
   

                
 

                                                     

  
  

 

 

 

 
 

International PhD in Innovation Science and Technologies 

Cycle XXXIII 

 

 

 

The cerebral circulation and oxygenation in 

response to sympathetic stress in ageing and 

in patients with metabolic disorders  

Scientific Disciplinary Sector(s) 

BIO/09 

 

PhD Student: Virginia Pinna 
 

Supervisors Antonio Crisafulli MD, PhD 

                                                              Dick Thijssen, PhD 
 

 

 

 

 
 Final exam. Academic Year 2019 – 2020 

Thesis defence: April 2021 Session 

 



i 

 

Acknowledgements 

 
First of all, I would like to thank my principal supervisor, Prof. Antonio Crisafulli, for the 

inspiration to pursue this thesis and all the insights and help I have received along the way. Prof. 

Dick Thijssen, thank you for the opportunity to visit your departments in Liverpool and in 

Nijmegen, and for the insights and guidance as well as help with any troubleshooting issues. To all 

the people who have helped me in Cagliari, Liverpool and Nijmegen: Dr. Silvana Roberto, Dr. Sara 

Magnani, Dr. Gabriele Mulliri, Dr. Azzurra Doneddu, Dr. Giovanna Ghiani, Dr. Arron Peace and 

Dr. Yvonne Hartman. Your help is much appreciated.  

As to my family and best friends: my beloved Dad, Silvia, Veronica, Massimiliano, Chiara, Laura, 

Maria Laura, Davide, and Claudia. Thank you all for always supporting and believing me from a 

distance, in whatever I do. You are my strength.  

 

 

Virginia Pinna also gratefully acknowledges Sardinian Regional Government for the financial 

support of her PhD scholarship (P.O.R. Sardegna F.S.E.  -  Operational Programme of the 

Autonomous Region of Sardinia, European Social Fund 2014-2020   - Axis III Education and 

training, Thematic goal 10, Investment Priority 10ii), Specific goal 10.5. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ii 

 

TABLE OF CONTENTS 

Chapter 1- Introduction                                                                                                                 7 

     1.1 Cerebral Blood Flow and Cerebral Oxygenation                                                               8 

     1.2 Cerebral Blood Flow and Cerebral Oxygenation in Aging                                              10 

     1.3 Cerebral Blood Flow and Cerebral Oxygenation in response to sympathetic stress        10 

     1.4 Cerebral Oxygenation and Metabolic Disease                                                                  11 

     1.5 Regulation of Cardiovascular response to Exercise in Healthiness                                  12 

          1.5.1 Central Command                                                                                                     13 

          1.5.2 Exercise pressor reflex                                                                                              14 

          1.5.3 Arterial Baroreceptors                                                                                               15 

          1.5.4 Reflexes interaction during exercise                                                                         15 

     1.6 Hemodynamics Dysregulation in Metabolic Disease                                                       17 

     1.7 Aim of the Research                                                                                                          18 

Chapter 2 - Materials and Methods                                                                                              20 

     2.1 Experiment 1                                                                                                                     20 

          2.1.1 Study Population                                                                                                       20 

          2.1.2 Experimental Design                                                                                                 20 

          2.1.3 Experimental Session                                                                                                21 

          2.1.4 Assessment of hemodynamics and cerebral oxygenation                                         22 

          2.1.5 Data Analysis and Calculation                                                                                  24 

          2.1.6 Results                                                                                                                       24 

          2.1.7 Discussion                                                                                                                 26 

     2.2 Experiment 2                                                                                                                     29 

          2.2.1 Study Population                                                                                                       29 



iii 

 

          2.2.2 Experimental Design                                                                                                 30 

          2.2.3 Experimental Daily Life Activities                                                                           30 

          2.2.4 Hemodynamic and cerebral blood flow assessment                                                 30 

          2.2.5 Data Analysis and Calculation                                                                                  31 

          2.2.6 Results                                                                                                                       31 

                    2.2.6.1 Anthropometrics                                                                                           31 

                    2.2.6.2 Effect of standing and walking to correct for sitting                                    32 

                    2.2.6.3 Effect of walking to correct for standing                                                      32 

          2.2.7 Discussion                                                                                                                  32 

     2.3 Experiment 3                                                                                                                      35 

          2.3.1 Study Population                                                                                                        35 

          2.3.2 Experimental Design                                                                                                  35 

          2.3.3 Measurements                                                                                                             35 

          2.3.4 Cold Pressure Test                                                                                                      35 

          2.3.5 Carotid Artery Diameter                                                                                             36 

          2.3.6 Carotid Artery Response (CAR%)                                                                             36 

          2.3.7 Blood Pressure                                                                                                            37 

          2.3.8 Data Analysis and Calculation                                                                                    37 

          2.3.9 Results                                                                                                                         37 

          2.3.10 Discussion                                                                                                                 38 

Conclusions                                                                                                                                    40 

References                                                                                                                                      42 

Figures                                                                                                                                            50 

Tables                                                                                                                                             58 



iv 

 

DM Diabetes Mellitus  

DM1 Type 1 Diabetes Mellitus  

DM2 Type 2 Diabetes Mellitus 

ESRD End-stage renal disease  

MS Metabolic Syndrome 

SNS Sympathetic Nervous System 

CBF Cerebral Blood Flow 

CO Cardiac Output 

PaCO2 Partial pressure of arterial carbon dioxide 

PaO2 Partial pressure of arterial oxygen 

CA Cerebral Autoregulation 

SNA Sympathetic Nerve Activity 

COX Cerebral Oxygenation 

HR Heart Rate 

BP Blood pressure 

MT Mental Task 

EPR Exercise Pressor Reflex 

SVR Systemic Vascular Resistance 

MAP Mean Blood Pressure 

SV Stroke Volume 

NST Nucleus of the solitary tract 

PEMI Post Exercise Muscle Ischemia 

OMS Obesity complicated by metabolic syndrome 

MHO Obesity without metabolic syndrome 



v 

 

CTL Healthy Control 

SD Standard Deviation 

VO2max Maximal oxygen uptake  

Wmax   Maximum workload  

HRmax Maximum heart rate  

CER Control exercise recovery 

PEP Pre ejection period  

VET Left ejection time  

DT Diastolic time 

VFR Ventricular filling rate  

VER Mean systolic ejection rate  

SBP Systolic blood pressure 

DBP Diastolic blood pressure  

NIRS Near infrared spettroscopy 

YG Young group 

AG Age Group 

MCAv Middle cerebral artery blood flow velocity  

STAND Standing 

WALK15 Walking at 15% of the HRmax 

WALK30 Walking at 30% of the HRmax 

SIT Seated at rest 

TCD Trans-cranial Doppler 

CBFv Cerebral blood flow velocity  

BMI Body mass index 



vi 

 

CVD Cardiovascular disease 

CPT Cold pressure test 

ROI Region of Interest  

CAR% Carotid Artery Response  

ΔMAP Maximum increase in MAP 

relative ΔMAP Maximum percent increase in MAP  

IMT intima-media wall thickness 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



7 

 

CHAPTER 1 

1 INTRODUCTION 

Diabetes mellitus (DM) refers to a group of common metabolic disorders that share the phenotype 

of hyperglycaemia caused by a complex interaction of genetics and environmental factors. 

Depending on the aetiology of the DM, factors contributing to hyperglycaemia include reduced 

insulin secretion, decreased glucose utilization, and increased glucose production.  

The two broad categories of DM are designated type 1 and type 2. Both types of diabetes are 

preceded by a phase of abnormal glucose homeostasis as the pathogenic processes progress. Type 1 

DM (DM1) is the result of complete or near-total insulin deficiency. Type 2 DM (DM2) is a 

heterogeneous group of disorders characterized by variable degrees of insulin resistance, impaired 

insulin secretion with a relative insulin deficiency (rather than absolute), and increased glucose 

production due to a progressive loss of adequate beta-cell insulin secretion frequently on the 

background of insulin resistance. DM2 is associated with insulin secretory defects related to 

inflammation and metabolic stress among other contributors, including genetic factors, sedentariety, 

and ageing. Once hyperglycemia occurs, patients with all forms of diabetes are at risk for 

developing the same chronic complications, although rates of progression may differ. In detail, the 

metabolic dysregulation associated with DM causes secondary pathophysiologic changes in 

multiple organ systems increasing the risk of developing macrovascular and microvascular 

complications such as end-stage renal disease (ESRD), non-traumatic lower extremity amputations, 

and adult blindness. Moreover, this disease is associated with an elevate incidence of cardiovascular 

events, as cardiovascular disease and cerebrovascular disease are the leading cause of morbidity and 

mortality for individuals with diabetes (American Diabetes Association. Economic costs of diabetes 

in the U.S. in 2017. Diabetes Care 2018;41:917–928).   

My research project focused on DM2, which accounts for 90-95% of all cases of Diabetes 

(American Diabetes Association. Economic costs of diabetes in the U.S. in 2017. Diabetes Care 

2018;41:917–928). Although the specific etiologies are not known, there are several risk factors that 

cause DM2, such as other metabolic disorders (i.e. obesity and dysplipidemia) and cardiovascular-

related conditions often coexisting with DM2. Basically, the risk of developing DM2 increases with 

age, obesity, and lack of physical activity. For instance, metabolic syndrome (MS) is a metabolic 

disorder associated with elevated incidences of circulatory abnormalities and cardiovascular events 

and is often the harbinger of DM2. The International Diabetes Federation (2019) estimated that 20–

25% of the global adult population suffers from MS. MS is the term used for individuals whose 
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glucose levels do not meet the criteria for diabetes but are too high to be considered normal (Selvin 

et al. 2013 ). Specifically, subjects who met three or more of the following five criteria were 

considered as being affected by MS: (1) waist circumference >88 and >102 cm for women and men, 

respectively; (2) high blood pressure (130/85mmHg); (3) high triglycerides (150 mg/dl); (4) low 

HDL cholesterol (40 and 50 mg/dl in men and women, respectively); (5) and high fasting glucose 

level (100 mg/dl) (Alberti et al 2009).  

One concerning problem is that DM2 frequently goes undiagnosed for many years because 

hyperglycaemia develops gradually and, at earlier stages, is often not severe enough for the patient 

to notice the classic diabetes symptoms. At least initially and often throughout their lifetime, these 

individuals may not need insulin treatment to survive. Nevertheless, even undiagnosed patients are 

at increased risk of developing macrovascular and microvascular complications. 

A physically active lifestyle has been demonstrated useful in reducing cardiovascular risks. 

However, the cardiovascular response during exercise can be altered by this disease (Crisafulli et al. 

2020, Roberto and Crisafulli 2017). One particular aspect of cardiovascular abnormalities related to 

DM2 is that this condition has been reported to increase sympathetic nervous system (SNS) tone at 

rest and during exercise, with elevated blood response to effort (Carnethon et al. 2008, Manzella et 

al. 2005). Therefore, on one side exercise is considered a valid therapeutic tool for DM2, whereas 

on the other side these patients may experience troubles in regulating the circulation during effort.  

 

1.1.Cerebral Blood Flow and Cerebral Oxygenation  

Normal brain function and survival are the result of an efficient and adequate cerebral blood flow 

(CBF). The human brain, despite being only 2–3% of the total body mass while requiring 15% of 

the total cardiac output (CO), consumes 20% of the total oxygen consumption at rest. Given the 

brain’s high energy consumption and lack of meaningful intracellular energy stores, precise control 

of nutrient supply and by products is essential for the maintenance of CBF. Several mechanisms 

contribute to regulate CBF, such as cerebrovascular reactivity and cerebral autoregulation, 

maintaining a constant microvascular perfusion and protecting against deleterious effects of 

ischemic brain injury and damage (Willie et al. 2011).  

According to Poiseuille’s law (McDonald 1974), CBF is determined by the cerebral perfusion 

pressure and the cerebrovascular conductance or its reciprocal, cerebrovascular resistance (Aaslid 

1992). Cerebral perfusion pressure is the difference between BP at the level of the circle of Willis 
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and intracranial pressure; intracranial pressure, in turn, encompasses central venous pressure and the 

pressures within the cerebrospinal fluid. The variable resistance to flow is encountered mostly in the 

cerebral arteriolar and capillary bed (Edvinsson et al. 2002). In contrast, the large cerebral arteries 

and veins are dedicated to blood distribution and storage of blood volume and are, in principle, 

noncompliant and act merely as a conduit for the pulsatile arterial flow from the aorta to the brain 

(Olufsen et al. 2002).  

Arterial blood gases, BP, cerebral metabolism and neurogenic innervation influence CBF at rest 

(Busija et al. 1984). It is well established that the cerebral vasculature is strongly affected by partial 

pressure of arterial carbon dioxide (PaCO2) (Brian et al. 1996). The interaction between PaCO2 and 

vasodilation/vasoconstriction is normally ascribed to occur at the level of the arterioles and the 

precapillary sphincters (Atkinson et al. 1990, Edvinsson et al. 2002). Increased CO2 results in a 

relaxation of the vascular smooth muscle of all cerebral vessels, although the small vessels are the 

most responsive (Wei et al. 1980). By contrast, the vasoconstrictor effect of hypocapnia is 

unaffected by vessel size (Wei EP et al 1980). On the other hand, the role of partial pressure of 

arterial oxygen (PaO2) in the day-to-day regulation of CBF seems to be minor, reflected in the 

findings that, depending on the prevailing PaCO2 (Ainslie et al. 2004), a drop in PaO2 below a 

certain threshold (40 mmHg) is required for cerebral vasodilation (Gupta et al. 1997).  

