tissue layer covering skeletal muscle was shown to confound NIRS measurements aimed 
at assessing SmO2 (chapters 4 and 5). While modeling of optical properties was demonstrated 
to be capable of correcting for ATT, deviation of the assumed μs’ from actual μs’ was shown to 
affect estimation of SmO2 to a considerable degree (chapter 5). Therefore, NIR-SRS derived StO2 
is considered reliable and valid to assess within-subject changes (in case of unchanging ATT) 
or between-subject differences when subjects are well-matched. However, for comparability of 
SmO2 outcomes between individual subjects and studies, NIR-SRS measurements should be 
corrected for ATT based on optical properties of involved tissues, and μs’ should be assessed 
simultaneously and continuously. More recent developments of the NIRS-technology which 
allow continuous assessment of μs’, as for instance frequency domain multi-distance (FDMD) and 
time-resolved spectroscopy (TRS), should be further improved to produce clinically applicable 
devices that include ATT assessment and correction (30). Such progress may eventually enable 
the quantification of the role of skeletal muscle oxidative (dys)function in exercise intolerance in 
individual patients with CHF.

II. Demonstration of heterogeneity of the physiological determinants of exercise 
intolerance and its influence on the effects of exercise training in patients with HFrEF

There is growing evidence that exercise intolerance in CHF may predominantly stem either from 
limitations in the O2 transport pathway (i.e. O2 delivery) or from a deficit in intramuscular O2 
consumption (i.e. O2 utilization) (10, 13, 37, 44, 53). Notwithstanding the possibility that muscle 
oxidative capacity may be reduced to minimize its functional reserve relative to the capacity 
for muscle perfusion (77), initial indications for heterogeneity with respect to determinants of 
exercise capacity during maximal exercise (65), submaximal rest-exercise transitions (10, 64), 
and recovery from exercise have been presented (63). Moreover, animal studies based on skeletal 
muscle oxygenation monitoring (assessing microvascular oxygen pressure) provided evidence 
for an O2 delivery limitation in moderate CHF, and an intrinsic O2 utilization limitation in 
skeletal muscle in severe heart failure (8, 18). While physiological heterogeneity may offer part 
of the explanation for the variable response to interventions to improve exercise capacity, as for 
instance exercise training (ET) (1, 36, 46, 62, 72) and cardiac resynchronization therapy (3, 28, 
75), studies investigating this issue are still scarce.
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  In chapter 6 of this thesis, we focused on determinants of skeletal muscle O2 
delivery and utilization and their relation to exercise intolerance in 25 patients with CHF 
through analysis of skeletal muscle biopsies, skeletal muscle oxygenation with NIR-SRS, and 
pulmonary oxygen uptake during maximal exercise testing, and during transitions to and 
from moderate-intensity exercise (peakV̇O

2
 and V̇O

2
 kinetics, respectively). It was found 

that patients with CHF did not have different skeletal muscle fiber size in comparison with 
matched healthy subjects. However, the distribution of muscle fiber type was displaced towards 
a higher portion of fast twitch fibers (type II ‘glycolytic’ muscle fibers) in CHF. Moreover, 
capillarization of muscle fibers was greater in patients with CHF compared with healthy 
subjects, which was predominantly attributable to less severely impaired patients (i.e. those 
in New York Heart Association (NYHA) class II). Whereas maximal and submaximal exercise 
capacity, capillarization and enzymatic oxidative capacity of skeletal muscle were greater in 
patients in NYHA class II compared with class III, muscle fiber size and fiber type distribution 
were not different between classes and the latter could, therefore, not explain maximal and 
submaximal exercise intolerance. Analysis of the profile of skeletal muscle deoxygenation 
at onset of moderate-intensity exercise revealed that patients in NYHA class II had faster 
deoxygenation, which was significantly correlated with higher muscle fiber capillarization. 
From this, we concluded that increased capillarization in less severe CHF acted to facilitate 
diffusive O2 delivery by enabling more rapid access, and thereby, consumption of O2 in 
muscle fibers. That muscle fiber capillarization was not enhanced in more severe CHF could 
be related to exaggerated slowing of microvascular blood flow, wherein increasing diffusion 
capacity through capillarization is no longer functional because very slow capillary blood flow 
allows sufficient time for O2 to diffuse into the muscle fiber (58). Because faster deoxygenation 
kinetics were related to faster V̇O

