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Chapter 1

Over the last century, there have been great achievements in science and 
technology. Thanks to it, several aspects of our lives have been facilitated 
and improved, and important breakthroughs have occurred in medicine in 
the search to increase lifespan and healthspan. Several fatal illnesses are no 
longer fatal, people live longer [1,2], and the living condition has improved. 
The larger life expectancy and the contemporary lifestyle –more sedentary [3] 
and with unhealthy habits such as tobacco and/or alcohol use and poor diet– 
increase the number of people living with chronic diseases and disability [1,2,4]. 
More than 15% of the adult population worldwide experience moderate or 
severe disability and these estimates are on the rise [5]. Disabled individuals 
are physically impaired and have limited functioning and, additionally, they 
encounter barriers that limit the full and effective inclusion and participation in 
society [6]. Ultimately, the well-being of individuals with disabilities is disrupted 
and their quality of life poorer.

Low back pain

Low back pain (LBP) is the main cause of disability (quantified with years lived 
with disability) [7,8]. Up to 84% of the population experiences LBP at some point 
in life [9] and in 90% of the cases, its cause is unknown [10]. Recurrence is quite 
common, being those with a previous episode of LBP at a higher risk [11,12]; and 
if the pain persists beyond the usual healing time –in nonmalignant pain three 
months–, it is defined as chronic [9,13,14]. About one in five people has chronic 
LBP (CLBP) [9,15], which entails major implications, including healthcare, societal 
and economic consequences [16,17], in addition to the challenges experienced 
by the individuals to engage in daily living activities and social, recreational, and 
work life [8,18–21].

Only 58% to 67% of the individuals with LBP seek care, and those with higher 
levels of disability –more severely limited in their daily functioning– are more 
likely to do so [22,23]. Rehabilitation for patients with CLBP reduces the impact 
of the condition on their everyday life by educating patients, promoting healthier 
behaviors, optimizing functioning and independence, minimizing disability, 
and fostering their work and social participation. The initial clinical assessment 
of patients identifies their functioning level and actual problems and needs, 
recognizes the factors contributing to pain and disability, and assists in the goal-
setting, design and implementation of rehabilitation programs [5].

To that aim, pain rehabilitation uses the biopsychosocial framework to better 
understand the factors contributing to the pain and disability of patients, and 
guide the assessment and treatment of patients with LBP [19]. Within this 
framework, the focus is not the medical condition but patients themselves; the 
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health condition, the physical function and capacities, the psychological and 
behavioral resources, and the ability to meet the social interactions including 
work demands, are recognized [24]. Over the last decades, pain management 
has embraced the biopsychosocial framework and incorporated a mechanism-
based approach to pain. In this approach, the possible (neurophysiological) 
mechanisms that contribute to the development and/or maintenance of chronic 
pain are identified and included in the decision-making, for the design and 
implementation of successful pain management programs for patients with 
CLBP [25–27].

Central sensitization

Central sensitization (CS) is a physiological phenomenon [28] defined 
according to the International Association for the Study of Pain as “increased 
responsiveness of nociceptive neurons in the central nervous system to their 
normal or subthreshold afferent input” [29]. CS is critical in the chronification of 
musculoskeletal conditions [30,31] and, in a subgroup of individuals with CLBP, 
it may dominate the clinical picture and lead to an amplified pain experience 
[32–35]. CS comprises adaptations in the central nervous system and modulation 
of the pain pathways; the pain thresholds and neuronal responsiveness to 
noxious stimuli are hyper-activated, the nociceptive inhibition is reduced, and 
the vagal nerve activity is reduced [28,36–38]. The central nervous system is in 
a hypersensitive state to sensory stimuli [36].

There is no gold standard to assess the presence of CS [39]. Nowadays, several 
symptoms indicative of CS can be identified with methods that are non-invasive, 
feasible and compatible with routine clinical use. The Central Sensitization 
Inventory [40] is a questionnaire that assesses several of the CS-related somatic 
and emotional symptoms and it was designed as a screening instrument for CS 
[40,41]. The quantitative sensory testing [42,43] is a battery of standardized 
tests that assesses the somatosensory function of the central nervous system, 
including the sensitivity and responsiveness to different stimuli, and assists in 
the pain characterization and the monitoring of the responses to treatment 
[44–47]. Heart rate variability [48] is a tool that assesses the function of the 
autonomic nervous system –sympathetic and parasympathetic/vagal tones– 
[49,50], which is involved in the modulation of pain [38,51,52]. These methods 
seem to assess the presence of CS from three very different perspectives –
self-reported CS-related symptoms, somatosensory function and autonomic 
nervous system function. CS has traditionally been assessed with one of the 
measurement methods that targets at a specific indicator [36]. Some studies 
have searched for the relationship between the Central Sensitization Inventory 
and the tests of quantitative sensory testing in groups of patients with different 
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musculoskeletal conditions, but results were heterogeneous and weak or no 
associations were reported [53–57]. Hence, the association between the three 
methods which assess symptoms indicative of CS in patients with CLBP is not 
evident and should be studied.