Cerebral auto-regulation (CA) adjusts cerebral arteriolar caliper, or cerebrovascular resistance, to 

ensure that CBF levels are matched to metabolic needs, and it comprises two main components: 

static and dynamic. Static CA keeps CBF constant over gradual and progressive changes in cerebral 

perfusion (Paulson et al. 1990). Dynamic CA refers to the rapid regulation of CBF in response to 

changes in BP that occur in a few seconds (Zhang et al. 2002). Although the cerebral circulation is 

richly innervated with sympathetic nerve fibres, the effect of sympathetic nerve activity (SNA) on 

the regulation of CBF remains controversial (Van Lieshout et al. 2008). Traditionally the increase 

in sympathetic activity appears to have a limited effect on the cerebral vasculature of humans, 

particularly at rest (Harper et al. 1972). It seems likely that any potential influence of SNA on CBF 

regulation is masked by the other more powerful regulatory influences on CBF, i.e. auto-regulation 

(Levine BD et al 2008). However, recently it has been reported that sympathetic activity influences 

the reactivity of CBF to PaCO2 (Jordan et al. 2000, D’Alecy et al. 1979). Thus, although the 

influence might be regarded as minor, CO2-induced elevations in SNA have the potential to affect 

CBF by direct and indirect mechanisms. 
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1.2 Cerebral Blood Flow and Cerebral Oxygenation in Aging 

It is well accepted that ageing is associated with reductions in regional and global resting cerebral 

CBF (Scheel et al. 2000, Beason-Held et al. 2007, Ainslie et al. 2008). Resting cerebral energy 

metabolism is also reportedly altered, such that cerebral oxygenation (COX) and glucose 

consumption are both reduced (Leenders et al. 1990), although this has not been a universal finding 

(de Leon et al. 1984). In recent studies an increased risk for development of cognitive impairment 

that can occur later in life was also associated with a lower cerebral blood flow or perfusion (Yew 

and Nation 2017, Hampstead et al. 2018), as well as a higher risk of brain atrophy in elderly 

individuals (Loehrer et al. 2015).  A reason for this might be the loss of endothelial function and the 

age-related stiffening of artery walls (Beaudin et al. 2014, Tarumi and Zhang 2018).  

Age-related deficits in the brain are likely to become more evident during physiological 

perturbation, but the influence of ageing on CBF, COX and metabolism during exercise remains 

incompletely understood, although perturbations of COX and metabolism have been reported to 

prevent full activation of exercising skeletal muscles (i.e. provoke central fatigue) (Rasmussen et al. 

2010). However, recent findings indicate that physical activity (i.e. low to moderate exercise) has a 

direct impact on CBF and COX (Smith and Ainslie 2017) and may protect against the age related 

alterations in cerebral function and cognitive decline (Coetsee and Terblanche 2017). 

 

1.3 Cerebral Blood Flow and Cerebral Oxygenation in response to sympathetic stress 

The primary functions of the human circulation during whole-body aerobic exercise are as follows: 

(1) to ensure adequate delivery of oxygen and metabolic nutrients to fulfil the increased demand of 

tissue metabolism and the consequent removal of metabolic end-products; and (2) to regulate 

systemic BP such that adequate organ-specific perfusion pressure is met. During exercise, however, 

CBF, COX, BP, heart rate (HR), CO and metabolism all increase, albeit each with different 

magnitudes. However, it is well accepted that the primary factor involved in regulating CBF during 

exercise is PaCO2 which increases and decreases based on the level of alveolar ventilation 

determined by exercise intensity. In addition, the balance between sympathetic and parasympathetic 

neural control of the entire cardiovascular system is changed during exercise (White & Raven, 

2014).  

Exercise of low (25% Wmax) to moderate intensity (50% Wmax) is characterized by an increase in 

CBF until 60 % of maximal oxygen uptake (Schroeder et al. 1989), whereas at high intensity CBF 
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tends to plateau or to progressively decrease, depending on the level of PaCO2 (Smith and Ainslie 

2017). Exercise can influence cognitive functions by increasing brain activation and cerebral blood 

flow and perfusion (Dupuy et al. 2015). Exercise increases (on average of one-half standard 

deviation) cognitive performance, independently of the cognitive task, the characteristics of 

participants, and the training method (Colcombe and Kramer, 2003). Executive function 

enhancement was reported after 6 months of aerobic training (Baker et al. 2010), while functional 

plasticity of response inhibition process improved after 12 months of resistance training (Liu-

Ambrose et al. 2012). Mental activity is also characterized by an increase in CBF and COX, as a 

result of the neural activation to meet the increased demand for oxygen and substrates (Coetsee and 

Terblanche 2017). It has been demonstrated that a dual task (i.e. physical activity/cognitive 

stimulus) causes major demands for cognitive resources (Gatouillat 2015), which may also lead 

with an increase in CBF and COX.  However, the overview of the impact of low-intensity physical 

activity and mental activity on cerebral perfusion is still lacking.  

 

1.4 Cerebral Oxygenation and Metabolic Disease 

Decrements in COX have been related to the development of central fatigue (González-Alonso et 

al. 2004, Rasmussen et al. 2010, Secher et al. 2008). It has been observed that, during exercise, CBF 

is impaired in patients with DM2 and that this is related to the elevated SNA. This phenomenon 

may reduce COX and central motor drive, thereby inducing central fatigue (Kim et al. 2015, Vianna 

et al. 2015). It was recently observed that subjects suffering from MS cannot properly enhance 

COX when a mental task (MT) superimposes the metaboreflex, i.e. a cardiovascular reflex activated 

whenever we exercise (Doneddu et al. 2020). Taking into consideration that MS and is often the 

harbinger of DM2 (Eckel et al. 2005), it can be hypothesized that, similarly to that previously 

observed for MS, COX impairment is also present in DM2 patients. This may be of clinical 

importance also taking into consideration that patients with DM2 may experience SNS dysfunction 

even worse compared to those with MS (Istenes et al. 2014). Furthermore, this phenomenon may 

have clinical implication. Indeed, during exercise metaboreflex and MT are contemporaneously 

present. If in DM2 patients COX does not properly increase, then it is possible that they experience 

disproportionate fatigue. This phenomenon may provide the basis for the poor predisposition to 

exercise often observed in individuals with metabolic disorders such as DM2. Given the high 

incidence of cardiovascular complications of DM2 and the related social burden, it would be of 

interest to ascertain whether in these patients the COX response during contemporary metaboreflex 
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and MT resembles what reported in MS. To the best of my knowledge, none has to date 

investigated this topic.  

1.5 Regulation of Cardiovascular response to Exercise in Healthiness 

During dynamic exercise the cardiovascular system is adjusted on the basis of certain neural 

mechanisms. In detail, one is a feed-forward mechanism arising from regions of the brain 

responsible for motor unit recruitment. It is commonly known as “central command” and it 

establishes a basal level of sympathetic tone and parasympathetic withdrawal closely linked to the 

intensity of effort. This basic autonomic activity is in turn finely adjusted by the “exercise pressor 

reflex” (EPR). This latter reflex works on the basis of peripheral signals arising from type III and IV 

nerve endings in the muscle, which convey to the cardiovascular control centres information about 

the mechanical and metabolic conditions of the contracting muscle (Crisafulli et al. 2015, Nobrega 

et al. 2014, Rowell and O’Leary 1990). The metabolic part of the EPR is commonly termed the 

muscle “metaboreflex”. The metaboreflex has been demonstrated to be dysregulated in several 

cardiovascular and metabolic diseases, including DM2 (Crisafulli 2017, Roberto et al. 2019, Vianna 

and Fisher 2019). 

The mechanism involved in controlling the cardiovascular apparatus have to deal with two main 

tasks: (1) to provide adequate oxygen to fulfil metabolic demand of exercising muscles and to 

guarantee metabolic end-products washout; and (2) to regulate arterial blood pressure in order to 

maintain adequate perfusion of the vital organs, such as the brain, without excessive pressure 

variations (Ichnose et al. 2014). Physical activities that involves large muscle mass such as running, 

cycling, and rowing produce an intense vasodilation in the working muscle due to the accumulation 

of metabolic by-products. Local metabolites production overwhelms the exercise-induced increase 

in sympathetic tone, leading to a reduction in systemic vascular resistance (SVR), a phenomenon 

called functional sympatholysis (Murphy et al 2011).  

Metabolite induced vasodilation (i.e. SVR reduction) is a challenge for cardiovascular regulation 

because it would cause a drop in blood pressure. However, in healthy subjects, cardiovascular 

control mechanisms increase CO, thereby keeping mean blood pressure (MAP) at a stable level or 

even moderately increasing it, so that cerebral perfusion is normally preserved (Lewis et al. 1983). 

Dynamic exercise is characterized by a small increase in MAP, whereas during static/isometric 

exercise there is a well-established progressive increase in MAP. This small MAP increment 

induced by dynamic exercise takes place despite the profound SVR reduction due to the metabolic-

induced vasodilatation (Crisafulli et al. 2006). The increase in CO is achieved thanks to an increase 
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in HR and stroke volume (SV), which counteract the reduction in SVR via a flow-increment 

mechanism, that is, by a rise in CO (Figure IA).  

In healthy individuals, the described cardiovascular regulation is highly effective and the target 

blood pressure can often be achieved despite a lack in response of one of these regulated variables 

(Crisafulli et al. 2002). Concerning mechanical mechanisms, both respiratory and skeletal muscle 

pumps contribute to the increase in SV and CO occurring during dynamic exercise. As regards the 

neural component of this regulation, exercise induces parasympathetic withdrawal and sympathetic 

activation, which are a function of exercise intensity and the muscle mass recruited. 

Parasympathetic withdrawal aims at increasing HR, while the engagement of the sympathetic 

activity aims at increasing HR, at enhancing myocardial contractility to increase SV, at inducing 

venoconstriction to improve venous return, at increasing vascular resistance in the abdominal 

viscera and non-active skeletal muscles, and at preserving most of the available CO for the 

perfusion of the active muscle, where metabolic-mediated vasodilation takes place. There are at 

least three neural mechanisms contributing to this cardiovascular adjustment: 1) central command, 

2) exercise pressor reflex, and 3) arterial baroreflex (Nobrega et al. 2014, Crisafulli et al. 2015). 

One is a central mechanism, while the others two origin in the contracting muscle. 

 

1.5.1 Central Command 

The central command consists of the activation of regions of the brain responsible for somatomotor   

activation that also impinge on the cardiovascular control areas located in the medulla, mediating 

autonomic responses that are crucial for cardiovascular regulation during exercise. The medulla 

oblongata contains the major nuclei that control blood pressure and the cardiovascular system and 

is responsible for the integration and elaboration of signals arising from these three neural 

mechanisms (Green et al. 2008).  It is believed that the “central command” sets a basal level of 

sympathetic activity and vagal withdrawal closely related to the intensity of the strain and to motor 

drive from the motor cortex (O’Leary 1993). This autonomic modulation is then adjusted by the 

exercise pressor reflex on the basis of peripheral signals arising from mechano- and metabo- 

receptors (type III and IV nerve endings) within the muscle. In detail, it is known that groups III 

and IV nerve endings excite neurons in the nucleus of the solitary tract (NST) in the medulla. 

Sympathetic stimulation is in turn modulated by baroreflexes, which oppose any mismatch between 

vascular resistance and CO by controlling muscle vasodilatation and cardiac chronotropism in order 

to avoid excessive variation in BP (Fadel et al. 2001).  



14 

 

Summing up, the central command is traditionally considered a feed-forward mechanism, which 

consists of neural impulses from the motor cortex that irradiate to autonomic neurons in the brain 

stem, leading to parasympathetic withdrawal and sympathetic activation.  

 

1.5.2 Exercise pressor reflex 

Alam and Smirk (1937, 1938) provided the first evidence that metabolic reflex arising from skeletal 

muscle adjusts hemodynamics during exercise. Following this seminal research, a great bulk of 

evidence demonstrated that group III/IV afferents within the muscle gather information about the 

metabolic condition of the working muscle and are responsible for cardiovascular reflex (Nobrega 

et al. 2014, Kaufman et al. 1983). This reflex was then termed muscle metaboreflex. It was later also 

demonstrated that mechanical changes in muscles and tendons elicit cardiovascular reflex, and this 

was termed mechanoreflex. These two reflexes of muscular origin together constitute the exercise 

pressor reflex. It is well established that these two reflexes have their afferent arm in groups III and 

IV nerve endings within the muscle, with type III nerve afferents mainly acting as 

mechanoreceptors and type IV as metaboreceptors (Andreani et al. 1997). It is however important to 

underline that this classification is not imperative and that both fiber types can act dually as metabo- 

and mechanoreceptors.  

Type III/IV afferents act as receptors and collect information concerning the mechanical and 

metabolic conditions of contracting muscles. This information is then sent to cardiovascular 

controlling centres located in the medulla oblongata, where the information is integrated and 

elaborated. In turn, the cardiovascular medullary centres organise the hemodynamic response to 

exercise on the basis of the mechanical and metabolic status of the working muscle. From a 

hemodynamic point of view, the typical consequence of metaboreflex recruitment is an increase in 

sympathetic tone and MAP (Piepoli et al. 1995, Crisafulli et al. 2003).  

In healthiness, in order to reach the target MAP, the metaboreflex recruits the functional reserve of 

all four hemodynamic modulators: myocardial contractility, cardiac preload, afterload and 

chronotropism (Crisafulli et al. 2003, Nobrega et al. 2014). Thus, from the available literature it can 

be gleaned that the hemodynamic response to metaboreflex activation is a highly integrated 

phenomenon where a complex interplay between cardiac performance, preload, afterload, and HR 

occurs to achieve the normal cardiovascular response to exercise. It should be noticed that research 
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on the mechanoreflex is less abundant than that on metaboreflex and a clear and complete picture of 

the hemodynamic consequences of pure mechanoreflex activation is still lacking.  