2
 kinetics, the importance of the results may be that capillary 

diffusive capacity is an important prerequisite for the functional ability to cope with activities 
of daily living in patients with CHF (58). Because capillarization seems to readily adapt to O2 
supply and demand, interventions aimed at improving exercise intolerance should improve 
microvascular hemodynamics and matching of skeletal muscle O2 delivery and utilization (e.g. 
with exercise training and/or increasing nitric oxide bio-availability) (66, 68).
 The significance of deoxygenation kinetics in providing insight in mechanisms 
of limited exercise capacity was further explored in chapter 7. With specific interest in the 
skeletal muscle deoxygenation profile at onset of moderate-intensity exercise, comparisons 
between 19 patients with CHF and 19 matched healthy subjects were made to assess the 
delay before deoxygenation commenced (i.e. time delay), the speed of deoxygenation, and 
the presence of a deoxygenation overshoot. The latter is considered to be evidence of a 
temporary kinetic mismatch between skeletal muscle O2 delivery and utilization (6, 18, 25). 
By incorporating a protocol with two subsequent exercise bouts of moderate-intensity, the 
influence of a ‘priming’ exercise bout was expected to reveal the locus of the kinetic deficit 
(i.e. in O2 delivery or utilization) from differences with the second bout (10). Deoxygenation 
kinetics during the priming bout were prolonged in patients with CHF compared with 
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healthy subjects, and more so in severely impaired patients. This indicated that O2 utilization 
was slow relative to O2 delivery during onset of exercise in these patients. In line with these 
findings, a deoxygenation overshoot was less frequent in the CHF group (56% versus 78% 
in healthy subjects). However, during the second bout, deoxygenation accelerated with 
a reduction of the time delay only in patients without an initial deoxygenation overshoot, 
which was considered evidence of faster activation of skeletal muscle oxidative metabolism. 
In contrast, deoxygenation kinetics in patients that initially showed a deoxygenation 
overshoot were not changed after priming. However, in contrast with healthy subjects, their 
overshoot disappeared in a significant number of cases, indicating accelerated O2 delivery 
relative to utilization. Therefore, the deoxygenation profile of these patients showed evidence 
of contrasting kinetic deficits at onset of exercise, confirming the hypothesis of heterogeneity 
of limitations. More precisely, in line with previous studies, it was suggested that impaired 
skeletal muscle oxidative metabolism was the primary impairment in more severe CHF (8, 
10, 18), while O2 delivery was more likely to be the main limitation in less severe CHF. The 
acknowledgement of such heterogeneity and identification of physiological determinants of 
exercise intolerance may provide an opportunity to tailor treatment according to the patient’s 
physiological profile and to optimize treatment benefits.
 To investigate whether the locus of exercise impairment was of influence on the effect 
of a treatment known for improving exercise capacity (56, 70), we examined the response to 
ET in chapters 8 and 9. First, ET in the form of high-intensity interval training (HIIT) was 
assessed in 26 patients with CHF to evaluate the effect on maximal and submaximal exercise 
hemodynamics and muscle oxygenation (chapter 8). HIIT was recently introduced as a superior 
exercise modality for CHF by Wisløff et al. (73), which could result in significant improvements 
in cardiac, vascular, and skeletal muscle mitochondrial function. Since these improvements 
were assessed in resting conditions (73), it was of great interest to investigate during exercise to 
what extent these improvements contributed to changes in maximal and submaximal exercise 
capacity. It was found that peak work rate and cardiac reserve increased with 3 months of HIIT, 
however the changes of these variables were not significantly interrelated, and peakV̇O

2
 was 

not significantly improved. Moreover, V̇O
2
 kinetics during recovery from submaximal exercise 

were speeded, which was related to a decreased deoxygenation at onset of submaximal exercise, 
but not with cardiac output kinetics. These results suggested that improvements of parameters 
indicative of the ability to sustain and repeat activities of daily life (i.e. V̇O

2
 kinetics) (16, 34) may 

depend more on matching of local skeletal muscle O2 delivery and utilization than on central 
hemodynamic changes.
 Building on the findings of chapter 8, we used an extended study protocol (chapter 9) 
to identify and characterize responders to HIIT in terms of maximal and submaximal exercise 
capacity (peakV̇O

2
 and V̇O

2
-recovery kinetics, respectively). Additions to the protocol were 

measurements of skeletal muscle metabolic recovery (by means of 31P magnetic resonance 
spectroscopy), and analysis of skeletal muscle biopsies (with assessments of muscle fiber 
size, distribution, capillarization, mitochondrial density, and oxidative enzyme capacity). 