Functioning

Physical functioning is the ability to perform essential everyday activities for 
independent living [58]. Functioning and disability reveal opposite aspects of 
health and health-related states due to a disease or condition (e.g. LBP) and they 
are influenced by environmental and personal factors [59]. Functioning comprises 
body functions and structures, activities and participation; whereas disability 
comprises impairments, activity limitations and participation restrictions [59]. 
A functioning assessment requires the comprehensive evaluation of the most 
relevant indicators determined with both performance-based and self-reported 
measures [60]. Performance-based measures exhibit patients’ performance by 
undergoing standardized tests. These tests allow the assessment of capacities 
to conduct daily living activities relevant to the patient. Self-reported measures 
disclose the functioning or disability according to the patients. These measures 
have been broadly used within clinical care due to being short length, inexpensive 
and easy to administer and interpret. For patients with LBP, the most relevant 
problems are activity limitations and participation restrictions; specifically in 
mobility, self-care, work, social interactions, and leisure [18].

Functioning: daily living activities

Daily living activities are functional activities that enable an independent living 
in society [61]. In the rehabilitation programs the self-reported measures 
about patients’ perceived limitations on physical functioning to perform daily 
activities [62], general disability related to pain [63], and current work ability 
[64] are routinely assessed. Also, standardized performance functional tests 
such as Functional Capacity Evaluations (FCEs) are used. The FCEs are batteries 
of tests that evaluate the ability of an individual to safely perform work-related 
activities [65,66] and, of the entire battery of tests, one of the best to predict 
return to work in patients with CLBP is the lifting capacity [67]. Individuals with 
CLBP experience more difficulties in the performance of daily living activities, 
work and leisure time [8,18–21]. Additionally, in some individuals with CLBP, 
CS can dominate the clinical picture, being these individuals more reactive to 
sensory stimuli [32–35]. In those individuals with CLBP where CS dominates 
the clinical picture, their pain is enhanced and disproportionate; consequently, 
they might experience more activity limitations and participation restrictions. 
Until now, a few associations have been reported between indicators of CS and 
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daily living functioning measures. More self-reported CS-related symptoms, 
decreased parasympathetic/vagal activity, or altered somatosensory responses 
–these were subject to the body site of testing, the stimuli and the type of tests 
performed–, were associated with more self-reported pain-related disability 
and/or less physical function in patients with musculoskeletal pain [53,68–74]. 
But these studies only included self-reported functioning measures, being the 
association with performance-based functional tests as the lifting capacity not 
yet researched.

Non-organic signs

Non-organic signs are particular behavioral responses in illness that can be 
observed during the physical examination of patients with CLBP [75]. The 
identification of more non-organic signs is related to greater pain severity and 
poorer physical performance, such as lower lifting capacity [76]. The non-organic 
signs may alert clinicians of the presence of altered psychosocial and behavioral 
pain responses in patients with CLBP, and highlight the need for more in-depth 
psychological assessment and support. However, they may have an organic/
physiological foundation, because certain signs could be regarded as symptoms 
indicative of CS. For example, the superficial skin tenderness –skin discomfort 
on light palpation– as allodynia. Although a possible relationship between the 
non-organic signs and CS has been suggested [77], it has still not been subject 
of research. Let alone the association of performance-based functional tests as 
the lifting capacity test, with CS and non-organic signs.

Aerobic capacity

Physical fitness is essential to be able to conduct daily living activities. Because 
of this, less conditioned individuals would be expected to experience more 
limitations in functioning, more specifically, more activity limitations and more 
participation restrictions. This, however, is not the case; divergent associations 
have been reported [78–84]. Moreover, most of the research on the aerobic 
capacity of patients with CLBP has been performed with submaximal aerobic 
capacity tests, giving place to a knowledge gap, because the maximal aerobic 
capacity test, being more valid, is the gold standard [85]. It could be that a 
maximal aerobic capacity test, measured with a maximal cardiopulmonary 
exercise test, is not feasible for individuals with CLBP because pain may limit 
the performance of the test [86]. If, in addition, CS dominates the clinical picture, 
individuals may experience enhanced and disproportionate pain, and their 
aerobic capacity would be even lower. But this has only been investigated with 
self-reported CS-related symptoms, which were not found to be associated 
with aerobic capacity [84]. Furthermore, the performance of a maximal aerobic 
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capacity test produces physiological responses in the able-bodied [87]; but it has 
not yet been explored how individuals with CLBP respond to it and, therefore, 
whether they are able to tolerate such straining tests. Consequently, it should 
be determined whether the maximal aerobic capacity test is feasible, safe and 
pain tolerable in individuals with CLBP. Then, the association between aerobic 
capacity and indicators of CS, and current knowledge on the association between 
aerobic capacity and functioning, needs to be researched.