In summary, from available data it seems that the exercise pressor reflex can adjust all four 

hemodynamic modulators (i.e., chronotropism, inotropism, cardiac preload, and afterload) to reach 

the target BP during exercise. However, while the metaboreflex contribution to this reflex is well 

characterized, less is known about the hemodynamic effects of mechanoreflex activation.  

1.5.3 Arterial Baroreceptors 

Arterial baroreceptors are located at the medial-adventitial border of blood vessels in the carotid 

sinus bifurcation and aortic arch. They are pivotal in inducing the rapid adjustments that occur 

during acute cardiovascular stress via control over HR and peripheral vascular responses to changes 

in arterial pressure (Sagawa and Eisner 1975, Fadel and Raven 2012). When arterial BP is acutely 

elevated or reduced, the baroreceptors are stretched or compressed and this deformation leads to an 

increase or a decrease in afferent neuronal firing, respectively. These afferent neural responses via 

baroreceptors result in reflex-mediated systemic neural adjustments with changes in sympathetic 

and parasympathetic nerve activities. This autonomic modulation affects both central (cardiac) and 

peripheral (vessels) circulation in order to return BP to its original operating pressure point.  

Recent findings suggest that the carotid baroreflex is reset during dynamic exercise and it 

functionally operates around the exercise-induced increase in BP (Iellamo et al. 2001, Ogoh et al. 

2005). The “resetting” of the arterial baroreflex is essential to evoke and maintain an effective 

autonomic nervous system modulation and an adequate cardiovascular adjustment to exercise. The 

baroreflex acts to finely balance the opposing effects of sympathetic vasoconstriction and metabolic 

vasodilation, and it also acts to partly restrain the BP response to exercise by buffering activation of 

the increase in sympathetic activity due to the central command and the exercise pressor reflex.  

 

1.5.4 Reflexes interaction during exercise 

During exercise, exercise pressor reflex, central command, and baroreflex are all activated and 

complex interaction occurs between these reflexes. While it is well ascertained that some 

redundancy and neural occlusion exist between exercise pressor reflex and central command (i.e., 

their effects do not sum), it is also remarkable that they can all modulate the activity of the other 

two. Moreover, it is now well established that both central command and the exercise pressor reflex 

are involved in the mechanism of baroreflex resetting during exercise (Figure IB).  
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Central command, as a feed-forward mechanism, is likely to be the primary regulator of exercise-

induced baroreflex resetting, whereas the exercise pressor reflex operates mainly as a feed-back 

mechanism. Thus, it exerts a more modulatory role. Furthermore, it seems that both inputs interact 

and are important for the complete exercise-induced baroreflex resetting (Fadel and Raven 2012). 

The interaction between reflexes clearly appears during post exercise muscle ischemia (PEMI), a 

method usually employed to study the cardiovascular effects of metaboreflex activation (Crisafulli 

et al. 2003, Amann et al. 2011). During PEMI, there is normally no HR response notwithstanding 

the activation of exercise pressor reflex and the augmented sympathetic activity. The absence of HR 

response in this setting is the consequence of the fact that the rise of sympathetic activity due to 

metaboreflex activation is counteracted by the concomitantly augmented parasympathetic outflow 

due to the central command deactivation and the concomitant enhanced arterial baroreflex activity 

that buffers the metaboreflex-mediated increase in MAP (Crisafulli et al. 2011, Nishiyasu et al. 

1994).  

Thus, if the metaboreflex is activated by the PEMI method, the elevated sympathetic activity to 

sinus node is counteracted by enhanced parasympathetic tone due to the withdrawal of central 

command and to the sympathetic-buffering effect of baroreflex activation. This fact is not evident 

when metaboreflex is activated during exercise when central command is operating (Crisafulli et al. 

2001), thereby indicating that central command acts as a modulator of baroreflex activity during 

exercise. 

To summarise, during exercise the hemodynamic status is controlled by the nervous system by 

integrating signals originating from the brain (central command) and from the periphery (exercise 

pressor reflex, and baroreflexes). In healthy individuals, the final result is that sympathetic activity 

to cardiovascular apparatus augments and prevails over parasympathetic tone, which conversely 

declines. As a consequence, HR and myocardial contractility increase, while there is arterial 

constriction in the vascular beds of organs and tissues not involved in exercise. Furthermore, there 

is an increase in cardiac preload, due to muscle pump activation and sympathetic-induced 

venoconstriction, which together contribute to the SV increment commonly observed during 

dynamic exercise.  

 

 

 



17 

 

1.6 Hemodynamics Dysregulation in Metabolic Disease 

Situations such as cardiovascular dysfunctions (hypertension) and metabolic diseases (DM1, DM2 

and MS) have all been associated with metaboreflex malfunction and abnormal hemodynamic 

response (Murphy et al. 2011, Roberto et al. 2012, Roberto et al. 2019, Milia et al. 2015, Delaney et 

al. 2010, Milia et al. 2015). These clinical conditions are characterized by excessive sympathetic 

tone and pronounced arteriolar constriction that causes exaggerated SVR increments, thereby 

leading to ventricular afterload elevation in response to the metaboreflex (Delaney et al. 2010, 

Murphy et al. 2011). This phenomenon limits ventricular pumping and reduces SV during the 

metaboreflex. Therefore, in these cases, the exaggerated vasoconstriction is not the consequence of 

deficits in inotropism and/or preload. Rather, it is because of an elevated sympathetic tone per se. 

Several studies suggest that, similarly to what was observed for MS, in DM2 there is an 

exaggerated sympathetic tone during exercise and during the metaboreflex, with elevated 

vasoconstriction and blunted vasodilator response (Roberto et al. 2012).  

This kind of response is also observed in a number of other cardiovascular diseases, thus supporting 

the point of view that DM2 can be considered a cardiovascular disease (Schillacci et al. 2006). 

Recently, Roberto et al. (2019) demonstrated that patients with DM2 exaggeratedly increased SVR 

(i.e., increased arteriolar vasoconstriction) in response to the metaboreflex activation as compared 

with healthy controls, whereas SV and CO response were blunted. In these patients, BP response to 

the metaboreflex relies more on SVR increases rather than on cardiac performance adaptations. 

These results closely resemble what was observed in patients with MS (Milia et al. 2015, Murphy et 

al. 2011) and support the concept that in patients suffering from metabolic disorders such as 

obesity, MS, and DM2, exaggerated arterial vasoconstriction and reduced vasodilator 

responsiveness are present during exercise and during metaboreflex stimulation (Vianna et al. 

2015). A recent study by Milia et al. (2015) showed that during the metaboreflex, subjects suffering 

from obesity complicated by metabolic syndrome (OMS) exhibited a hemodynamic response 

mainly characterized by a pronounced increase in arteriolar vasoconstriction with respect to both 

obesity without metabolic syndrome (MHO) and normal controls (CTL). Moreover, the OMS group 

had a reduced CO response in comparison with the CTL group, whereas this phenomenon was not 

present in subjects of the MHO group.  

Taken together, these findings suggest that in obesity complicated with metabolic syndrome, the 

blood pressure adjustments during the metaboreflex are orientated toward vasoconstriction and 

excessive increase in SVR without any significant CO participation. Thus, this finding suggests that 
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these patients had the tendency to exaggeratedly augment sympathetic tone and to decrease the 

parasympathetic tone during the metaboreflex activation. This fact is in accordance with the concept 

that obesity, especially if complicated with metabolic syndrome, is accompanied with autonomic 

dysfunction with sympathetic overdrive (Xiong et al. 2014). 

 

1.7 AIM OF THE RESEARCH 

Notwithstanding the extensive scientific research on the CBF and COX response to sympathetic 

stress in healthy individuals at rest, the effect of daily life activities (DLA), such as low-intensity 

exercise and mental stress, in both healthy individuals and in patients with metabolic diseases (i.e. 

MS and DM2) are still unclear and require further investigation. Moreover, given the high 

incidence of cardiovascular complications of DM2 and the related social burden, it would be of 

interest to ascertain whether in these patients the CBF, the COX, and the cardiovascular response 

during DLA-induced sympathetic activation resemble what already reported in MS (Doneddu et al. 

2020) and aging (Milia et al. 2015).  

In particular, the main focus of my research was to elucidate the interaction between CBF/COX and 

metaboreflex activation in response to sympathetic stress during DLA (i.e. mental activity, low-

intensity exercise) in healthy subjects and in patients with DM2.  

To reach this goal, I devised and conducted two experiments in which CBF and COX were studied 

during sympathetic activation in response to PEMI during MT (Experiment 1) and during DLA 

(Experiment 2)(Figure II).  

Moreover, I performed a third study to better understand the link between BP and carotid artery 

vasomotion. Specifically, I investigated the relationship between the timing and magnitude of the 

sympathetically-induced elevation in BP and carotid artery diameter responses in healthy, middle-

aged men (Experiment 3). This experiment was set to understand the relationship between the 

increase in blood pressure and carotid artery diameter in response to sympathetic stimulation in 

healthy, middle-aged men (Figure II).  

Regarding Experiment 1, I hypothesised that in DM2 patients COX did not properly increase during 

sympathetic activation induced by contemporary metaboreflex and mental task, and this may lead to 

disproportionate fatigue, thereby providing a potential basis for the poor predisposition to exercise 

often observed in individuals with metabolic disorders such as DM2. 
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Furthermore, since low-intensity exercise in daily living may alter cerebral perfusion, such effects 

may be altered by older age. In Experiment 2, I hypothesised that daily life low-intensity physical 

activities showed immediate changes in cerebral perfusion. Furthermore, I compared these changes 

between young and older individuals. 

Finally, in experiment 3 I investigated on the potential link between blood pressure and carotid 

artery vasomotion. Specifically, I investigated the relationship between the timing and magnitude of 

the sympathetically-induced elevation in blood pressure and carotid artery diameter responses.  
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CHAPTER 2  

2 MATERIALS AND METHODS 

2.1 Experiment 1 

2.1.1 Study population.  

Two groups of subjects were studied: 

• DM2 group, composed by 13 patients [6 females, mean ± standard deviation (SD) of the 

mean of age 50.5±10.3 years]. They were recruited on the basis of the following criteria: clinical 

history of DM2 for at least 1 year (range 1-6 years), with stable metabolic condition (HbA1c level 

<9% at the time of the study), and absence of signs or symptoms of peripheral neuropathy. All 

patients were on medication with oral hypoglycaemic agents and 11 with insulin. Seven of them 

were also under medication for high blood pressure (3 with sartans and 4 with ACE-inhibitors) and 

8 for high cholesterol (statins). 

• Control (CTL) group, composed by 13 age-matched healthy subjects (6 females, mean ± SD 

of age 49.3±7.5 years), without any known metabolic disease as resulted from anamnesis and 

physical examination.  

For both groups further exclusion criteria were: age ≤18 and ≥ 65 years, presence of any associated 

medical conditions that could interfere with the autonomic function and/or chronic cardiopulmonary 

diseases. Smokers and patients taking β-blockers, sympatho-mimetics, and/or tricyclic 

antidepressants were also excluded from both groups. All women were tested during the follicular 

phase of their menstrual cycle (i.e. within 10 days from the start of menstruation) as self-reported.  

Written informed consent was obtained from all participants. The study was approved by the local 

ethical committee and conforms to the declaration of Helsinki. 

2.1.2 Experimental design.  

Preliminary visit. After enrolment, participants underwent a preliminary examination with 

anamnesis, medical visit, and anthropometric measurement. Then they performed a 

cardiopulmonary test to assess their maximal oxygen uptake (VO2max), maximum workload 

(Wmax), and maximum heart rate (HRmax). In detail, the cardiopulmonary consisted in an 

incremental exercise on an electromagnetically-braked cycle ergometer (CUSTO Med, Ottobrunn, 

Germany), with a linear increase in workload (10W/min), starting at 10W, at a pedalling frequency 
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of 60 rpm. The cardiopulmonary was conducted until exhaustion, which was considered as the 

workload at which the subject was unable to maintain a pedalling rate of at least 50 rpm. To 

measure VO2max, subjects were connected with a face mask to a metabolic chart (ULTIMA CPX, 

MedGraphics St. Paul, MN) calibrated immediately before each test. Achievement of VO2max was 

considered as the attainment of at least 2 of the following criteria: 1) a plateau in VO2 despite 

increasing workload (<80 mL•min-1); 2) respiratory exchange ratio above 1.10; and 3) HR ± 10 

beats·min-1 of predicted HRmax calculated as 220-age. In this occasion, maximum handgrip 

strength of participants was also assessed as the peak reached during 5 maximal compressions on a 

hydraulic dynamometer (MAP 1.1, Kern, Balingen, Germany) in the non-dominant harm. This 

preliminary visit allowed subjects to familiarise with the staff, equipment, and procedures of the 

experimental session described in the next paragraph. 

