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Abstract 

Introduction: Chronic Mountain Sickness (CMS), a syndrome that occurs after long-term exposure 

to high-altitude (> 2,500 m), is a public health problem experienced primarily by Andean countries. 

Although the cause of CMS is not understood and likely multifaceted, clinical symptoms of the 

disease disappear by descending to a lower altitude. CMS is characterized by exaggerated chronic 

arterial hypoxaemia, excessive erythrocytosis (EE) that can lead to myocardial failure and stroke, 

both recognised as the most common causes of death for CMS patients. Studies have identified that 

impaired systemic vascular endothelial function, subsequent to a free radical-mediated reduction in 

nitric oxide (NO) bioavailability [oxidative-nitrosative stress (OXNOS)], may contribute to the 

increased cardiovascular and potentially cerebrovascular risk. The observation that antioxidant 

defences are depressed in CMS patients tentatively suggests that inadequate dietary intake may 

predispose to vascular dysfunction. To that end, dietary intake of antioxidant nutrients in CMS 

sufferers and well-adapted (non-CMS) highlanders has not previously been assessed.  

Aim: The aim of the study was to explore the potential relationships between dietary antioxidant 

nutrient intake, systemic vascular endothelial function and clinical outcomes (cognition and 

depression) in patients with (CMS+) and without (CMS-) CMS and compare to normoxic age-

matched lowlander controls. 

Hypotheses: It was hypothesised that: i) CMS+ would be characterised by impaired systemic 

vascular endothelial function, cognitive function and depression compared to CMS- and normoxic 

aged-matched lowlander controls, subsequent to ii) low intake of dietary antioxidants and 

corresponding elevation in systemic OXNOS. 

Methodology: Thirty-three male highlanders were recruited from La Paz, Bolivia (3,600 m). 

Twenty were diagnosed with CMS (CMS+; aged 58 ± 8 years; CMS score 9 ± 6 points) and thirteen 

were free of CMS (CMS-; aged 54 ± 7 years; CMS score 2 ± 2 points). We also recruited thirteen 

British participants born and bred close to sea level (approximate altitude 80 m) (controls; aged 60 ± 
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7 years). Overnight fasted venous blood samples were obtained for the direct detection of plasma 

ascorbate free radical (A•-, electron paramagnetic resonance spectroscopy) and nitrite (NO2
−, reductive 

ozone-based chemiluminescence) for the collective assessment of systemic OXNOS.  Systemic 

vascular function was assessed using flow-mediated dilation (FMD, duplex ultrasound), arterial 

stiffness (applanation tonometry), the latter defined by carotid-femoral pulse wave velocity (c-f 

PWV), augmentation index normalised for a heart rate of 75 beats/minute (AIx@75) and carotid 

intima-media thickness (cIMT). Montreal Cognitive Assessment (MoCA) was used to clinically 

assess cognition and Beck Depression Inventory-II (BDI-II) to assess depression.  Participants were 

also interviewed to collect 48-hour structured dietary recall with data analysed using NetWISP dietary 

analysis software (Version 4.0, Tinuviel Software; Anglesey, UK). Data were tested for normality 

using Shapiro-Wilk W tests and analysed using one-way ANOVAs and post hoc Bonferroni-adjusted 

independent samples t-tests.  

Results: CMS+ patients reported lower intake of vitamin C (P = 0.003 vs. CMS-; P = <0.000 vs. 

controls) and carotene (P = 0.050 vs. CMS-; P = 0.058 vs. controls) due to inadequate consumption 

of fruit and vegetables. CMS+ exhibited a marked and persistent elevation in systemic OXNOS (P = 

<0.000 vs. controls), impaired FMD (P = <0.001 vs. controls) and greater c-f PWV (P = <0.001 vs. 

controls) and AIx@75 (P = 0.022 vs. controls) compared to lowlander controls and increased cIMT 

(P = 0.027 vs. CMS-) compared to CMS-. CMS+ patients also exhibited more pronounced cognitive 

impairment (P = 0.044 vs. CMS-; P = 0.001 vs. controls) and depression (P = 0.044 vs. CMS-; P = 

0.014 vs. controls).  