221

C
ha

pt
er

 1
0

General discussion and future directions

Out of 40 patients with CHF participating in the randomized controlled part of the study, 
25 ultimately completed HIIT and were pooled for analysis of within-group differences and 
classification of responders. It was found, that although HITT was associated with a trend 
towards improvement of peakV̇O

2
 and significantly accelerated V̇O

2
-recovery kinetics from 

submaximal exercise, both responses were not related to each other. In fact, it was seen 
that 52% of patients benefited from HIIT in terms of peakV̇O

2
, and 48% in terms of V̇O

2
-

recovery kinetics, depending on relative limitations in the periphery of either skeletal muscle 
blood flow (i.e. impaired redistribution of blood flow to working muscle), or skeletal muscle 
oxidative capacity, respectively. In total, 80% of patients improved either maximal and/or 
submaximal exercise capacity. Moreover, the increase of peakV̇O

2
 was most pronounced when 

improvements of central hemodynamics and skeletal muscle oxidative capacity occurred 
together, and when skeletal muscle O2 delivery was enhanced to match O2 utilization. 
Individuals that improved V̇O

2
-recovery kinetics also showed enhanced matching, as well 

as faster skeletal muscle metabolic recovery. However, acceleration of V̇O
2
-recovery was not 

associated with central hemodynamic improvements, which implies that this was a purely 
metabolic adaptation specific to HIIT. The clinical implications of these findings are that the 
effects of ET are not merely reflected in an improved peakV̇O

2
, but may also be reflected in 

improvements of parameters that are more representative of activities of daily life (i.e. V̇O
2
 

kinetics). Moreover, patients who are primarily impaired by peripheral derangements are 
most likely to benefit from HIIT, including both patients with maldistribution of blood flow 
and those with a reduced skeletal muscle oxidative capacity.
 In conclusion, in part II of this thesis we provided novel NIRS-based evidence for 
heterogeneity with respect to the principal limitation of exercise performance (chapter 6 and 
7). It was seen that with increasing severity of CHF, skeletal muscle oxidative function was 
slowed and compromised, which may lead to a greater reliance on anaerobic metabolism. In 
less severe CHF, it was seen that O2 delivery was a more important limitation. However, greater 
capillarization in these patients showed that structural capillary adaptations may provide a 
compensatory mechanism that increases diffusive capacity to balance reduced convective 
O2 delivery. In chapter 8, we demonstrated that HIIT can improve both submaximal and 
maximal exercise capacity, partly because of improved matching of O2 delivery and utilization. 
And finally, chapter 9 showed that patients who suffer from impaired skeletal muscle O2 
delivery because of maldistribution of blood flow profit more from HIIT in terms of peak 
aerobic capacity, whereas patients with CHF that show evidence of impaired skeletal muscle 
O2 utilization (e.g. reduced skeletal muscle oxidative capacity) may benefit by improving 
oxidative recovery from submaximal exercise. Taken together, the results indicate exercise 
training has the ability to alleviate the prevailing limitation to exercise in the periphery. In 
this respect, the findings provide an important demonstration of the principle of ‘exercise is 
medicine’ in patients with CHF. 
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Future directions

In chapter 2, we provided recommendations for determination of the OUES. Moreover, 
chapter 9 showed that OUES derived from 75% of maximal exercise (OUES75) was more 
sensitive for training effects in the pooled within-subject analysis, than OUES from the 
complete test (OUES100). Although we have found the gas exchange threshold to be involved 
in nonlinearity of the OUES, we have not evaluated the respiratory compensation point (RCP). 
However, variability in reaching the RCP during exercise testing in patients with CHF may 
have influenced linearity and the sensitivity for training effects (48). Moreover, height, weight, 
lean body mass and body surface area (BSA) are strongly correlated with the OUES (12, 
43). However, the OUES is generally not normalized for body size, which may compromise 
comparability between individuals of different stature and pulmonary volume (2). Therefore, 
more research is needed with respect to the influence of the RCP and body size on the OUES 
to further explore its strengths and limitations and to make recommendations for use of the 
OUES in clinical practice.
 The value of NIRS in the assessment of skeletal muscle function in health and disease 
is starting to emerge from recent investigations and the current thesis (10, 11, 30, 64, 67, 68). It is 
expected that correction for ATT (and other superficial layers) and incorporation of continuous 
measurement of μs’ will allow valid comparisons between subjects, and may possibly enable 
the detection of absolute thresholds of SmO2 in controlling skeletal muscle oxidative function 
(11). Moreover, since NIRS-derived SmO2 represents the balance between local O2 delivery and 
utilization it offers insight in spatial and temporal matching of both. However, no inferences 
can be made about the separate contributions of local skeletal muscle blood flow and oxidative 
metabolism on skeletal muscle performance. Therefore, novel promising techniques that are 
developed to assess microvascular blood flow, such as Power Doppler, and Diffuse Correlation 
Spectroscopy (DCS) (45, 49), are expected to provide insight in local O2 transport in smaller 
vessels and capillaries. These techniques in combination with NIRS derived SmO2 as a proxy 
for local O2 extraction, allow inferences to be made on skeletal muscle O2 consumption in 
vivo by application of the Fick principle. As such, this methodology has the potential to more 
thoroughly determine the culprit of exercise intolerance in active skeletal muscle.
 More upstream, redistribution of cardiac output to exercising muscles is thought to 
be compromised in at least a considerable part of patients with CHF (69). In chapter 9 we argue 
that peripheral vasoconstriction in skeletal muscle is more exaggerated in patients that respond 
to HIIT by increasing peakV̇O