2.1.3 Experimental session. 

After an interval from the preliminary visit of at least 3 days (range 3-7 days), each participant 

reported to the laboratory and underwent the following protocol assigned in random order while 

seated on a chair. Randomisation was obtained with an online random sequence generator 

(https://www.random.org/sequences/). 

a) PEMI session. In this session, subjects rested for three minutes seated on a chair. Then, they 

performed three minutes of rhythmic (30 compressions/min) dynamic handgrip in the non-dominant 

harm using the same dynamometer employed in the preliminary visit; the workload was 30% of the 

maximum. Handgrip was followed by three minutes of PEMI on the exercised arm. Muscle 

ischemia was induced by rapidly (in less than three seconds) inflating an upper arm biceps 

tourniquet to 50 mmHg above peak exercise systolic pressure. The tourniquet was kept inflated for 

three minutes. Three minutes of further recovery were allowed after the tourniquet was deflated, for 

a total of six minute of recovery. The PEMI manoeuvre has been utilised several times in healthy 

individuals as well as in patients with cardiovascular and metabolic diseases in our previous 

investigations dealing with the metaboreflex. This manoeuvre has been demonstrated capable of 

eliciting the metaboreflex-induced hemodynamic stimulation and to detect cardiovascular 

abnormalities (Crisafulli et al. 2017).  

b) control exercise recovery (CER) session. Participants performed the same rest-exercise protocol 

used for PEMI, but recovery was without tourniquet inflation, i.e. without metaboreflex activation. 
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c) MT session. During this session, subjects were engaged in a MT at rest. The MT started after a 

rest period of six minutes and lasted for three minutes. Three minutes of further recovery were 

allowed after the MT ceased. Thus, the MT was conducted at the same time-point and had the same 

duration of the muscle ischemia of the PEMI test. In detail, the MT was the Bivalent Shape Task 

(Esposito et al. 2013), which is a computerised attentional interference test constructed to test the 

ability to suppress interference. The test was performed using a cross-platform open source 

programming language designed to implement both simple and complex psychological tests. The 

MT required the participant to determine whether a shape at the centre of the screen was a circle or 

a square by moving a computer mouse with the dominant no-exercising hand. Visual response cues 

were shaded in either red, blue or an unfilled black outline. In all cases, the color was irrelevant and 

not used to make the decision.  

d) CER+MT session. The same rest-exercise protocol employed in CER test was performed, but the 

exercise phase was followed by a MT session of three minutes. Three further minutes of recovery 

were allowed after the termination of MT. Thus, this session had the same duration of the MT 

session described at point c), but exercise was conducted before the MT.    

e) PEMI+MT session. The same rest-exercise protocol used for PEMI was performed, but handgrip 

was followed by three minutes of contemporary PEMI and MT. Three minutes of further recovery 

were allowed after the termination of the PEMI+MT sessions.    

Figure 1 schematises the various sessions of the study protocol. As it can be gleaned, all the 

sessions were composed of four blocks each lasting three minutes, for a total of 12 minutes. 

Sessions were spaced by at least 15 minutes of recovery, which was considered complete when HR 

was not higher than 5 bpm compared to the pre-exercise level. This protocol has been recently used 

in a similar investigation in patients suffering from MS (Doneddu et al. 2020). 

All the experiments were carried out in a temperature-controlled, air-conditioned room (temperature 

set at 22°C and relative humidity 50%). Participants were requested to abstain from caffeinated 

beverages, alcohol, and heavy exercise for 12 h prior to reporting to the laboratory. 

2.1.4 Assessment of hemodynamics and cerebral oxygenation.  

Throughout all the tests, hemodynamic variables were measured using the trans-thoracic impedance 

method. This method assumes that changes in trans-thoracic impedance is representative of SV, 

which was estimated with the Sramek-Bernstein equation (Bernstein 1986). This kind of 

hemodynamic assessment has been previously used in several investigations in similar experimental 
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settings and the data acquisition and elaboration processes are described in previous research 

(Crisafulli et al. 2008, Crisafulli et al. 2009, Crisafulli et al. 2013). Briefly, traces of 

electrocardiogram, thorax impedance (Z0), and Z0 first derivative were acquired with an impedance 

cardiograph (NCCOM 3, BoMed Inc., Irvine, CA). Traces were stored with a digital chart recorder 

(ADInstruments, PowerLab 8sp, Castle Hill, Australia) and then SV and HR were calculated from 

stored traces. CO was obtained by multiplying SV by HR. The pre ejection period (PEP) and the 

left ejection time (VET) were also assessed from stored traces, as previously described (Sainas et al. 

2016).  

By subtracting the sum of PEP and VET periods from the cardiac cycle duration, diastolic time 

(DT) was calculated (Gledhill et al. 1994). To have a measure of the mean rate of diastolic blood 

flux, SV was divided by DT, thereby obtaining the ventricular filling rate (VFR) (Crisafulli et al. 

2009, Gledhill et al. 1994, Milia et al. 2015). Furthermore, we calculated the SV/VET ratio. This 

parameter is the mean systolic ejection rate (VER), which is directly related to myocardial 

performance (Gledhill et al. 1994, Sanna et al. 2017). 

Systolic (SBP) and diastolic (DBP) blood pressure values were assessed each minute using a 

standard manual sphygmomanometer placed in the non-exercised arm. Blood pressure was 

measured by the same physician throughout all the sessions of the study. MAP was calculated by 

taking into consideration changes in the diastolic and systolic periods (Sainas et al. 2016). SVR was 

assessed as the MAP/CO ratio multiplied by 80, where 80 is a conversion factor to change units to 

standard resistance units. 

During experiments, COX was estimated by employing the near infrared spectroscopy (NIRS; 

Nonin, SenSmart X-100, Plymouth, MN, USA). This technique estimates oxygenated Hb in the 

brain tissue with values that are representative of the frontal cortical microcirculation in the grey 

matter, including arteries and veins. Two NIRS sensors were placed on the left and right side of the 

subject's forehead above the eyebrow, in the regions between Fp1 and F3 (international EEG 10-20 

system) and adjusted according to the strength of the signal. The probes were covered and held in 

place using a headband and were taped to reduce the intrusion of extraneous light. Particular care 

was taken to ensure that probes did not constrict the head, so blocking the local circulation. Since 

the absolute concentration of oxygenated Hb could not be obtained because the path length of NIRS 

light in the brain tissue was unknown, relative changes of NIRS signals against the baseline values 

were taken into account for calculation. As previously reported, oxygenated Hb measured obtained 

with NIRS may be considered an index of regional tissue blood flow (Asahara et al. 2016, Ishii et 
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al. 2018, Suzuki et al. 2004). It is accepted that changes in COX are representative of cortical 

activation (Strangman et al. 2002a, Strangman et al. 2002b). The NIRS method has already been 

utilised for COX assessment during mental tasks (Doneddu et al. 2020, Plichta et al. 2006, 

Strangman et al. 2002a, Verner et al. 2013). The accuracy and reliability of the method were 

validated against a mix of 70% jugular bulb saturation and 30% arterial saturation (MacLeod et al. 

2012). 

2.1.5 Data analysis and calculation.  

Data are presented as means ± SD. The Kolmogorov-Smirnov test was employed to determine 

whether variables were normally distributed. To calculate the required sample size, we employed a 

calculation with a power of 85%, an overall type 1 error of 0.05 (two sided), and a 20% difference 

between groups in the studied variables. Twelve subjects were needed to obtain adequate statistical 

power.  

Differences between groups in anthropometric characteristics and in parameters of the CPT test 

were found out with the t test for unpaired data. The hemodynamic data gathered during the five 

sessions of the study protocol were averaged over one minute. The differences between the groups 

in absolute values at rest and at the third minute of exercise (i.e. the 6th minute of the sessions) 

were tested using the two-way analysis of variance (ANOVA, factors: group and condition) 

followed by Bonferroni post-hoc when appropriate. The same statistics were applied to the 9th 

minute of the sessions, which corresponded to the last minute of PEMI, MT, PEMI+MT, and 

CER+MT tests, i.e. when a steady state in variables values was supposed to be reached. Two-way 

ANOVA (factors: group and condition) was also applied to changes in COX, which, as previously 

explained, were reported as percentage changes from rest.  

Statistics were carried out using commercially available software (GraphPad Prism). Significance 

was established as a p value of <0.05 in all cases. 

2.1.6 Results 

The protocol was completed by all the subjects and none of the participants reported unbearable 

discomfort or pain during the PEMI manoeuvres. All the collected variables were normally 

distributed and were analysed using parametric tests.  

Table 1 shows the anthropometric data, results of the screening test and of the CPT. Individuals in 

the DM2 group had higher body mass, BMI, SBP, and fasting glucose with respect to the CTL 

group, whereas VO2max, Wmax, and HRmax were lower.  
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Table 2 reports hemodynamic and COX data collected during the rest periods of the five protocol 

sessions. While conditions did not affect any of the studied parameters, statistics discovered that on 

average HR, SVR, and MAP were higher in the DM2 than the CTL group; differently, SV, VER 

and COX were lower. No significant interaction was found for any variable.   

Table 3 shows that during the handgrip test the DM2 group showed on average higher HR, SVR, 

and MAP and lower SV and VER values in comparison with the CTL group. Moreover, MAP, PEP, 

and COX were significantly affected by the condition. In detail, in both groups during the MT test 

(i.e., a condition when there was neither exercise nor mental task at this time point in the protocol) 

MAP was lower than during the other protocol sessions. PEP tended to shorten during the exercise 

sessions in comparison with the MT test, reaching statistical significance during the CER+MT and 

the PEMI+MT tests of the CTL group and during the CER test of the DM2 group. In both groups 

COX significantly increased during the CER, the PEMI, the CER+MT, and the PEMI+MT tests as 

compared to the MT test.      

Figures 2-4 show the values of the hemodynamics and COX collected at the 9th minute of recovery 

during the sessions. In this period, a steady state in variables’ level was supposed to have been 

achieved in response to the PEMI and the MT manoeuvres.  

Figure 2 (panel A) shows that on average HR was higher in the DM2 in comparison to the CTL 

group. Moreover, SV and CO (panels B and C respectively) were lower in the DM2 than in the 

CTL group. There was neither condition nor interaction effect for any of these variables. 

VFR (Figure 3, panel A) was not different between groups, whereas VER (panel B) was on average 

higher in the CTL in comparison to the DM2 group. There was no condition or interaction effect for 

both VFR and VER. MAP was on average higher in patients with MS compared to CTL subjects. 

Moreover, there was a condition effect. Post-hoc analysis found out that in the DM2 group, MAP 

was higher in the PEMI and in the PEMI+MT than in the CER session. No interaction effect was 

discovered for MAP.  

Figure 4 (panel A) illustrates that the level of SVR was higher in the DM2 than in the CTL group, 

without any condition or interaction effect. Panel B of Figure 4 demonstrates that there was no 

difference between the two groups in terms of PEP. Statistics discovered a significant condition 

effect. The post-hoc analysis found out that in both groups PEP was lower in the PEMI and in the 

PEMI+MT as compared to the CER test. Finally, Figure 4 (panel C) shows that there was 

significant group, condition, and interaction effects in the COX (calculated as a percentage variation 
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from rest level). Specifically, the post-hoc analysis discovered that in the CTL group this parameter 

was higher in the PEMI+MT than in the CER, the PEMI, and the MT sessions. Statistics also found 

out that the CER+MT caused a higher COX level than the CER test. Finally, COX was more 

elevated in the PEMI+MT session of the CTL with respect to all sessions of the DM2 group.  

2.1.7 Discussion  

The main purpose of the experiment 1 was to assess whether the stimulation of the metaboreflex 

during a mental task was able to impair the COX in a group of patients suffering from DM2. In 

order to achieve this, the PEMI method was employed to trigger the metaboreflex as it allows to 

stimulate the sympathetic activity without any motor cortex activation. Thus, the increase in 

cerebral activity is supposed to be related only to the MT. That is, during the metaboreflex obtained 

with PEMI method the sympathetic tone is increased at a level similar to what experienced during 

exercise, but without any contribution of the central command (Crisafulli et al. 2015, Crisafulli 

2017, Nobrega et al. 2014). This rules out any interference due to motor cortex activity on COX.  

We found that, when MT was superimposed on the PEMI-induced metaboreflex activation, patients 

with DM2 could not increase COX to the same extent reached by the CTL group. In detail, looking 

at Figure 4 (panel C) it can be gleaned that during the session of MT alone (i.e. without PEMI), 

COX raised to a similar extent with respect to baseline in both groups (101.30±1.64% vs. 

101.38±1.93% increase for the DM2 and the CTL group respectively). This increment in COX was 

likely due to the enhanced brain activity imposed by MT, which increased brain metabolism so 

elevating CBF and COX (Yaffe et al. 2004). We obtained similar results in a recent research with 

the same experimental setting (Doneddu et al. 2020). However, it can be also observed that the two 

groups behaved differently during the PEMI+MT test. Specifically, during the PEMI+MT test COX 

increased with respect to baseline in both groups in study, but in the CTL group the COX increment 

with respect to baseline was in the order of 4-5% (104.23±2.51%), while in the DMS group was 

lower (101.13±1.08%). This difference was statistically significant and demonstrates that adding the 

PEMI manoeuvre to the MT increased COX in normal individuals, but not in patients suffering 

from DM2. This supports the hypothesis that individuals with DM2 were not able to increase COX 

to the same extent as CTL subjects in this setting.  