In summary, the research outcomes of the association between indicators of 
CS and functioning gathered are very heterogeneous and partial. The studies 
focused on a specific method to assess the presence of CS, and functioning was 
for the most part defined by self-reported measures. A comprehensive overview 
of the interaction between indicators of CS as a whole and the functioning status 
of patients with CLBP, including performance-based as well as self-reported 
measures of the relevant activities and participation, is lacking. Furthermore, 
there is no gold standard to measure CS, and the association between three 
methods which assess symptoms indicative of CS –Central Sensitization 
Inventory, quantitative sensory testing and heart rate variability– is unknown 
for patients with CLBP. Moreover, a maximal exercise test is considered the gold 
standard to assess maximal aerobic capacity, but the maximal cardiopulmonary 
exercise test has only been little explored in patients with CLBP. Therefore, its 
feasibility and pain tolerance in patients with CLBP is not evident, and neither 
is the association of maximal aerobic capacity with other functioning measures 
–such as lifting capacity and self-reported measures.

THIS THESIS

Extensive research has been performed on LBP, its cause, its burden and the 
factors associated with it, to be able to adequately prevent and treat it. Despite 
the large amount of therapies available, these are not completely effective and, 
meanwhile, its burden continues to increase [88]. The presence of CS has been 
reported to be associated with poorer prognosis on the treatment outcomes 
for some musculoskeletal pain conditions [89]. A better understanding of CS and 
physical functioning activities that enable participation in society, can provide 
better insights on the pain experience and assist clinicians in the management 
of pain and disability of patients with CLBP. The International Classification of 
Functioning, Disability and Health [59] is used as a framework (Figure 1).
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Aim(s)

This thesis aims to contribute to the improvement of the clinical assessment of 
patients with CLBP, for a more effective pain management and rehabilitation. 
To address this aim, the involvement of the CS in the functioning of patients 
with CLBP is studied and, additionally, the measurement methods to assess CS 
and functioning.

The main research questions of this thesis are:

1. Are clinical reference symptoms indicative of CS associated with 
functioning measures in patients with CLBP? Specifically,
a. What is the relationship between CS and functioning (daily living 

activities) in patients with CLBP? Are changes in CS associated with 
changes in functioning (daily living activities) in patients with CLBP?

b. What is the relationship between CS and non-organic signs in patients 
with chronic back pain? Are CS and non-organic signs independently 
associated with lifting capacity in patients with chronic back pain?

c. What is the relationship between CS and maximal aerobic capacity in 
patients with CLBP?

2. What is the relationship between three measurement methods which assess 
symptoms indicative of CS in patients with CLBP?

3. Is a maximal cardiopulmonary exercise test feasible and pain tolerable for 
patients with CLBP? What is the relationship between maximal aerobic 
capacity acquired by maximal cardiopulmonary exercise test and functioning 
in patients with CLBP?

Outline

Chapter 2 is the study protocol on which Chapters 3, 4, 7 and 8 rely to present 
results. The participants’ characteristics, the procedure or design of this 
overarching study project, the measurement methods selected for CS and 
for functioning, the sample size calculations, and the statistical analyses are 
described and discussed in detail.

Chapter 3 is a cross-sectional study, in which the association between 
measurement methods assessing reference clinical symptoms attributed to the 
presence of CS in patients with CLBP are examined (research question 2). The 
study focuses on three methods which aim to assess the presence of CS: Central 
Sensitization Inventory, quantitative sensory testing and heart rate variability.
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Chapters 4 to 7 are studies that focus on the association between CS and 
functioning measures in patients with CLBP (research question 1).

Chapter 4 is a study with a cross-sectional and a longitudinal design that 
examines whether CS is associated with functioning (daily living activities); and 
whether changes in CS are associated with changes in functioning (daily living 
activities) (research question 1a). The study included four performance-based 
and self-reported functioning measures: lifting capacity, and self-reported 
physical functioning, disability and work ability.

Chapters 5 and 6 are two cross-sectional studies that focus on the association 
between CS and non-organic signs (research question 1b). In Chapter 5 the 
association between CS and lifting capacity controlled for non-organic signs is 
examined. In Chapter 6 the association between CS and non-organic signs is 
examined.

Chapters 7 and 8 are two cross-sectional studies that focus on the maximal 
aerobic capacity in patients with CLBP. In Chapter 7 the association of CS with 
maximal aerobic capacity (research question 1c) is examined; and whether 
patients can perform maximally on a maximal cardiopulmonary exercise test 
(feasibility) and whether relevant pain increases occur after undergoing the test 
(pain-tolerance) are analyzed (research question 3). In Chapter 8 the association 
between maximal aerobic capacity and four functioning measures –lifting 
capacity, and self-reported physical functioning, disability and work ability– is 
examined (research question 3).

Chapter 9 is the general discussion of this thesis. The main findings of the 
research are summarized, its additions to the present body of knowledge are 
described, strengths and limitations and the implications for the clinical practice 
are discussed, and the recommendations for future research are presented.

1
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