2
. However, the absolute degree of vasoconstriction in the skeletal 

muscle vascular bed and the amount of redistribution during exercise were unknown, because 
macrovascular blood flow was not assessed directly. A method to directly and non-invasively 
measure redistribution by evaluation of cardiac output and peripheral (leg) blood flow is phase 
contrast magnetic resonance imaging (PC-MRI) (59). Studies that simultaneously measure 
cardiac output and peripheral leg blood flow during exercise are awaited, and may provide new 
insights in the significance of redistribution of macrovascular leg blood flow in patients with CHF.
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 The role of skeletal muscle in exercise intolerance in patients with CHF has been 
extensively discussed in this thesis and seems to play a pivotal role, especially in more severe 
heart failure. It has been known that progressive loss of skeletal muscle mass with age (i.e. 
sarcopenia) increases the risk for future cardiac events in patients with CHF (54). Therefore, 
prevention of sarcopenia or muscle wasting related to the disease itself (i.e. cachexia) should 
receive greater attention in developing treatment plans. Recent studies have evaluated the use of 
testosterone to treat the anabolic deficiency known to occur with chronic disease (35, 61), or the 
efficacy of myostatin inhibition to aid muscle growth during rehabilitation (9). Although these 
preliminary studies show promising results, larger multi-center studies are needed to value the 
possible role of these options in the treatment of patients with CHF.
 By demonstrating variability of the response to ET, and the importance of the 
physiological characteristics of individual patients with CHF in predicting this response (chapter 
9), we have provided directions for future research aimed at improving treatment allocation. 
That is, physiological characterization of individuals with CHF during submaximal and maximal 
exercise, in combination with well-chosen clinical predictors, could provide an opportunity 
to optimize benefits of therapeutic options, improve outcome, and prevent individuals from 
enduring arduous forms of treatment without success. Specifically, interest should be placed in 
selection of candidates for treatment aimed at supporting central hemodynamic capacity [e.g. 
cardiac resynchronization therapy (CRT), left ventricular assist device (LVAD), or MitraClip 
placement] on the basis of physiological characterization, since the associated costs are far 
higher compared with treatment aimed at improving skeletal muscle function [e.g. exercise 
training and/or increasing nitric oxide (NO) bio-availability with phosphodiesterase inhibitors 
or nutritional supplements] (32). It can even be contemplated that predicted responders to ET 
should first engage in a cardiac rehabilitation program before the definitive decision to apply 
invasive central hemodynamic support is made, as it may defer or delay the need for such action. 
An approach based on individual physiological characteristics could, therefore, act as a double-
edged sword.
 The use of exercise training to improve exercise intolerance is currently undebated 
as it is part of contemporary guidelines for the management of heart failure, with the highest 
class of recommendation (I-A) (57, 74). However, the optimal exercise training characteristics 
are less clear, since the recently conducted multi-center randomized SMARTEX Heart Failure 
Study did not show added benefit of HIIT over moderate continuous training (MCT) (19). 
Because in this thesis we employed HIIT as the principal training modality, it is currently 
unknown whether physiological characterization can predict the response to MCT, and whether 
these characteristics (or individuals) are distinct from those predicting the response to HIIT. 
However, answers to these questions might open up yet other possibilities for an individualized 
configuration of exercise training protocols. 
 Finally, uptake of patients with CHF in cardiac rehabilitation programs is currently 
very poor, with only 4% of eligible candidates participating in a program in the Netherlands 
(20). So, despite the documented efficacy and cost-effectiveness, cardiac rehabilitation is not 
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well implemented in current clinical practice (20). This may be related to several impediments, 
such as lack of knowledge of and adherence to guidelines, unfavorable socio-economic situation, 
and limited motivation or inadequate financial reimbursements (56). Therefore, efforts should 
be made to increase uptake by tackling these issues. Currently, progress is being made by 
introducing computer-aided decision support systems for health care givers that improve 
adherence to guidelines (29). Moreover, factors related to the motivation of patients with CHF 
are addressed by the possibility of remote monitoring, which removes barriers and may help 
these patients to increase physical activity in their own surroundings (41). Given the fact that 
engaging in physical activity is not trivial for patients suffering from exercise intolerance, the 
low rates (± 30%) of patients that maintain active after completion of a (cardiac) rehabilitation 
program may not be completely surprising (51). However, the knowledge that exercise training 
and remaining physically active can reduce exercise intolerance, increase quality of life, and 
reduce health care costs (e.g. hospital admissions) (26), means some form of guidance and 
counseling is warranted throughout the disease course. Therefore, health care policy makers 
should consider the macroeconomic benefits of lifelong reimbursement of supervised ET for 
patients with CHF.
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Chronic heart failure (CHF) is a growing healthcare problem. Patients with CHF suffer from 
exercise intolerance attributable to cardiac dysfunction and, to some extent, skeletal muscle 
abnormalities. Because exercise intolerance is strongly associated with quality of life and 