Another findings was that in the CTL group COX was higher during the PEMI+MT test than during 

all the sessions of the DM2 group, thereby strengthening the concept that healthy individuals have 

greater capacity to increase COX with respect to patients with DM2.  
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The COX increments obtained by the PEMI+MT test was likely the consequence of the 

combination of the slight COX increments caused by the PEMI manoeuvre and by MT. Actually, 

the possibility that PEMI induces an increase in COX has been already demonstrated and it was 

attributed to MAP elevation, although the exact physiological mechanism(s) is still unclear 

(Doneddu et al. 2020, Ogoh et al. 2019). Similarly, also the MT test can induce an increment in 

COX, which is likely the consequence of the enhanced brain metabolism due to brain activation. Of 

note, during the PEMI+MT test the DM2 group did not increase COX notwithstanding the MAP 

increment. It is well known that blood pressure is one of the key regulators of CBF and that 

increasing MAP results in CBF increments (Lucas et al. 2010, Willie et al. 2014). Thus, it may be 

expected that in the DM2 group the MAP increment that occurred during the PEMI+MT test would 

have led to higher COX levels in comparison with the other protocol conditions, but this was not 

the case. Hence, it seems as though in DM2 patients some phenomenon prevented the increase in 

CBF and COX notwithstanding the elevated MAP.  

Several phenomena may explain the reduced capacity to increase COX in patients with DM2. One 

could be an impaired cerebral vascular reactivity. Some clues have been recently provided in 

support to the hypothesis that the capacity to vasodilate the cerebral circulation in response to 

physiological stimuli, such as hypercapnia, is impaired in individuals suffering from metabolic 

disorders such as MS and DM2. What causes this impaired vascular response has not be completely 

elucidated yet. One proposed mechanism is a low level of nitric oxide availability and a reduced 

endothelium-dependent vasodilation. However, the phenomenon is still elusive, likely multi-

factorial, and further research is needed to better elucidate underlying mechanisms (Birdsill et al. 

2013, Kim et al. 2015). Another potential mechanism explaining the impaired COX is that DM2 

patients were not able to maintain SV and CO at the proper level, thereby challenging cerebral 

circulation. Actually, already at rest and throughout all the experimental sessions, the DM2 showed 

on average lower SV and CO values in comparison to the CTL group.  

A further mechanism that could be involved in the impaired COX was an elevated SNS drive in 

DM2 patients. The cerebrovasculature is extensively innervated by adrenergic fibres which can 

potentially constrict brain circulation (Willie et al. 2014). However, the PEP behaviour does not 

support any exaggerated sympathetic drive as this parameter was similar between CTL and DM2 

subjects; furthermore, it shortened to a similar extent in both groups during the protocol. PEP is the 

time spent by the left ventricle to develop the amount of pressure necessary to overcome aortic 

pressure and is inversely related to sympathetic activity, but it is not influenced by parasympathetic 

tone (Michael et al. 2017). The quite similar PEP response between groups suggests that in patients 
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with DM2 there was no exaggerated sympathetic activation. It is however to be highlighted that 

already at rest and throughout all the phases in the protocol, the DM2 patients showed a higher HR 

compared to the CTL group. Moreover, SVR levels were always more elevated in the DM2 in 

comparison to the CTL group. It is well known that HR and arteriolar tone are directly related to 

SNS activity (Joyner 2016). Both phenomena (i.e. elevated HR and SVR) suggest that SNS tone 

was higher in the DM2 patients as compared to the CTL, notwithstanding the similar PEP. A 

potential explanation for these conflicting results could be that, in the DM2 group, SNS was already 

more activated at rest to support a failing circulation, as testified by the lower SV levels. The 

elevated SNS tone already at rest may have reduced the possibility of highlighting any increases in 

SNS due to PEMI and/or MT engagement. Only direct measurement of SNS activity can solve 

these contradictory findings.  

Whatever the causes (impaired capacity for cerebral vasodilation, reduced capacity to increase SV, 

and increased SNS activity), results demonstrate that patients with DM2 were unable to properly 

increase COX when a MT superimposed the metaboreflex elicited by PEMI. This finding suggests 

that patients with DM2 suffered from a sort of impairment in cerebral flow which resembles what 

recently found in patients with MS, who could not increase COX to the same extent as normal 

controls (Doneddu et al. 2020). It should be considered that MS often precedes DM2 and that DM2 

patients may experience SNS dysfunction even worse than subjects with MS (Eckel et al. 2005, 

Istenes et al. 2014).  

It has been demonstrated that the combination of a mental and physical challenges results in an 

exacerbation of stress hormones responses than a single challenge alone (Webb et al. 2017). This is 

of importance as individuals are often subjected to a combination of stressors during exercise. In 

particular, mental stress could represent an important stressor for the cardiovascular system 

(Rozanski et al. 1988, Wasmund et al. 2002). Moreover, COX may be a limiting factor for exercise 

capacity in patients suffering from DM2. Although the brain represents only ~2% of the total body 

mass, it consumes up to ~20% of the available oxygen at rest and precise control of CBF is 

imperative, especially during exercise when its activity increases (Secher et al. 2008). Adherence to 

physical exercise programs is poor in patients with DM2 (Poitras et al. 2018); it was proposed that 

the incapacity to increase COX could provide a potential physio-pathological basis for this poor 

predisposition as the presence of reduced O2 supply clearly may compromise the willingness to 

sustain a given level of effort (Kim et al. 2015). Similarly, this possibility has been proposed also 

for patients with MS (Doneddu et al. 2020), this also considering that MS impairs cognitive 

performance when an attentional interference task was added to PEMI (Guicciardi et al. 2020). 
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Results of the present investigation support the hypothesis that the combination of MT and 

cardiovascular reflex impairs COX, thereby providing a potential physio-pathological basis for poor 

predisposition to exercise of these patients.    

From an hemodynamic point of view, the cardiovascular response showed by DM2 patients during 

PEMI was in good agreement with what reported in previous studies employing a similar 

experimental setting (Roberto et al. 2019). Specifically, it was reported that DM2 patients had an 

exaggerated vasoconstriction (i.e. SVR increase) in response to PEMI after handgrip, while SV and 

CO were blunted. This was the consequence of a reduced capacity to enhance myocardial 

performance. Therefore, in these patients, the target blood pressure was achieved mainly by an 

increase in SVR rather than by a CO-mediated response (Roberto et al. 2019). In the present 

investigation, VER (a measure of myocardial performance) was always lower in DM2 patients as 

compared to CTL, so confirming that a reduced systolic functions were present in DM2 and this 

hampered SV. This phenomenon may have triggered compensatory mechanisms leading to SNS 

activation already at rest and in turn increasing arteriolar constriction. This is a type of response that 

is also observed in a number of other cardiovascular diseases (Piepoli and Crisafulli 2014, Crisafulli 

2017), thereby supporting the point of view that DM2 can be considered a cardiovascular disease 

(Candido et al. 2003). 

 

2.2 Experiment 2 

 

2.2.1 Study Population. 

 

We recruited a total of twenty-eight individuals; 16 aged 18-30 years (YG) and 16 aged ≥50 years 

(AG). 

We enrolled participants without impairment in cognitive function, determined by Montreal 

Cognitive Assessment (MoCa) (Nasreddine, 2005) Score ≥ 26 at the day of the experimental 

session. For both groups, exclusion criteria included diagnosis of significant neurological or 

psychiatric diseases, relevant for brain function or CBF (e.g. stroke, dementias), a history of brain 

surgery. Smokers and participants using B-blockers, sympathomimetics and/or tricyclic 

antidepressants were also excluded due to their potential impact on cerebral perfusion. Participants 

were requested to abstain from caffeinated beverages, alcohol, and heavy exercise 12 h prior to the 

measurements. Written informed consent was obtained from all participants. Ethical approval was 
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obtained from the local ethics committee and the study was conducted according to the principles of 

the Declaration of Helsinki (2013).  

 

2.2.2 Experimental Design 

The study comprised a single visit to the Geriatrics Department of the Radboudumc, Nijmegen, the 

Netherlands. After arrival, participants seated at rest in a temperature-controlled (20-22°C) room for 

10 minutes to ensure an accurate baseline measurement. During 7 minute of rest, middle cerebral 

artery blood flow velocity (MCAv) and BP were assessed. All participants performed in the 

following order:  1) 5 min standing (STAND), 2) 5 min walking at 15% (WALK15) of maximum 

heart rate (HRmax), 3) 5 min walking at 30% of HRmax (WALK30). During all procedures, we 

continuously BP, HR, and MCAv. Between all sessions, participants had a 7-minutes seated rest 

(SIT) to allow cerebral perfusion to return to baseline levels and to have a similar starting position 

for each daily life condition.  

 

2.2.3 Experimental Daily Life Activities 

Figure 2.1 schematises the various sessions of the study protocol: 

STAND. Subjects stand in the upright position for 5-minutes. 

WALK15. Participants performed walking exercise on the spot for 5-minutes (as practical 

limitations of the TCD (Trans-cranial Doppler) equipment prohibit free walking activities). During 

walking, HR was monitored and individuals were instructed to change their pace to increase heart 

rate to match 15% of the predicted HRmax (208-0.7*age). Participants were coached to perform the 

walking speed in order to reach the predicted HR, which was kept unvaried for the whole walking 

session.  

WALK30. The same walking protocol used for WALK15 was performed. Individuals were instructed 

to reach 30% of the predicted HRmax, and to keep the walking pace steady. 

 

2.2.4 Hemodynamic and cerebral blood flow assessment  

Before the start of the study protocol the resting blood pressure was determined using an automatic 

blood pressure cuff (Brand name, Country).  Cerebral blood flow velocity (CBFv) in the middle 

cerebral arteries was measured using two 2-MHz transcranial Doppler probes (TCD, Multi-Dop, 

Compumedics DWL, Singen, Germany). The TCD monitored the changes in cerebral blood flow 

velocity in the middle cerebral artery during the measurement on both the right and left side, 

accessed through the temporal bone (‘’temporal window’’). This was done under the assumption 
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that the vessel diameter stays constant during the measurement, so that changes in cerebral blood 

flow velocity would actually represent changes in cerebral blood flow(Claassen et al. 2007). 

Continuous blood pressure was measured using photoplethysmography (Finapres Medical Systems, 

Amsterdam, the Netherlands). A blood pressure cuff was placed on the middle finger, allowing for 

monitoring of the participant throughout the assessment. To correct for the influence of blood 

pressure on MCAv during daily life activities, cerebrovascular conductance was calculated by 

dividing the MCAv by the blood pressure.  

HR was measured by means of a monitor heart rate (Polar RS400, Polar, Oy, Kempele, Finland) 

band placed at heart height around the chest. 

All physiological data measurements were continuously acquired at 50 Hz using an analog-to-

digital convertor (PowerLabML880; ADInstruments, Colorado Springs, CO) and displayed in real 

time on a computer with commercially available software (Acknowledge 2.0, BIOPAC systems, 

USA). 

 

2.2.5 Data Analysis and Calculation 

Data were extracted in means per minute, which allowed for calculation of the average across the 

last 3 minutes, and analysed using IBM SPSS Statistics 22.0 (SPSS, Inc, Chicago, IL). To correct 

for the potential impact of a change in CBFv and BP to correct for changing posture, relative values 

as percentage changes from standing were reported. All data are presented as mean±SEM for 

continuous variables, as number (percentage) for categorical variables and as median (interquartile 

range) for skewed distributed data, unless stated otherwise. The statistical analysis of the data were 

performed with a general linear mixed model. The general linear mixed model was used to examine 

the differences between the age groups, the effect of the daily life activities and also whether groups 

(young and old) demonstrated different changes in the study parameters (interaction-effect: 

group*condition). For all these analyses a significance level of α=0.05 was used. 

 

2.2.6 Results 

2.2.6.1 Anthropometrics  

In two participants we were unable to assess cerebrovascular blood flow due to technical 

difficulties, leaving 15 YG (24.47 ± 2.22 years) and 15 AG (64.36 ± 5.86 years) participants with 

valid data for analysis. Subject characteristics, including age, gender, BMI and MoCA score of the 

participants, can be found in Table 2.1. 
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2.2.6.2 Effect of standing and walking to correct for sitting 

CBFv significantly changed during the conditions (P=0.01), with a lower CBFv during standing 

compared to WALK15 and WALK30 (Figure 2.1A, 2.1B and 2.1C). When evaluating BP data, a 

significant effect of the conditions was observed, with higher BP during WALK15 and WALK30 

(P<0.01) (Figure 1C and 1D). Conductance showed a significant decrease during standing (P<0.01), 

whereas no difference was found during WALK15 and WALK30 (Figure 2.1G, 2.1H and 2.1I).  

When comparing YG and AG subjects, YG had a significant higher CBFv compared to AG 

(P<0.01). Moreover, AG showed a larger increase in CBFv during WALK15 compared to YG 

participants (P=0.01). BP did not differ significantly between YG and AG during the conditions 

(P=0.29, P=0.26 and P=0.27). A significant interaction effect was observed in the AG (P=0.01) 

when compared to the YG, who increased BP to a larger extent during WALK15 and WALK30 

(P<0.01). In term of cerebrovascular conductance, AG had lower values throughout the conditions 

(P<0.01). 

 

2.2.6.3 Effect of walking to correct for standing 

CBFv significantly increased during walking compared to stand (P=0.01), with a higher response in 

CBFv during WALK15 (P=0.02, Figure 2.2A). BP showed overall a significant increase during the 

conditions (WALK15 and WALK30, respectively) (P<0.01), with a higher response in the AG 

when compared to the YG (P=0.05, Figure 2.2B). 

Finally, no interactions between groups and conditions were observed for cerebrovascular 

conductance (Figure 2.2C).  