Discussion: Consistent with the hypothesis, CMS+ patients were characterised by an inadequate 

intake of dietary antioxidant vitamins, the likely consequence of inadequate fruit and vegetable 

consumption. This may have led to a chronic state of imbalance between the production of oxidants 

and antioxidant defence capacity, contributing to the persistent elevation in systemic OXNOS 

confirmed by a free radical-mediated reduction in vascular NO bioavailability. This may have 

contributed, at least in part, to the observed reduction in systemic vascular function, cognitive 
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impairment and depression. While CMS- intake of vitamin C along with fruit and vegetable 

consumption were within the recommended amount, it may be argued that a higher intake of 

uncooked fruit and vegetables should be recommended for the highlander dwellers given the 

consistent elevation in systemic OXNOS and reduction in vascular function also observed in this 

subgroup.   

Conclusions: Collectively, these findings demonstrate for the first time, that CMS+ are 

characterised by inadequate consumption of fruit and vegetables. A corresponding reduction in 

dietary antioxidant vitamin intake may contribute to systemic OXNOS-mediated impairments in 

vascular/cognitive function and depression. Public health programmes need to consider targeted 

dietary interventions, including nutrition education and dietary modification, that may help improve 

clinical outcomes in the highlander population.  
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1.0. General Introduction 

          Hypoxia is defined as a deficiency of oxygen in blood or tissues, originating from the 

Greek word hypo meaning low and the word oxy, ‘sharp’ in the sense of acid, meaning oxygen 

(Hutton, 2016, Haubrich, 2003). High-altitude hypoxia is characterised by a reduction in the 

partial pressure of oxygen as a direct consequence of a reduction in barometric pressure 

(hypobaric hypoxia). It is a stressful physiological condition experienced by people acutely or 

chronically exposed to altitudes above 2,500 m and poses environmental threats to permanent 

human inhabitation (Simonson, 2015, Penaloza and Arias-Stella, 2007, Beall, 2003). Despite 

this, some 140 million people live at high-altitude worldwide (Villafuerte and Corante, 2016); 

inhabitants in Asia, East Africa and North, Central and South America have permanently lived 

> 2,500 m for hundreds of generations (Beall, 2006, Leon-Velarde et al., 2005). In South 

America, more than 35 million people live at or above 2,500 m of altitude. Three main Andean 

countries’ capital cities are found at high-altitude; Bogotá (2,640 m), Quito (2,850 m) and La 

Paz (3,600 m) (Leon-Velarde et al., 2005). In Bolivia, the focus of this study, the capital La 

Paz and the city El Alto are two of the largest high-altitude cities in the world (Lonely Planet, 

2017, Arbona and Kohl, 2004). Indeed, in La Paz (population 1.7 million; 25% Aymara) and 

El Alto (altitude 4,150 m; population > 800,000; 76% Aymara), approximately over 2 million 

inhabitants live between 3,600 m and 4,150 m (Minority Rights Group International, 2018, 

Crawford et al., 2017, Richalet et al., 2009).  

 

Highlanders are at greater risk of developing high-altitude-related illnesses compared to those 

living at lower elevations (Neupane and Swenson, 2017). Chronic Mountain Sickness (CMS), 

also referred to as ‘Monge’s disease’, is a clinical condition first described by Dr Carlos Monge 

in 1925 (Proano and Ruiz, 2014, Richalet et al., 2009). It affects 5 – 10% of people who are 

born, bred and reside at high-altitude (Villafuerte and Corante, 2016, Leon-Velarde et al., 
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2005). In 2005, the International Consensus Statement on Chronic and Subacute High-Altitude 

Diseases (Leon-Velarde et al., 2005) defined CMS as a clinical condition characterised by 

excessive erythrocytosis [females haemoglobin (Hb) ≥ 19 g/dL; males Hb ≥ 21g/dL], severe 

arterial hypoxaemia and in some patients moderate-to-severe high-altitude pulmonary 

hypertension (HAPH), which may lead to pulmonary heart disease (cor pulmonale) and 

potentially myocardial infarction (Sahota and Panwar, 2013, Leon-Velarde et al., 2005). The 

Qinghai CMS score is used to rate the severity of the syndrome by grading additional symptoms 

associated with the condition (Leon-Velarde et al., 2005). These include breathlessness and/or 

palpitations, sleep disturbance, cyanosis, dilatation of veins, paraesthesia, headache and 

tinnitus. CMS can therefore be considered ‘maladaptation’ to high-altitude (Sahota and 