event-free survival, evaluating exercise capacity and its pathophysiological contributors is 
important for patient assessment and medical treatment decisions. Therefore, the first objective 
of this thesis was to explore novel methods for the assessment of exercise intolerance and its 
physiological determinants in skeletal muscle of patients with CHF. In addition, we used 
these methods to address the second objective, which was to demonstrate heterogeneity of the 
physiological determinants of exercise intolerance and its influence on the effects of exercise 
training in individual patients with CHF.
 In the first part of the thesis we addressed the first objective by focusing on 
methodological issues concerning the assessment of exercise capacity and skeletal muscle 
oxidative function in patients with CHF. In chapter 2, we critically evaluated the determination 
of the oxygen (O2) uptake efficiency slope (OUES), an effort-independent quantification of 
exercise capacity derived from gas exchange and ventilatory measurements during ramp 
incremental maximal exercise testing. The results showed that OUES can be reliably determined 
when exercise intensity exceeds the onset of anaerobic metabolism (i.e. the anaerobic threshold), 
unless O2 uptake does not rise linearly with the last increments of work rate until the volitional 
termination of exercise.
 Thereafter, measurements of tissue oxygenation (StO2) on skeletal muscle using near-
infrared spectroscopy (NIRS) were evaluated. These measurements can potentially be used 
during exercise to assess limitations of O2 supply and utilization in skeletal muscle of individual 
patients with CHF. The day-to-day reliability of StO2 measurements during submaximal constant 
work rate cycling exercise in patients with CHF was assessed in chapter 3. It was concluded that 
reliability for serial within-subject comparisons was adequate for StO2 onset kinetics and StO2 at 
specific time-points before, during and after exercise. Additionally, for purposes of physiological 
distinction between subjects, the reliability of the magnitude of change (amplitude) and StO2 
values at the specific time-points was sufficient, whereas reliability for StO2 onset kinetics was 
lower, but still considered acceptable.
 A non-homogeneous tissue composition is known to influence NIRS measurements 
of skeletal muscle in humans. The thickness of the adipose tissue (ATT) layer between the 
NIRS device on the skin and the skeletal muscle layer may therefore confound assessment of 
skeletal muscle oxygenation (SmO2). In chapter 4, we conducted an in vivo experiment, that 
showed that subjects with greater ATT had higher resting StO2 values and attenuated sensitivity 
for deoxygenation changes during exercise. The confounding influence of ATT on StO2 was 
independent from influences of the presence of disease (i.e. CHF) or slowed oxygen uptake 
kinetics. In vitro experiments showed that the optical properties of adipose tissue bias outcomes 
towards a specific and narrow range of StO2 values with increasing ATT. Therefore, to interpret A
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NIRS-derived StO2 values as SmO2, a correction based on optical properties is needed.
 The potential utility of a correction of NIRS-derived StO2 for ATT, based on a 
computer model that simulates near-infrared (NIR) light behavior in biological tissue with 
multiple layers, was described in chapter 5. Simulations were performed with optical properties 
of liquid phantoms mimicking human adipose and muscle tissue, which were subsequently used 
to validate the correction. It was shown that corrected outcomes of NIRS measurements on 
the phantoms were less influenced by variable ATT. Additionally, simulations were also used 
to assess the influence of an assumed constant scattering coefficient of measured tissue on 
calculated StO2. The results indicate that the expected inter-individual variability of the amount 
of scattering in tissue can cause a substantial error of StO2. Thus, to improve the validity of 
between-subject comparisons of NIRS parameters, ATT can be corrected by computer modeling 
of optical tissue properties, however, the actual scattering coefficient of the tissue should be 
known or measured simultaneously.
 In the second part of the thesis we addressed the second objective by using appropriate 
NIRS parameters and skeletal muscle biopsies to assess skeletal muscle abnormalities and the 
response to exercise training in patients with CHF. In chapter 6, analyses from biopsies of 
patients with CHF and healthy subjects revealed no differences between groups with respect to 
muscle fiber size. However, fiber type distribution was shifted towards more glycolytic (type II) 
muscle fibers, indicating that skeletal muscle is less oxidative in moderately impaired patients 
with CHF. Furthermore, in less severely affected patients with CHF, capillarization was higher, 
which may be a compensatory adaptation to enhance diffusive capacity in the presence of a 
CHF-related reduction of blood flow during exercise.
 In addition, NIRS measurements showed evidence for slowed activation of skeletal 
muscle oxidative metabolism at onset of moderate-intensity constant work rate exercise in 
patients with CHF compared with healthy subjects (chapter 7). However, a confirmation of the 
existence of heterogeneity of the physiological determinants of (submaximal) exercise capacity 
was given by the fact that not all muscle deoxygenation responses of patients with CHF were 
indicative of an impaired ability to utilize O2, instead, some were compatible with a limited O2 
supply attributable to slowed muscle blood flow kinetics.
 To assess the effect of a state-of-the-art training program on exercise capacity and its 
physiological determinants we used a regimen of high intensity interval training (HIIT) in a 
randomized controlled trial in patients with CHF (chapter 8). Peak work rate and cardiac reserve 
increased with 3 months of HIIT, however the changes of these variables were not significantly 
interrelated, and peak O2 uptake (V̇O