2.2.7 Discussion 

The first purpose of experiment 2 was to characterise the impact of daily life activities (i.e sitting, 

standing, walking) on the cerebral blood flow in healthy (YG and AG) individuals. We found that 

daily life activities, such as walking at 15% and 30% of HRR lead to an immediate increase in 

CBFv of around 3-7%. Although these changes are relatively modest, our work highlights that even 

common daily life activities can have a marked impact on CBFv. The second purpose of this study 

was to find out whether changes in CBF were different between YG and AG during DLA. We do 

not find any significant difference between YG and AG, however AG showed a larger increase both 

in CBFv and BP during the walking period. Given the importance of cerebral perfusion in cognitive 

decline, this finding may help to better understand the potential clinical importance of engagement 

in daily life activities. Several studies have investigated the impact of exercise at low, moderate, 
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high and maximal intensity on CBFv, and reported a change in CBFv between -10 and 40% (Fisher 

et al. 2013, Braz et al. 2016, Smith and Ainslie 2017). Braz et al. combined data from these studies 

to look at the mean increase in CBFv, and described an increase around 10% during low and 

maximum intensity, 15-20% for moderate intensity and around 20% for high intensity (Braz et al. 

2016). Thus, when compared to our data, the response of CBFv during low intensity activities was 

similar to that described in previous studies.  This increase in CBFv could be explained by several 

mechanisms that contribute to regulate the CBF, such as cerebrovascular reactivity and other 

vasoactive adjustments mainly driven by changes in arterial blood gases, blood pressure, cerebral 

metabolism and neurogenic innervation (Braz et al. 2016). During exercise, cerebral blood flow and 

cerebral oxygenation increase due to cerebral activation, as well as arterial blood pressure, heart 

rate, cardiac output and sympathetic activity (Nobrega et al. 2014). Likewise, arterial blood gases 

such as arterial carbon dioxide tension (PaCO2) increases or decreases based on the level of 

alveolar ventilation determined by the intensity of the exercise. For instance, performance of 

exercise at low (25% Wmax) to moderate intensity (50% Wmax) is characterized by an increase in 

CBFv (Thomas et al. 1989). In contrary, at higher intensity (>50-80% Wmax) CBFv tends to a 

plateau or shows a progressive decrease, depending on the level of PaCO2 (Smith and Ainslie 

2017). In our study we did not measure PaCO2 and therefore we cannot exclude a potential impact 

of changes in PaCO2 on our results. In contrast to walking, during standing a significant drop in 

CBFv and conductance was observed. These changes were not accompanied by a drop in blood 

pressure, as we only included the last three minutes of standing, which allowed BP to stabilize. 

Over the first minute of standing often a drop in BP is observed, caused by transient orthostatic 

hypotension (Novak et al. 1998), this is because the vascular adjustments initiated by arterial 

pressure are not instantaneous and take several seconds to take effect. However, rapid variations in 

arterial pressure as from sit to standing position are not compensated for by autoregulation and 

produce changes in CBF (Florence et al. 1992), this phenomenon may also explain the response in 

CBFv and BP. When evaluating the effect of walking to correct for changing in posture we found a 

significant increase in CBFv. In detail during WALK15 an increase around 3% was detected, 

whereas during WALK30 was found around 2.5 %. This suggest that even very low intensity 

activity can affect CBFv, despite the magnitude of the effort. Recent studies reported that prolonged 

uninterrupted sitting causes a decrease in CBFv, whereas short duration regular walking breaks has 

a positive effect on cerebral perfusion preventing cerebral decline (Carter et al. 2018). Thus, our 

data are in line with these previous studies: Hartman et al. found that increases in daily life activity 
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over 16 weeks also increased CBFv and may also have important clinical implication by promoting 

active break strategies for those who engage in long period of sitting (Hartman et. al 2020). 

The second purpose of experiment 2 was to find out whether changes in CBF were different 

between YG and AG during daily life activities. Despite the fact CBFv was consistently lower in 

older participants, no significant differences were observed in the response to the activities between 

groups, with the only exception during walking where AG showed a larger increase in CBFv in 

comparison to YG. In detail, statistics revealed that older individuals had a larger increase in CBFv 

during WALK15, which can be explained by the parallel larger increase in BP. In fact, AG showed 

a higher response in BP throughout all the activities, with higher values during WALK15. Thus, 

according to our results low intensity activities had a larger impact in BP response in AG when 

compared to young. It looks like that AG may have higher fluctuation in BP either when sitting or 

during exercise, or probably they just performed the activities at higher intensity compared to YG. 

Another potential explanation for this could be the change in PaCO2 caused by the different 

ventilation during the activities, which may have an influence on both CBFv and BP changes, 

suggesting the cerebral autoregulation mechanism could be altered in more elderly individuals 

(Paulson et al. 1990). However, we did not measure PaCO2 so further measurements should be take 

into account to support the previous statement. As mentioned before when compared to YG, the AG 

had consistently lower CBFv in all activities. This finding is in line with previous assessments in 

population of a similar age using transcranial Doppler ultrasonography (Ainslie et al. 2008). A 

study conducted by Ainslie et al. found an age related decline in CBFv of -0.76 ± 0.04 cm/s/year, 

when comparing sedentary elderly and endurance-trained young men. Translating this to our 

population, this suggests a difference of 30 cm/s between our YG and A group. We however 

observed a difference of 12 cm/s, probably because our population was neither sedentary nor 

endurance trained, making the difference smaller between both groups. Moreover, conductance was 

found constantly lower in the AG throughout activities, which can also be ascribed to the age-

related circulatory alterations such as endothelial disfunction and attenuated vasodilation, already 

described in previous studies (Fisher et al. 2013, Fluck et al. 2014, Tarumi and Zhang 2018). This 

implies that age should be taken into account when interpreting data of CBF and that ageing per se 

may challenge mechanisms regulating brain perfusion during day life activities. 
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2.3 Experiment 3 

2.3.1 Study Population 

Forty healthy men aged 31-59 years old with no history of cardiovascular disease (CVD) were 

involved. Exclusion criteria were: a history of CVD, history of DM, currently using cardiac 

medication for heart rate, blood pressure or cholesterol, Raynaud’s syndrome. Local ethical 

approval from the Liverpool John Moores University was sought and gained. Informed consent was 

obtained and formally documented. Participants completed a health questionnaire, including 

medical history and CVD related lifestyle risk factors. 

2.3.2 Experimental Design 

The day of the measurement participants body weight and height were measured, and they were 

instructed to lie on a bed in a quiet, light and temperature controlled room. A finometer (Finapres 

Medical Systems, Amsterdam, The Netherlands) was used to measure beat-to-beat blood pressure 

and the resting blood pressure was measured with an automated sphygmomanometer (Dinamap 

Procare 100, GE Medical Systems Ltd., Buckinghamshire, UK). Participants laid supine for at least 

5 minutes before they underwent the cold pressure test (CPT). The Cold Pressor Test is a 

sympathetic nervous system stimulus consisting of 1 minute baseline, 3 minutes with the left hand 

submerged in cold water (~4°C). During the CPT, carotid artery diameter and blood flow velocity 

were measured continuously using ultrasound sonography (Terason 3300, Terason Labs, 

Burlington, Massachusetts, USA). 

2.3.3 Measurements 

The BP was measured with an automated sphygmomanometer (Skirton et al. 2011) on the left arm 

while the participant was laying supine. This measure was used to determine the resting BP and to 

calibrate the beat-to-beat BP values. The finometer cuff was attached on the second phalanx of the 

right index or middle finger. The finometer was calibrated to the height of the heart and was 

allowed to auto-calibrate for 2 minutes. This has previously been demonstrated to be a reliable and 

reproducible measure of beat-to-beat blood pressure monitoring (Waldron et al. 2018). 

2.3.4 Cold pressor test 

During the CPT, the left hand was immersed in a bucket of cold water (~4°C). The water 

temperature was measured with a digital thermometer (Quartz digi-thermo, Fischer scientific, 

Loughborough, UK) and controlled by adding crushed ice to maintain a stable water temperature. 
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The participant was asked to position themselves close to the left edge of the bed, to ensure the 

hand could easily move into the water without significant movement of the neck. This enabled 

assessment of the carotid artery. After a 1 minute baseline diameter recording, participants were 

instructed to place their hand in the ice water for 3 minutes. They were instructed not to speak, and 

to breathe normally during the ultrasound assessment of the carotid artery in order to prevent 

hyperventilation (van Mil et al. 2017). 

2.3.5 Carotid Artery Diameter 

The left common carotid artery diameter was assessed using ultrasound sonography (Terason 3300, 

Terason Labs, Burlington, Massachusetts, USA). Using a longitudinal view of the artery, the carotid 

bulb was identified as an anatomical landmark to standardise approximate scanning area between 

individuals. The common carotid artery, proximal from the carotid bulb, was identified and image 

was optimised so that the artery walls were clearly defined (figure 3.1). Doppler velocity 

assessments were also recorded at the lowest possible insonation angle (always <60°). The carotid 

artery diameter was calculated with edge detection software (Potter et al. 2007). On-screen 

calibration points were selected with the calibration tool which the software calculated the pixel-to-

centimetre ratio. Calibration points were used for the diameter and the pulse wave velocity. A 

rectangle containing the largest straight artery segment was selected as the Region of Interest (ROI), 

ensuring that the vessel walls were in focus. The software marked the vessel walls within the ROI 

with lines and calculated the number of pixels in each vertical column between the lines. From the 

pixel distance the software calculated the lumen diameter in centimetres. 

2.3.6 Carotid Artery Response (CAR%) 

The CAR% is the relative change in carotid artery diameter above or below baseline expressed as a 

percentage. The average diameter during the 1 minute baseline measurement was calculated and set 

as the baseline value. Subsequently, the diameter of the carotid artery was measured during the 

CPT, and averaged over 10 second periods, resulting in 24 periods. The average, maximum and 

minimum percentages, were calculated. If the average percentage change was an increase in 

diameter (dilation), the CAR% is expressed as the maximum percentage. Conversely, if the average 

percentage change was a decrease in diameter (constriction), the CAR% is expressed as the 

minimum percentage (van Mil et al. 2017, Fluck et al. 2017). 
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2.3.7 Blood pressure 

The beat-to-beat BP data was processed in the same way as the CAR% calculation.  Beat-to-beat 

BP was measured and then MAP calculated. Baseline was the average MAP during the 1 minute. 

Next, the average MAP during the CPT is calculated for each 10 second period, matching the 

epochs for diameter as described earlier. The SBP and DBP measured with the sphygmomanometer 

is used to calculate the MAP before testing. The beat-to-beat BP data was calibrated using 

assessment of resting BP using an automated sphygmomanometer (Dynamap) placed around the 

left arm and performed twice (with a 5-minute rest period in between). The maximum change in BP 

was expressed as the maximum increase (ΔMAP) and maximum percent increase in MAP (relative 

ΔMAP) compared to baseline during the CPT. 

2.3.8 Data analysis and Calculation 

All data were presented as mean ± SD. Statistical analysis was performed using IBM SPSS 

Statistics 25 (IBM SPSS; IBM Corp., Armonk, New York, USA). Pearson correlations were 

employed to examine the relation between baseline MAP and the change in BP during the CPT 

(ΔMAP) versus the CAR% (i.e. relative change in diameter compared to baseline), whilst we also 

examined the relation between the timing of the peak responses in BP versus CAR%. Participants 

were divided in tertiles based on the relative change in BP during the CPT: low (<15%), medium 

(15-30%) and high (>30%). One-way ANOVA was used to examine difference between groups in 

general characteristics including age, BMI and cardiovascular risk and CAR%. Tukey post-hoc 

analysis was performed to examine which groups differed from each other. Statistical significance 

was at p<0.05. 

2.3.9 Results 

In response to the CPT, diameter immediately changed and demonstrated a gradual increase with an 

average peak at 92±43 seconds, which was followed by a gradual decline (Figure 3.2A). The mean 

CAR% was 4.4%±5.4, with six participants demonstrating a constriction of the carotid artery during 

the CPT (ranging from -7.6 to –0.74%). During the CPT, MAP began to increase within 30s, 

followed by a gradual increase that peaked at 112±38 seconds (Figure 3.2A). The timing of the peak 

MAP (112±38s) was significantly later than the peak in diameter (92±43s, difference in peak 20±5s, 

Wilcoxon-test; P=0.04). There was no significant correlation between peak CAR% and peak MAP 

(R=0.03 P=0.29), nor between the timing of the CAR% and MAP (R=0.03 P=0.30). After dividing 

the group into tertiles (based on the relative increase in BP), no significant differences were found 
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between groups in subject characteristics (e.g. age, weight, BMI, MAP and family history), baseline 

diameter or CAR% (Table 3.1). No differences were found between groups when, individuals were 

divided into tertiles based on absolute BP responses (data not shown). There was no correlation 

between the relative increase in blood pressure and CAR% (r=0.27 p=0.09). Based on the distinct 

vasomotor responses during the CPT, we compared groups with carotid artery dilation (n=34) 

versus constriction (n=6). Nevertheless, baseline diameter and CAR% were similar (Table 3.2). 

Importantly, participants who demonstrated carotid artery constriction revealed a similar increase in 

BP compared to individuals with carotid dilation (Table 3.3). 

2.3.10 Discussion 

The primary aim of experiment 3 was to understand the relationship between changes in blood 

pressure and carotid artery diameter during the CPT. We found that the start of dilation and the 

timing of the peak carotid artery diameter response preceded blood pressure changes during the 

CPT. Moreover, we found no differences in baseline characteristics including age, weight, BMI or 

in the magnitude of carotid artery dilation when comparing groups based on the magnitude of BP 

increase. This finding is supported by the lack of correlation between the relative changes in carotid 

artery diameter and blood pressure during the CPT. Finally, individuals who demonstrated carotid 

artery vasoconstriction also demonstrated a comparable increase in BP during sympathetic 

stimulation compared to those with vasodilation. Taken together, experiment 3 suggests that the 

characteristic increase in blood pressure during sympathetic stimulation may not directly relate to 

carotid artery vasomotion in healthy middle-aged men.  