Panwar, 2013, Leon-Velarde, Villafuerte and Richalet, 2010). Indeed, CMS is recognised by 

the World Health Organization (WHO) as a major public health problem for Andean countries 

since several million Altiplano residents may be at risk (Leon-Velarde et al., 2005). In addition, 

there are no ideal treatments to prevent or cure CMS and the most effective treatment is moving 

to lower altitude locations, although impracticable for many families due to the socioeconomic 

problems involved (Leon-Velarde et al., 2005). Therefore, periodic removal of blood 

(phlebotomy), a non-pharmacological intervention used to reduce red blood cell mass and Hb 

concentration, along with several pharmacological approaches like acetazolamide have been 

used to provide temporary relief (Villafuerte and Corante, 2016, Richalet et al., 2005). 

However, they have been ineffective and potentially unsafe long term, hence justifying the 

need to explore alternative mechanisms (Villafuerte and Corante, 2016). 

 

It has been well documented that metabolic syndrome and consequent systemic vascular 

endothelial dysfunction (ED), may contribute to the development of CMS (Villafuerte and 

Corante, 2016, De Ferrari et al., 2014, Rimoldi et al., 2012). However, a recent research 
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experiment carried out by Bailey et al. (2013) in collaboration with the Bolivian Institute for 

High-Altitude Studies (IBBA) identified a novel molecular mechanism that could account for 

the overt vascular ED and pulmonary hypertension observed in this patient group. Through 

direct detection of blood-borne reactive oxygen and nitrogen species (ROS – RNS), CMS+ 

patients were shown to be characterised by a free radical-mediated reduction in vascular nitric 

oxide (NO) bioavailability, coined systemic oxidative-nitrosative stress (OXNOS) (Bailey et 

al., 2011a). This was partly due to inadequate antioxidant defence and translated into impaired 

systemic vascular function taking the form of reduced flow-mediated dilation (FMD) and 

elevated carotid-femoral pulse wave velocity (c-f PWV, aortic) and augmentation index 

(AIx@75) (Bailey et al., 2013). This novel ‘biochemical’ pathway is a departure from what 

has traditionally been considered a respiratory disease and provides an alternative and 

potentially more effective therapeutic target, to treat and indeed prevent the disease through 

lifestyle intervention and dietary antioxidant prophylaxis. However, the dietary antioxidant 

intake and translational implications for physiological-clinical function have not 

previously been assessed in this population.  

 

Therefore, in order to address this important knowledge gap, the current study sought to assess 

the dietary antioxidant intake of this group and determine its link to systemic OXNOS, vascular 

function, cognition and depression as a function of (CMS) disease. Specifically, Chapter 2 

reviews the current literature concerning the physiological and pathological adaptation to 

chronic hypobaric hypoxia experienced by high-altitude Andean dwellers, with a selective 

focus on the Bolivian highlanders. Thereafter, CMS, a maladaptive syndrome characterized by 

an abnormal increase in erythrocytes will be discussed in-depth, followed by the systematic 

development of the working hypotheses. The experimental Chapters 3 and 4 discuss the ways 

in which the hypotheses were tested. Finally, Chapter 5 discusses the general findings of this 
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cross-sectional study and its limitations, while Chapter 6 discusses future research plans. 

Publications arising from this thesis are attached as appendices.  
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Literature Review 
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2.0. Literature Review 

2.1. High-Altitude Dwellers and Environmental Stress 

          Over 140 million people live above 2,500 m worldwide (Villafuerte and Corante, 2016, 

Leon-Velarde et al., 2005). Humans have resided for millennia in three high-altitude regions 

of the globe: the Qinghai-Tibetan Plateau, the Andean Altiplano and the Simien Plateau in 

Ethiopia (Simonson, 2015, Beall, 2006, Beall, 2003). In these areas, many of the inhabitants 

reside at an altitude ranging between 3,500 m to 4,500 m and have to cope with severe 

hypobaric hypoxia (Valverde et al., 2015, Beall, 2007). However, the physiological adaptations 

experienced by these populations present different phenotypes (Bigham, 2016). Indeed, 

residents of each region exhibit diverse cardiorespiratory, haematopoietic, metabolic and even 

pathological patterns of adaptation (Moore, 2017b, Gilbert-Kawai et al., 2014, Petousi and 

Robbins, 2014). Herein, the physiological adaptation and maladaptation of Andeans, 

specifically Bolivian highlander dwellers, will be discussed.  