2
) was not significantly improved. Moreover, V̇O

2
 kinetics 

during recovery from submaximal exercise were speeded, which was related to a decreased 
muscle deoxygenation at onset of submaximal exercise. This signifies that improvements of 
parameters indicative of the ability to sustain and repeat activities of daily life (i.e. V̇O

2
 kinetics) 

may depend on matching of local skeletal muscle O2 delivery and utilization. 
 Finally, in chapter 9, we identified and characterized responders to HIIT in terms 
of maximal and submaximal exercise capacity (i.e. peakV̇O

2
 and V̇O

2
-recovery kinetics). 
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It was shown that the response to HIIT is variable and, in the majority of cases, different for 
peakV̇O

2
 and V̇O

2
-recovery kinetics. However, heterogeneity of the physiological determinants 

of exercise intolerance was seen to explain part of these results. That is, patients that were more 
impaired by skeletal muscle O2 delivery because of maldistribution of blood flow were those that 
profited from HIIT in terms of peakV̇O

2
, whereas patients that showed greater impairment of 

skeletal muscle O2 utilization (e.g. reduced skeletal muscle oxidative capacity) where those that 
improved metabolic and oxidative recovery from submaximal exercise. As such, physiological 
characterization of individual patients with CHF during submaximal and maximal exercise, in 
combination with specific clinical predictors, can provide guidance to optimize allocation and 
benefits of therapeutic options, and ultimately improve outcome.
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Chronisch hartfalen (CHF) is een groeiend probleem voor de gezondheidszorg. Patiënten met 
CHF zijn gehinderd door inspanningsintolerantie vanwege een beperkte hartfunctie en, tot op 
zekere hoogte, afwijkingen van de skeletspieren. Omdat de inspanningscapaciteit gerelateerd is 
aan de kwaliteit van leven en voorspellend is voor het ziektebeloop, kan het objectief vaststellen 
van de inspanningscapaciteit - en de bepalende factoren in spieren en bloedsomloop - bijdragen 
aan het patiëntspecifiek optimaliseren van de behandeling. Derhalve was het eerste doel van dit 
proefschrift om nieuwe methoden te beoordelen voor het bepalen van de inspanningscapaciteit 
en het functioneren van de skeletspier van patiënten met CHF. Vervolgens werd met deze 
methoden het tweede doel geëvalueerd, namelijk het aantonen van verschillen tussen individuen 
met betrekking tot de fysiologische determinanten van inspanningsintolerantie en de invloed 
van deze determinanten op de effecten van fysieke training in individuele patiënten met CHF.
 In het eerste deel van het proefschrift werden methodologische aspecten van 
het bepalen van de inspanningscapaciteit en skeletspierfunctie bestudeert. In hoofdstuk 2 
evalueerden we de betrouwbaarheid van de bepaling van de helling van de zuurstofopname 
uitgezet tegen (de logaritme van) het ademminuutvolume tijdens een maximale inspanningstest: 
de ‘oxygen uptake efficiency slope’ (OUES). De OUES is een nieuwe motivatie-onafhankelijke 
indicator van de inspanningscapaciteit. De resultaten lieten zien dat de OUES betrouwbaar 
bepaald kan worden als de intensiteit van inspanning voorbij het punt reikt dat anaeroob 
metabolisme begint bij te dragen aan de geleverde inspanning (ook wel de ‘verzuringsdrempel’), 
behalve als de zuurstofopname gedurende de laatste fase van de test niet lineair doorstijgt.
 Vervolgens werd de meting van de zuurstofverzadiging in humaan weefsel (StO2) 
met behulp van nabij-infrarood spectroscopie (NIRS) onderzocht. Deze meting kan mogelijk 
gebruikt worden voor het identificeren van inspanningsbeperkingen door zuurstofaanvoer of 
-verbruik in de skeletspier van patiënten met CHF. De dag-tot-dag variabiliteit van metingen 
van StO2 op de skeletspier bij patiënten met CHF tijdens matig intensieve fietsinspanning met 
constante weerstand werd beoordeeld in hoofdstuk 3. Concluderend kon worden gesteld dat 
betrouwbaarheid van de bepaling van absolute StO2 waarden en de snelheid van verandering 
(kinetiek) van StO2 bij begin van inspanning voldoende was voor wat betreft opeenvolgende 
metingen binnen een individu. Tenslotte waren absolute StO2 waarden en de grootte van 
StO2 veranderingen (amplitudes) voldoende betrouwbaar voor het maken van fysiologisch 