The CPT is a frequently used procedure to activate the sympathetic nervous system in humans. As 

expected, and in line with several previous studies, BP gradually increased after a period of 20-30 

seconds. The increase in BP is most likely the result of (nor)adrenaline release, mediating a 

vasoconstriction response in peripheral arteries that cause an increase in total peripheral resistance. 

(Wirch et al. 2006) We found that the timing of the start of carotid artery dilation, but also the 

timing of the peak diameter change, significantly preceded the BP response. Thus, contrary to our 

hypothesis, carotid artery response is not directly linked or driven by the increase in blood pressure 

response during the CPT. Furthermore, we found no relation between the degree of BP increase and 

the CAR% during the CPT. However, it should be noted that the lack of correlation may relate to 

the presence of confounding factors influencing vascular tone. Closely controlling for factors 

potentially affecting endothelial function (e.g. drugs, supplements, behavioural aspects) at least 

partly prevented such impacts. A final strong argument against a key role for BP in mediating the 
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carotid artery vasomotor response during the CPT is the presence of vasoconstriction in some 

individuals. Moreover, a significant increase in BP was found in these individuals, which did not 

differ from the BP response found in subjects with carotid artery dilation.  Despite the absence of a 

relation between the diameter and BP response, both responses seem strongly related to sympathetic 

stimulation. For instance, a previous study found that muscle sympathetic nerve activity bursts are 

associated with concomitant increases in BP and peripheral conduit artery diameter responses 

(Fairfax et al. 2013). Furthermore, catecholamine-release during sympathetic stimulation seem 

directly related to carotid artery responses, whilst catecholamines may also be responsible for the 

increased peripheral artery resistance and BP changes (Gordan 2015). Differences in sensitivity of 

receptors or mechanisms contributing to vasomotion between central (i.e. carotid) and peripheral 

arteries may explain the difference in timing of the BP and diameter responses. Nonetheless, given 

their dependence on catecholamines (Currie et al. 2012), we expected a relation between the 

magnitude of BP and diameter response. One potential explanation for the lack of relation is that 

catecholamine-release is less strongly related to vascular responses than anticipated. Indeed, 

Cummings et al. found adrenalectomised participants do not demonstrate an increase in adrenaline, 

noradrenaline or dopamine during the CPT, despite the presence of an increase in BP of comparable 

magnitude as in healthy individuals. Therefore, peripheral artery responses (and therefore blood 

pressure) to the CPT may be independent of catecholamine release (Cummings et al. 1983), whilst 

catecholamines may be important for carotid artery diameter responses. At least, our data suggests 

no direct link between BP per se and carotid artery diameter response to the CPT in healthy 

individuals, despite both parameters change markedly in response to CPT. Based on the important 

role of BP during the CPT, and the possible link with vasomotion, we recommend performing beat-

by-beat BP measurements when examining the CAR. It has to be consider is that structural 

properties of the artery may influence the dilator response. A previous study demonstrated a 

negative correlation between baseline carotid diameter and CAR% in non-diseased average risk, 

high risk, and coronary artery disease patients, but not with the carotid artery intima-media wall 

thickness (IMT) (Rubenfire et al.2000). In contrast, Van Mil et al. reported no correlation between 

the baseline carotid diameter or IMT and CAR% in healthy people (van Mil, Hartman et al. 2017), 

whilst also others found no correlation between coronary artery baseline diameter and dilation 

response (Vita et al. 1990). In our experiment, we found a significant, but weak, inverse correlation 

between the baseline carotid diameter and the CAR%, implying that a smaller baseline diameter 

correlates with a larger CAR%. This finding is in line with several previous studies examining 

peripheral arteries, where a smaller brachial or femoral artery is related to a larger dilation in 
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response to increases in shear stress (Padilla et al. 2011, Thijssen et al.2008). The correlation 

between diameter and CAR% in our study, whilst largely absent in previous work, may relate to the 

inclusion of healthy individuals only. In detail, previous work in peripheral arteries also found a 

weaker or non-existing correlation between baseline diameter and dilator responses in older and 

diseased populations. This may be explained by the impact of older age and/or cardiovascular risk 

factors in those groups that affect both baseline diameter and dilator response, consequently 

affecting the (weak) inverse relation between both parameters in healthy young individuals. Finally, 

our observation suggests that structural characteristics of the artery wall should be considered when 

examining the CAR% responses, but unlikely affect or interfere with the blood pressure increase 

(and subsequent diameter response) during the CPT. 

 

CONCLUSIONS 

The results of experiment 1 support the hypothesis that subjects suffering from DM2 do not 

properly enhance COX when a mental task superimposed the metaboreflex obtained by PEMI. Thus 

our data support that patients with metabolic disorders experience reduction in cerebral oxygenation 

as well as sympathetic dysfunction in response to exercise, with exaggerated and paradoxical 

vasoconstriction at brain level. Further studies with a larger sample size are warranted to confirm 

the phenomenon and to clarify mechanism behind this phenomenon. Further research is also 

warranted to clarify whether the described COX impairment is present also during real exercise. 

Finally, results confirm that in DM2 patients’ hemodynamic regulation is altered during the PEMI-

induced metaboreflex as in these patients the target BP is achieved by increasing SVR rather than 

by increasing CO. This fact would provide the physio-pathological basis of the bad exercise 

predisposition often observed in these patients. 

Experiment 2 

In experiment 2 our data support that even low-to-moderate intensity daily life activities 

significantly alter the cerebral perfusion, whilst these changes in cerebral perfusion are largely 

comparable between AG and YG. We found that DLA, which are common in daily living (i.e 

sitting, standing and walking), lead to an immediate increase in CBFv measured as the middle 

cerebral artery velocity (MCAv) both in YG and AG.  Although these changes are relatively 

modest, this study highlights that even common DLA can have a marked impact on CBFv and they 

may link to health benefits of regular daily life physical activities. Further research is warranted to 
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clarify whether the described finding is present also during exercise at different intensity levels. 

Furthermore, we do not find any significant difference between YG and AG, despite AG showed a 

larger increase both in CBFv and BP during the walking period. Thus, given the importance of 

cerebral perfusion in cognitive decline, this finding may help to better understand the potential 

clinical importance of engagement during DLA in healthy individuals. 

Lastly, experiment 3 highlight that carotid artery diameter changes during the CPT may not be 

related to the characteristic increase in blood pressure. The start and peak of the diameter precedes 

that of the BP, whilst no correlation is present between the magnitude of the blood pressure 

response and CAR%. Moreover, even individuals who present carotid artery vasoconstriction 

demonstrate an increase in BP, making it unlikely that the BP rise should be regarded as the dilator 

stimulus. Nonetheless, the change in BP during the CAR% may still be relevant, especially to 

understand the link to the sympathetic nervous system. This study suggests the CAR% provides 

relevant information, independent of the increase in blood pressure during the CPT. In conclusion, 

CAR% may represent a valuable, simple, easy applicable and non-invasive technique to assess the 

sympathetically-induced elevation in blood pressure and carotid artery diameter responses in 

healthy middle-aged individuals.  
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Introduction – Figures Captions 

Figure I. A Cardiovascular adjustment during dynamic exercise. Impulses from motor cortex, 

contracting muscle, baroreceptors, and chemoreceptors converge on the cardiovascular control areas 

situated in the medulla (Nobrega et al.2014).  B Interactions between the three main neural reflexes 

operating during exercise. 

Figure II. Schematic representation of the aims of the research.  
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Figure I 
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Experiment 1 - Figure captions 

Figure 1. Schematic representation of the various sessions in the study protocol.  PEMI: post-

exercise muscle ischemia; CER: control exercise recovery; MT: mental task; CER+MT: control 

exercise recovery + mental task; PEMI+MT: post-exercise muscle ischemia + mental task.  

Figure 2. Hemodynamic data during control exercise recovery (CER), post-exercise muscle 

ischemia (PEMI), mental task (MT), control exercise recovery + mental task (CER+MT), and post-

exercise muscle ischemia + mental task (PEMI+MT) tests in the type 2 Diabetes Mellitus (DM2, n= 

13) and the control (CTL, n= 13) groups. Data were gathered at the 9th minute of the sessions. HR= 

heart rate (panel A); SV= stroke volume (panel B); CO= cardiac output (panel C). Values are mean 

± SD.  A horizontal bracket indicates the overall main effect of the groups.  

Figure 3. Hemodynamic data during control exercise recovery (CER), post-exercise muscle 

ischemia (PEMI), mental task (MT), control exercise recovery + mental task (CER+MT), and post-

exercise muscle ischemia + mental task (PEMI+MT) tests in the type 2 Diabetes Mellitus (DM2, n= 

13) and the control (CTL, n= 13) groups. Data were gathered at the 9th minute of the sessions. 

VFR= ventricular filling rate (panel A); VER= ventricular emptying rate (panel B); MAP= mean 

arterial pressure (panel C). Values are mean ± SD. A horizontal bracket indicates the overall main 

effect of the groups; a vertical bracket indicates the overall main effect of the condition. *= p<0.05 

vs. CER test of the DM2 group. 

Figure 4. Hemodynamic data during control exercise recovery (CER), post-exercise muscle 

ischemia (PEMI), mental task (MT), control exercise recovery + mental task (CER+MT), and post-

exercise muscle ischemia + mental task (PEMI+MT) tests in the type 2 Diabetes Mellitus (DM2, n= 

13) and the control (CTL, n= 13) groups. Data were gathered at the 9th minute of the sessions. 

SVR= systemic vascular resistance (panel A); PEP= pre-ejection period (panel B); COX= cerebral 

oxygenation (panel C). In panel C, a dotted line indicates rest level. Values are mean ± SD. The 

horizontal brackets indicate the overall main effect of the groups; a vertical bracket indicates the 

overall main effect of the condition. *= p<0.05 vs. CER test of the same group; †= p<0.05 vs. CER, 

PEMI, and MT tests of the same group; ‡ p<0.05 vs. CER, PEMI, MT, CER+MT, and PEMI+MT 

tests of the DM2 group. 
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Table 1. Anthropometric characteristics of groups together with results of the preliminary medical 

examination and of cardiopulmonary test. CTL= controls (n= 13), DM2= type 2 Diabetes Mellitus (n= 

13). Values are mean ± SD. 

 CTL DM2 p value 

Height (cm) 170.6±9.6 171.0±10.3  0.9193 

Body mass (kg) 69.2±12.4 90.4±19.9 0.0033 

Body mass index (kg/m2) 23.5±2.5 30.9±5.69 0.0002 

Systolic blood pressure (mmHg) 112.8±11.2 124.6±15.5 0.0358 

Diastolic blood pressure (mmHg) 76.8±6.9 80.2±11.5 0.3088 

Fasting glucose (mg/dL) 85.2±8.8 108.0±13.4 <0.001 

Maximal O2 uptake (mL/kg/min) 34.2±7.6 17.0±6.2 <0.001 

Maximum workload (W) 210.5±75.8 120.0±49.6 0.0015 

Maximum heart rate  (bpm) 158.6±15.6 139.2±19.0  0.0089 
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Table 2. Hemodynamic and cerebral oxygenation (COX) data during rest periods preceding post-exercise control exercise 

recovery (CER), muscle ischemia (PEMI), mental task (MT), control exercise recovery + mental task (CER+MT), and 

post-exercise muscle ischemia + mental task (PEMI+MT) tests for control (CTL, n= 13) and type 2 Diabetes Mellitus 

(DM2, n=13) groups. HR= heart rate; SV= stroke volume; CO= cardiac output; VFR= ventricular filling rate; VER= 

ventricular emptying rate; SVR= systemic vascular resistance; MAP= mean arterial pressure; PEP= pre-ejection period. 

Values are mean ± SD.  