 

2.1.1. Physiological Adaptations to High-Altitude   

          The main challenge humans encounter at high-altitude is the lack of available oxygen 

(O2) in the atmosphere. Although the percentage of O2 is the same as at sea level (20.93%), the 

fall in barometric pressure at increased elevations affects the partial pressure of inspired O2 

(PO2) (Storz and Scott, 2019, Moore, 2017b, Beall, 2007). The effect this has on O2 transport 

is illustrated in Figure 1. 
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Figure 1. Oxygen transport cascade at sea level (red solid line) and at high-altitude of 4,540 m 

(blue dashed line) illustrating the differences in the oxygen diffusion gradient. PO2, partial 

pressure of oxygen (sourced from Richardson et al., 2006 and Beall, 2007).  

 

The decrease in PO2 results in a slower diffusion of O2 from the lungs into the blood 

(Richardson et al., 2006). This leads to reduced saturation of haemoglobin (Hb) and 

compromised O2 transport that can lead to health problems (Ke, Wang and Xiao, 2017, 

Peacock, 1998). Indeed, O2 is essential for life. A steady, uninterrupted supply is required for 

metabolism in the mitochondria (Beall, 2006). Oxygen is needed as a substrate for oxidative 

phosphorylation from which adenosine triphosphate (ATP) is derived (Lovegrove et al., 2015, 

Beall, 2006).  Hence, in order to cope with the reduced O2 saturation and transport, adaptation 

is required (Brown and Grocott, 2013, Peacock, 1998).  
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The adaptation of the respiratory system towards greater lung volumes observed in the Andeans 

is achieved through the accelerated growth of lungs and chest dimensions during childhood 

and adolescence giving rise to the ‘barrel-chest’ morphology, also a characteristic of Aymaras 

(Leonard, 2018). This results in a larger mean pulmonary volume, including total lung volume, 

forced vital capacity and residual volume compared to sea level controls and acclimatized 

lowlanders (Greksa, 2006). Thus, due to the increased diffusion surface area subsequent to a 

larger pulmonary volume, Andeans exhibit increased lung diffusion capacity both at rest and 

during maximal exercise. Consequently, the alveolar-to-arterial oxygen diffusion gradient (A-

aDO2) is lower in Andeans than in acclimatized lowlanders helping to maintain arterial O2 

saturation (Julian and Moore, 2019, Burtscher et al., 2018, Moore, 2017b, Brutsaert, 2016).  

 

In addition, Andeans have lower ventilation at rest compared to sea-level residents along with 

a lower partial pressure of arterial carbon dioxide (PaCO2) resulting in greater efficiency in 

O2 transfer and utilization (Tymko et al., 2021, Julian and Moore, 2019, Leonard, 2018, Moore, 

2017b, Beall, 2007). Similarly, the hypoxic ventilatory response (HVR) is blunted in Andeans 

compared to acclimatized lowlanders (Julian and Moore, 2019, Brutsaert, 2016, Beall, 2007, 

Beall, 2006). Developmental processes, like the characteristic chest morphology of Andean 

highlanders along with genetic factors, may contribute to explaining the observed variations 

(Leonard, 2018). A number of studies have demonstrated that Andeans have undergone natural 

selection in several genes influencing O2 sensitive pathways (Julian and Moore, 2019, Moore, 

2017b). Furthermore, recent studies showed large differences in pulmonary volumes between 

Andean highland residents and genetically matched controls born and raised at low altitudes 

(Julian and Moore, 2019, Brutsaert, 2016). Genetic factors also contribute to this enlargement 

since Andean total lung volumes are even greater than those of lowlanders born and raised at 

high-altitude (Julian and Moore, 2019, Moore, 2017b). 
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Cardiac function (�̇�) is well-maintained in highlander natives (Moore, 2017b), with no 

differences in heart rate (HR) reported compared to acclimatized lowlanders (Julian and Moore, 

2019, Penaloza and Arias-Stella, 2007). Yet, a lower �̇� has been observed in Andeans relative 

to sea level residents (Burtscher et al., 2018). Also, no differences in stroke volume (SV) 

between Andean highlanders and lowlander controls were reported (Simpson et al., 2021). 