onderscheid tussen individuen, terwijl betrouwbaarheid van StO2 kinetiek hiervoor geringer 
was, echter niet onacceptabel laag.
 Het is aangetoond dat een niet-homogene weefselsamenstelling NIRS-metingen 
van spierweefsel kan beïnvloeden. De dikte van het onderhuidse vetweefsel tussen het NIRS-
systeem op de huid en de skeletspier kan daardoor de bepaling van skeletspieroxygenatie 
(SmO2) verstoren. In hoofdstuk 4 voerden we metingen uit bij mensen met variabele dikte 
van de onderhuidse vetlaag waaruit bleek dat een grotere vetlaag gepaard ging met hogere 
StO2 waarden en kleinere StO2 amplitudes tijdens inspanning. De verstorende invloed van A
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de vetlaag was onafhankelijk van de aanwezigheid van ziekte (CHF) of de submaximale 
inspanningscapaciteit. Metingen op een in vitro bloedmengsel met varkensvet van variabele 
dikte toonden aan dat de optische eigenschappen van vet de uitkomsten van NIRS-metingen 
beperken tot een gering bereik van StO2 waarden. Deze resultaten geven aan dat NIRS-metingen 
moeten worden gecorrigeerd voor optische eigenschappen van het gemeten weefsel, vooraleer 
StO2 waarden als SmO2 geïnterpreteerd kunnen worden.
 Een computermodel dat het gedrag van nabij-infrarood licht in biologisch weefsel 
met meerdere lagen simuleert en dat kan dienen als correctiemethode voor de invloed van de 
onderhuidse vetlaag op NIRS-metingen werd in hoofdstuk 5 geëvalueerd. De simulaties werden 
verricht met eigenschappen van speciaal vervaardigde vloeistofmengsels die optisch lijken op 
spier- en vetweefsel. We toonden aan dat NIRS-metingen op het vloeistofmengsel lijkend op 
spierweefsel konden worden gecorrigeerd met de uitkomsten van de simulaties voor de invloed 
van een vetlaag. Verder werden de simulaties gebruikt om te beoordelen hoe groot de invloed 
is van een aanname in de berekening van StO2 uit NIRS-metingen, namelijk dat de hoeveelheid 
lichtverstrooiing in weefsel constant is en tussen individuen niet varieert. Aangezien de invloed 
van variabele lichtverstrooiing groot bleek, wordt aangeraden de vergelijkbaarheid van NIRS-
parameters tussen individuen en tijdens inspanning te vergroten door de lichtverstrooiing te 
meten en te corrigeren voor de onderhuidse vetlaag.
 In deel twee van het proefschrift werd het tweede doel geëvalueerd met behulp van 
betrouwbare NIRS-parameters en onder andere skeletspierbiopten om skeletspierafwijkingen 
en de respons op fysieke training bij patiënten met CHF te beoordelen. In hoofdstuk 6 
toonden spierbiopten van patiënten met CHF geen verschil met gezonden met betrekking tot 
spiervezelgrootte. De verdeling van spiervezels was echter verschoven naar meer vermoeibare 
type II vezels in CHF.  Bovendien was de dichtheid van haarvaten (capillarisatie) in de skeletspier 
hoger in minder beperkte patiënten met CHF dan in gezonden of ernstiger beperkte patiënten. 
NIRS-metingen suggereerden dat sterkere capillarisatie een aanpassing van het lichaam kan zijn 
om verminderde bloedtoevoer door hartfalen te compenseren met een vergrootte capaciteit 
voor gasuitwisseling (zuurstofdiffusie) met de spiervezels.
 NIRS-metingen leverden tevens aanwijzingen voor een vertraagde activatie van het 
skeletspiermetabolisme bij het begin van matig intensieve inspanning met constante weerstand in 
patiënten met CHF vergeleken met gezonden (hoofdstuk 7). Echter niet alle patiënten met CHF 
hadden een StO2 patroon dat overeenkwam met vertraagde activatie van het metabolisme. Een 
groep patiënten had namelijk een tegengesteld patroon passend bij vertraagde zuurstofaanvoer. 
Als zodanig tonen deze bevindingen aan dat er verschillen zijn tussen patiënten met CHF met 
betrekking tot de fysiologische determinanten van inspanningsintolerantie.
 Om te beoordelen wat het effect is van een vooruitstrevend fysiek trainingsprogramma 
op de inspanningscapaciteit en de fysiologische determinanten van inspanningsintolerantie, 
werd hoog intensieve intervaltraining (HIIT) toegepast in een gerandomiseerde gecontroleerde 
studie bij patiënten met CHF (hoofdstuk 8). Het piekvermogen en de reservecapaciteit 
van de hartspier verbeterden onafhankelijk van elkaar na 3 maanden HIIT, echter de piek 
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zuurstofopname (piekV̇O
2
) nam niet significant toe. Verder was er een sneller herstel van 