 CER PEMI MT CER+MT PEMI+MT p value  

condition effect 

p value  

group effect 

p value  

interaction 

 

HR (bpm) 

 

CTL 67.04 ±7.90 

DM2 74.61±9.51 

 

CTL 68.04 ±7.84 

DM2 73.55±7.85 

 

CTL 69.22±11.64 

DM2 72.54±7.34 

 

CTL 67.36±8.82 

DM2 74.52±9.48 

 

CTL 68.74±10.25 

DM2 72.91±7.60 

 

1.000 

 

 

< 0.001 

 

 

0.893 

 

SV (ml) 

 

CTL 60.56±16.46 

DM2 56.57±19.34 

 

CTL 60.74±16.46 

DM2 55.39±21.44 

 

CTL 65.54±21.67 

DM2 58.47±22.69 

 

CTL 64.76±21.72 

DM2 54.97±18.04 

 

CTL 65.93±20.75 

DM2 55.57±23.04 

 

0.956 

 

 

0.042 

 

 

0.975 

 

CO (L∙min-1) 

 

CTL 4.03±1.05 

DM2 4.22±1.56 

 

CTL 4.08±1.05 

DM2 4.03±1.55 

 

CTL 4.48±1.47 

DM2 4.23±1.65 

 

CTL 4.35±1.44 

DM2 4.13±1.69 

 

CTL 4.51±1.45 

DM2 4.00±1.63 

 

0.955 

 

 

0.518 

 

0.937 

 

VFR (ml∙s-1) 

 

CTL 121.62±34.27 

DM2 139.32±58.05 

 

CTL 122.83±33.40 

DM2 130.42±51.13 

 

CTL 138.55±52.35 

DM2 137.57±57.69 

 

CTL 130.75±45.91 

DM2 136.49±61.35 

 

CTL 139.11±49.28 

DM2 129.86±57.37 

 

0.944 

 

0.642 

 

 

0.907 

 

VER (ml∙s-1) 

 

CTL 235.32±57.94 

DM2 218.45±62.87 

 

CTL 242.17±68.78 

DM2 215.51±71.28 

 

CTL 262.73±87.58 

DM2 220.59±73.21 

 

CTL 262.08±76.83 

DM2 211.95±78.37 

 

CTL 261.39±75.22 

DM2 215.64±78.37 

 

0.935 

 

0.004 

 

0.911 

 

 

SVR (dynes∙s-1∙cm-5) 

 

CTL 1803.56±579.53 

DM2 1981.60±712.97 

 

CTL 1781.88±581.85 

DM2 2104.44±669.74 

 

CTL 1654.63±554.12 

DM2 2033.64±844.17 

 

CTL 1753.24±740.67 

DM2 2021.22±676.83 

 

CTL 1687.80±616.56 

DM2 2087.83±814.16 

 

0.991 

 

0.011 

 

0.978 

 

 

MAP (mmHg) 

 

CTL 84.41±8.93 

DM2 93.02±12.49 

 

CTL 84.40±8.05 

DM2 94.76±10.98 

 

CTL 83.15±8.08 

DM2 92.85±15.49 

 

CTL 83.82±7.96 

DM2 92.97±12.03 

 

CTL 85.90±8.33 

DM2 91.43±14.34 

 

0.990 

 

<0.001 

 

0.943 

 

PEP (ms) 

 

CTL 0.138±0.01 

DM2 0.131±0.03 

 

CTL 0.136±0.01 

DM2 0.138±0.03 

 

CTL 0.142±0.02 

DM2 0.133±0.03 

 

CTL 0.140±0.01 

DM2 0.134±0.04 

 

CTL 0.140±0.02 

DM2 0.134±0.03 

 

0.993 

 

0.282 

 

0.970 

 

COX 

 

CTL 69.71±5.68 

DM2 67.50±5.79 

 

CTL 69.92±5.45 

DM2 67.40±5.89 

 

CTL 69.90±5.89 

DM2 66.90±5.57 

 

CTL 69.66±5.24 

DM2 67.40±5.93 

 

CTL 69.92±5.81 

DM2 67.52±5.82 

 

0.999 

 

0.014 

 

0.999 
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Table 3. Hemodynamic and cerebral oxygenation (COX, expressed as % changes with respect to rest) data values 

during the third minute of exercise (dynamic handgrip) of control exercise recovery (CER), muscle ischemia (PEMI), 

mental task (MT), control exercise recovery + mental task (CER+MT), and post-exercise muscle ischemia + mental task 

(PEMI+MT) tests for control (CTL, n= 13) and type 2 Diabetes Mellitus (DM2, n=13) groups. HR= heart rate; SV= 

stroke volume; CO= cardiac output; VFR= ventricular filling rate; VER= ventricular emptying rate; SVR= systemic 

vascular resistance; MAP= mean arterial pressure; PEP= pre-ejection period. Values are mean ± SD. *= p < 0.05 vs. 

MT test of the same group. 

 

  

CER 

 

PEMI 

 

MT 

 

CER+MT 

 

PEMI+MT 

 

p value  

condition effect 

 

p value  

group effect 

 

p value  

interaction 

 

HR (bpm) 

 

CTL 71.83 ±8.21 

DM2 79.73±8.92 

 

CTL 71.36 ±7.38 

DM2 80.88±12.03 

 

CTL 69.11±10.43 

DM2 72.89±7.31 

 

CTL 73.42±9.42 

DM2 80.31±11.52 

 

CTL 73.10±11.93 

DM2 80.53±9.77 

 

0.1736 

 

 

< 0.001 

 

 

0.8803 

 

SV (ml) 

 

CTL 60.38±19.64 

DM2 54.72±17.16 

 

CTL 63.38±19.93 

DM2 53.22±17.76 

 

CTL 64.96±17.93 

DM2 56.05±19.08 

 

CTL 66.74±26.25 

DM2 54.13±16.37 

 

CTL 61.70±19.83 

DM2 53.69±19.97 

 

0.9647 

 

 

0.0094 

 

 

0.9780 

 

CO (L∙min-1) 

 

CTL 4.26±1.17 

DM2 4.36±1.52 

 

CTL 4.46±1.15 

DM2 4.34±1.72 

 

CTL 4.45±1.27 

DM2 4.08±1.55 

 

CTL 4.85±1.77 

DM2 4.35±1.61 

 

CTL 4.48±1.42 

DM2 4.30±1.64 

 

0.9440 

 

 

0.4210 

 

0.9604 

 

VFR (ml∙s-1) 

 

CTL 131.02±36.10 

DM2 149.49±60.14 

 

CTL 138.34±37.42 

DM2 157.10±75.84 

 

CTL 138.21±47.45 

DM2 131.65±56.73 

 

CTL 155.98±63.76 

DM2 150.92±66.08 

 

CTL 143.20±51.53 

DM2 155.71±70.70 

 

0.7869 

 

0.4551 

 

 

0.8754 

 

VER (ml∙s-1) 

 

CTL 241.18±69.72 

DM2 217.31±51.57 

 

CTL 251.53±70.35 

DM2 207.91±62.83 

 

CTL 252.93±71.70 

DM2 209.76±62.57 

 

CTL 260.99±82.11 

DM2 210.57±56.45 

 

CTL 241.34±65.87 

DM2 209.76±62.60 

 

0.9878 

 

0.0012 

 

0.9541 

 

 

SVR (dynes∙s-1∙cm-5) 

 

CTL 1834.07±585.65 

DM2 2200.05±732.41 

 

CTL 1803.73±627.07 

DM2 2370.47±1077.40 

 

CTL 1661.30±544.59 

DM2 2169.73±625.08 

 

CTL1834.23±802.49 

DM2 2231.05±671.34 

 

CTL 1889.08±753.22 

DM2 2176.59±715.04 

 

0.9417 

 

0.012 

 

0.9608 

 

 

MAP (mmHg) 

 

CTL 93.72±9.99 * 

DM2 108.31±14.50 * 

 

CTL 94.72±6.31 * 

DM2 109.59±14.25 * 

 

CTL 83.30±6.67 

DM2 95.91±13.31 

 

CTL 94.54±8.06 * 

DM2 109.88±14.28 * 

 

CTL 94.80±6.99 *  

DM2 106.85±14.21 * 

 

0.0001 

 

<0.001 

 

0.9866 

 

PEP (ms) 

 

CTL 0.123±0.013 

DM2 0.120±0.012 * 

 

CTL 0.123±0.016 

DM2 0.121±0.013 

 

CTL 0.136±0.016 

DM2 0.134±0.010 

 

CTL 0.120±0.019 * 

DM2 0.123±0.013 

 

CTL 0.121±0.015 * 

DM2 0.122±0.012 

 

0.9066 

 

0.0048 

 

0.9359 

 

COX (%)  

 

CTL 102.69±2.52 * 

DM2 102.60±1.70 * 

 

CTL 102.81±1.98 * 

DM2 102.86±2.02 * 

 

CTL 100.79±1.41 

DM2 100.36±1.10 

 

CTL 102.91±2.46 * 

DM2 103.10±2.89 * 

 

CTL 103.30±2.29 * 

DM2 102.24±2.00 * 

 

0.0002 

 

0.4674 

 

0.8325 
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Experiment 2 - Figure captions 

Figure 2.1 Schematic representation of the various sessions in the study protocol. SIT: sitting; 

STAND: standing; WALK15: walking at 15% of HRmax; WALK30: walking at 30% of HRmax 

Figure 2.2 The effect of standing and walking and the age on the CBFV (cm/s), BP (mmHg) and C 

(cm/s/mmHg). In all 9 graphs the average is presented with the SEM. The black column represent 

the YG, while the white column represent the A group. Pcondition represents the effect of standing 

and walking when compared to sit, Pgroup represents the effect of age and Pgroup*condition 

represents the effect of standing and walking between both groups. Figure 1A: effect of STAND on 

CBFV, 1B: effect of WALK15 on CBFV, 1C: effect of WALK30 on CBFV, 1D: effect of STAND 

on BP, 1E: effect of WALK15 on BP, 1F: effect of WALK30 on BP, 1G: effect of STAND on 

conductance, 1H: effect of WALK15 on conductance, 1I: effect of WALK30 on conductance. 

Figure 2.3. The effect of walking and the age on the CBFV (cm/s), BP (mmHg) and Conductance 

(cm/s/mmHg). In all 3 graphs the average is presented with the SEM. Pcondition represents the 

effect of walking when compared to standing, Pgroup represents the effect of age and 

Pgroup*condition represents the effect of walking between both groups. Figure 2A: effect in 

relative values on CBFV, 2B effect in relative values on BP, 2C effect in relative values on 

Conductance. 
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Figure 2.1 
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Figure 2.2 
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Figure 2.3 
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Table 2.1: Anthropometric characteristics of groups with result of MoCa Score. YG= young group, AG= age group. 

Values are mean ± SD.  

 

 YG 

n (15) 

AG  

n (15) 

GENDER 4 F, 11 M 8 F, 7 M 

AGE 24.47 ± 2.22 64.36 ± 5.86 

WEIGHT (KG) 73.93 ± 11.61 81.50 ± 11.57 

HEIGHT (CM) 178.73 ± 10.07 172.71 ± 11.27 

BMI 22.99 ± 1.73 27.28 ± 2.60 

MoCA SCORE 28.60 ± 1.08 28.14 ± 1.06 
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Experiment 3 - Figure captions 

Figure 3.1 A) Carotid artery ultrasound alongside the cold pressor test (CPT). B) A healthy 

ultrasound image demonstrating wall tracking (yellow) used to calculate vessel diameter and C) 

Diameter of the carotid artery during both 1: Baseline measurement and 2: In response to the CPT. 

Demonstrating a healthy dilatory response. Adapted from (van Mil, Pouwels et al 2017). 

Figure 3.2 Mean and Standard Deviation participants during the cold pressor test (CPT) A) Mean 

arterial pressure (MAP) response to the CPT and B) Diameter response to the CPT. One-Way 

ANOVA performed to compare baseline vs increase in both MAP and diameter. * denotes P= >0.05 
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Figure 3.1 
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Figure 3.2 
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Table 3.1 Correlation between CAR% and the blood pressure variables during CPT for all participants and the dilation 

group. ΔBP is the absolute difference between peak and baseline BP, whereas relative ΔBP is the percent increase from 

baseline to the peak BP. 

A: BP Change defined as low (<15%), medium (15-30%) and high (>30%) 

 

 All participants Dilation group (N=34) 

 Pearson correlation p-value Pearson correlation p-value 

Baseline diameter  -0.354 0.025 -0.588 <0.001 

Baseline MAP 0.209 0.197 0.298 0.087 

Peak MAP 0.359 0.023 0.422 0.013 

ΔMAP 0.326 0.040 0.327 0.059 

Relative ΔBP 0.272 0.089 0.226 0.199 

MAP changeA  0.331 0.037 0.271 0.121 
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Table 3.2 CAR and blood pressure results of the groups divided based on relative ΔMAP (low= <15%, medium = 

between 15% and 30%, high = >30%). Relative ΔMAP is the percent increase from baseline to the peak MAP. 

 
Low relative 

ΔBP (n=8) 

Medium relative 

ΔBP (n=20) 

High relative 

ΔBP (n=12) 

p-value 

Age 42.6 ± 9.3 40.9 ± 9.2 44.3 ± 10.6 0.613 

Weight (kg) 83.5 ± 12.3 81.2 ± 11.7 83.9 ± 15.3 0.823 

Height (m) 1.76 ± 0.08 1.77 ± 0.07 1.79 ± 0.07 0.599 

BMI (kg/m2) 26.7 ± 2.2 26.0 ± 3.5 26.1 ± 4.6 0.889 

Positive family history 1.5 ± 0.76 1.2 ± 0.8 1.3 ± 0.8 0.664 

Baseline diameter (cm) 0.67 ± 0.05 0.65 ± 0.05 0.69 ± 0.08 0.219 

CAR% 1.3 ± 4.6 4.5 ± 4.5 6.4 ± 6.5 0.109 

Baseline MAP (mmHg) 95 ± 11 85 ± 8 90 ± 9 0.053 

Peak MAP(mmHg) 102 ± 13 106 ± 10 125 ± 15ab <0.001 

Relative ΔMAP (%) 7.5 ± 4.3  23.7 ± 3.9 a 38.0 ± 4.0ab <0.001 

a Post-hoc significantly different from group 1 
b Post-hoc significantly different from group 2. 
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Table 3.3 Participant characteristics and CAR% when divided into groups based on the presence of diameter dilation or 

vasoconstriction. P-values refer to an unpaired t-test. 

 

 
Dilator (34) Constrictor (6) p-value 

Age 42.08±9.3 43.17±12 0.904 

Weight (kg) 81.05±11.2 90.3±18.7 0.343 

Height (m) 1.779±0.072 1.750±0.050 0.648 

 BMI (kg/m2) 25.58±2.9 29.37±5.3 0.060 

Number of risk factors 0.441±0.504 0.167±0.408 0.372 

Baseline diameter (cm) 0.67±0.054 0.66±0.104 0.430 

CAR% 5.7±4.7 -2.9±2.48 <0.001 

Baseline MAP (mmHg) 88.7±7.4 91.5±8 0.464 

Peak MAP (mmHg) 110±15 109±19 0.288 

Relative ΔMAP (%) 22.3±10 20±15 0.518 

 

  