Additionally, Andeans have lower blood pressure compared to lowlanders (Toselli, Tarazona-

Santos and Pettener, 2001), leading to a lower prevalence of systemic hypertension (Narvaez-

Guerra et al., 2018). The low blood pressure is mediated at least in part by a systemic elevation 

in vascular nitric oxide (NO), while the opposite happens within the pulmonary circulation 

where higher pulmonary arterial pressure is observed (Narvaez-Guerra et al., 2018).  

 

Chronic exposure to high-altitude induces a rise in red blood cell mass and subsequent 

elevations in Hb concentration and haematocrit (Hct) as observed in Andean highlanders 

(Beall, 2007, Beall, 2006). This is caused by the release of erythropoietin (EPO) by the kidneys 

that stimulates the bone marrow to increase the production of red blood cells (Villafuerte, 

2015). Indeed, Andeans present the highest Hb concentration and the higher increase with 

incremental elevation compared to their lowlander counterparts and other high-altitude 

populations (Villafuerte et al., 2014, Beall, 2007, Beall, 2006). In a recent meta-analysis, 

Gassmann et al. (2019) confirmed this observation but also used existing data from the 

literature to determine the scale of increase in Hb with altitude. The highest increase was found 

in residents of the Andes (1 g/dL/1000 m elevation), while this increment was smaller in all 

other regions of the world (0.6 g/dL/1000 m) (Gassmann et al., 2019). Indeed, male Bolivian 

highlanders (4000 m) presented higher Hb concentration (19.1 g/dL) and lower arterial 

oxyhaemoglobin saturation (SaO2, 92%) than sea level counterparts (Hb, 15.3 g/dL; SaO2, 
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97%) (Beall, 2006). Patterns of physiological adaptation between Andean highlanders and 

lowlanders are illustrated in Figure 2. 

 

Figure 2. Bolivian highlander (La Paz). Comparison of physiological adaptation parameters 

between Andean highlanders and lowlanders. Hb, haemoglobin; Hct, haematocrit; HR, heart 

rate; �̇�, cardiac output; SV, stroke volume; BP, blood pressure; A-aDO2, alveolar-to-arterial 

oxygen diffusion gradient; HVR, hypoxic ventilatory response; PaCO2, partial pressure of 

arterial carbon dioxide. *Compared with sea-level measurements, **compared with 

acclimatised lowlanders. Adapted from Narvaez-Guerra et al., 2018, Leonard, 2018, Moore, 

2017b, Penaloza and Arias-Stella, 2007, Beall, 2007, Beall, 2006.   

 

Although an increase in red blood cells and Hb concentration augments arterial O2 content 

(Beall, 2007; Beall, 2006), a significant proportion of highlanders (5 – 33%) develop Chronic 

Mountain Sickness (CMS), a maladaptive syndrome characterized by an abnormal increase in 
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erythrocytes as an attempt to overcome the reduced O2 delivery to tissues (Stauffer et al., 2020). 

Herein, CMS will be discussed.  

 

2.2. Maladaptive Responses to High-Altitude  

2.2.1. Chronic Mountain Sickness (CMS) or Monge’s Disease 

          At the beginning of the 1900s, the Peruvian doctor Carlos Monge Medrano identified the 

first cases of highlander residents who exhibited elevated Hct in comparison to normal readings 

reported in highlander dwellers living at a similar elevation; a syndrome later named CMS or 

Monge's disease (Proano and Ruiz, 2014, Monge, 1942). A Consensus Statement on Chronic 

and Subacute High-Altitude Diseases was published in 2005 by an ad hoc committee of the 

International Society for Mountain Medicine (ISMM). The consensus that developed 

consistent diagnostic criteria, used the terms CMS and Monge’s disease interchangeably to 

describe a loss of adaptation to altitude (Leon-Velarde et al., 2005). CMS is a multifactorial 

syndrome seen in high-altitude natives or lifelong altitude residents living at an elevation ≥ 

2,500 m above sea level (Villafuerte and Corante, 2016, Leon-Velarde et al., 2005). Both terms 

will be used in this thesis to describe maladaptation to high-altitude.   