de V̇O
2
 na matig-intensieve inspanning (V̇O

2
-herstelkinetiek) en dit was gerelateerd aan een 

verminderde daling van StO2 tijdens het begin van inspanning. Deze relatie toont aan dat 
het vermogen om activiteiten vlot achter elkaar te kunnen uitvoeren (V̇O

2
-kinetiek) mogelijk 

afhankelijk is van een betere aanpassing van de zuurstofaanvoer aan het zuurstofverbruik in de 
spier.
 Tot slot werden in hoofdstuk 9 patiënten met CHF geselecteerd en beschreven die 
de inspanningscapaciteit met HIIT verbeterden voor wat betreft hun maximale (piekV̇O

2
) en/

of submaximale (V̇O
2
-herstelkinetiek) inspanningscapaciteit. Het bleek dat de effecten van 

HIIT tussen patiënten sterk kunnen verschillen en dat een verbetering in de meerderheid 
van de gevallen ofwel bestond uit een hogere piekV̇O

2
 of snellere V̇O

2
-herstelkinetiek en niet 

beiden. Bovendien kon de specifieke verbetering tot op zekere hoogte verklaard worden aan 
de hand van de fysiologische determinanten van inspanningsintolerantie per patiënt. De 
patiënten die namelijk piekV̇O

2
 verbeterden waren degenen die een dominante beperking van 

de zuurstofaanvoer in de skeletspier hadden, terwijl degenen die V̇O
2
-herstelkinetiek konden 

verbeteren juist een verminderde capaciteit van het skeletspiermetabolisme hadden. Het op 
deze manier fysiologisch karakteriseren van patiënten met CHF tijdens inspanning kan daarom 
(in combinatie met specifieke klinische voorspellers) richting geven aan het beter afstemmen 
van de behandeling op een specifieke patiënt en uiteindelijk leiden tot minder persoonlijke en 
maatschappelijke ziektelast van CHF.
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