 

2.2.2. Diagnosis of CMS  

           Primary CMS is diagnosed in patients who do not suffer from chronic pulmonary 

diseases (e.g. pulmonary emphysema, chronic bronchitis, cystic fibrosis, lung cancer) or other 

medical conditions that may exacerbate hypoxaemia and lead to excessive erythrocytosis (EE). 

Indeed, secondary CMS develops in those who already have chronic respiratory illnesses 

(Villafuerte and Corante, 2016, León-Velarde et al., 1993).   
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Once causes for secondary CMS are discarded, diagnosis of primary CMS can be confirmed. 

The latter is based on the presence of several clinical symptoms including headache, 

breathlessness and/or palpitations, sleep disturbance, localized cyanosis, dilatation of veins, 

paraesthesia and tinnitus (Villafuerte and Corante, 2016, Leon-Velarde et al., 2005). However, 

CMS is primarily characterised by its clinical signs that include EE (males Hb ≥ 21 g/dL; 

females Hb ≥ 19 g/dL) and severe hypoxaemia [SaO2 threshold between < 81.5% or < 83% 

(Villafuerte and Corante, 2016, Leon-Velarde et al., 2005, León-Velarde et al., 1994, Monge-

C, Arregui and León-Velarde, 1992)]. 

 

Clinical symptoms and signs of CMS are graded in the Qinghai CMS score (Leon-Velarde et 

al., 2005) originally developed to assess the severity of the condition and compare CMS cases 

within and among different populations. CMS symptoms and Hb are graded to yield a 

composite score ranging from 0 (no symptom) to 3 (severe) points. According to the totalled 

score, CMS can be defined as absent (score = 0 – 5); mild (score = 6 – 10), moderate (score = 

11 – 14) or severe (score > 15) (Leon-Velarde et al., 2005). However, due to the lack of 

specificity associated with the assessment of clinical symptoms, an increasing number of 

researchers primarily use EE to classify participants (Hancco et al., 2020, Tremblay et al., 

2019, Tymko et al., 2019, Corante et al., 2018). 

 

2.2.3. Prevalence of CMS  

          The prevalence of CMS is higher in Andeans than other high-altitude dwellers (Narvaez-

Guerra et al., 2018, Simonson, 2015, Ronen et al., 2014). In Bolivia, where around two-thirds 

of the inhabitants live at an altitude > 3,000 m, the prevalence is ~ 8 – 10% in the male 

population (Villafuerte and Corante, 2016, Vargas and Spielvogel, 2006, Richalet et al., 2005). 

Similar prevalence has been reported in the capital city of La Paz (Vargas and Spielvogel, 
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2006), where participants examined in this study resided. CMS is more common in males and 

its prevalence increases with age, reaching up to 34% for those aged between 60 to 69 y (León-

Velarde et al., 1993, Monge, Leon-Velarde and Arregui, 1989). The prevalence increases with 

altitude and with time spent at a given elevation (Villafuerte and Corante, 2016).  

 

2.2.4. Causes and Consequences of CMS 

         The causes of CMS in Andean highlanders and why it affects some individuals and not 

others remain unclear (Villafuerte and Corante, 2016). The varied mechanisms that have been 

proposed to explain the increased production of erythrocytes and subsequent development of 

CMS suggest that the onset of the disease may be multifaceted (Villafuerte and Corante, 2016). 

Indeed, chronic hypoxic exposure is widely accepted as the underlying cause of EE and CMS 

(Leon-Velarde et al., 2005). However, central hypoventilation has been proposed as the 

principal mechanism explaining increased hypoxaemia and the subsequent EE response (Leon-

Velarde, Villafuerte and Richalet, 2010, Leon-Velarde and Richalet, 2006). Beyond central 

hypoventilation, any stimulus that compounds hypoxaemia could theoretically contribute to the 

development of CMS (Villafuerte and Corante, 2016). Moreover, there is mounting evidence 

suggesting a genetic contribution to the development of the syndrome. Several authors have 

demonstrated and discussed the complexity of genetic adaptation in populations exposed over 

many generations to elevation and the array of genes involved in human adaptation to high-

altitude hypoxia (Julian and Moore, 2019, Moore, 2017b, Ronen et al., 2014, Zhou et al., 2013). 

Recent studies have indicated that multiple gene regions have undergone positive selection in 

Andeans. Many of these, such as the genes involved in the regulation of vascular control, 

metabolic haemostasis and erythropoiesis, are central components of the hypoxia-inducible 

factor (HIF) pathway (Julian and Moore, 2019, Bigham, 2016). For instance, various genes 

involved with the regulation of the production of red blood cells (e.g. EPAS1, EGLN1, SENP1 
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or ANP32D) have been studied to understand the phenotypical differences between Andeans 

with or without CMS (Julian and Moore, 2019). A review of evidence and discussion 

underpinning the genetic basis of CMS and adaptation to high-altitude hypoxia has been the 

topic of several recent reviews (Julian and Moore, 2019, Moore, 2017a, Moore, 2017b, Stobdan 

et al., 2017, Villafuerte, 2015, Valverde et al., 2015).  

 

A common consequence of CMS is moderate-to-severe pulmonary hypertension, which can 

predispose to heart failure and stroke, the most common causes of death among CMS+ patients 

(Leon-Velarde, Villafuerte and Richalet, 2010). Although data on mortality due to primary 

CMS are not currently available, ischaemic heart disease was the leading cause of death in 

Bolivia from 2009 to 2019, followed by stroke which increased by over 20% in the following 

decade (Institute for Health Metrics and Evaluation (IHME), 2019). Even though it had been 

argued that lifelong exposure to high-altitude is cardioprotective (Corante et al., 2018, Zubieta-

Calleja and Zubieta-DeUrioste, 2017, Hurtado et al., 2012), this is not the case in CMS+. 

Corante et al. (2018) evaluated the association between EE and the risk of developing a 

cardiovascular event in male highlanders using the Framingham General Cardiovascular Risk 

Score. The study identified that the odds of developing a cardiovascular event were higher in 

those with moderate-severe CMS, compared with those with mild CMS. Moreover, the results 

agree with those reported in studies conducted at sea level in which a relationship between 

elevated Hct and the development of cardiovascular disease (CVD) was observed (Brown, 

Giles and Croft, 2001). 

 

In addition, comorbidities including metabolic syndrome and vascular dysfunction, as well as 

cardiovascular risk factors such as hyperlipidaemia, hypercholesterolaemia, hypertension and 

insulin resistance are independently associated with CMS (Corante et al., 2018, Villafuerte and 
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Corante, 2016). Moreover, elevated systemic oxidative-inflammatory-nitrosative stress 

(OXINOS) has also been observed in response to chronic exposure to hypobaric hypoxia 

(Bailey et al., 2019, Bailey et al., 2013). Indeed, oxidative stress ‘precedes’ the inflammatory 

response, this means that free radicals are the upstream ‘trigger’ to the release of 

proinflammatory molecules. Therefore, oxidative stress initiates an inflammatory response that 

can in turn amplify oxidative stress (Seyedsadjadi and Grant, 2020). Furthermore, sustained 

elevation of proinflammatory markers associated with oxidative stress instigates endothelial 

dysfunction (ED) (Incalza et al., 2018, Liguori et al., 2018). Hence, exposure to the 

aforementioned cardiovascular risk factors predispose the vasculature to ED, atherosclerosis 

and ultimately increase the risk of cardiovascular events (Yusuf et al., 2020, Incalza et al., 

2018). In addition, permanently elevated OXINOS was also associated with reduced cerebral 

perfusion, blunted reactivity to hypercapnia, along with impaired cognition in CMS+ patients 

when compared with healthy Andean highlanders (CMS-) from the Bolivian Altiplano (Bailey 

et al., 2019). Thus, elevated OXNOS, defined by an increase in free radical formation, indicates 

that a chronic state of disequilibrium potentially exists between free radical formation and 

antioxidant defence in highlanders, causing systemic OXINOS to be permanently elevated and 

especially exaggerated in more hypoxaemic CMS+ patients (Bailey et al., 2019, Bailey et al., 

2013). Herein, systemic OXNOS in highlanders and its impact on the vasculature will be 

discussed, followed by the role of dietary antioxidants as a defensive barrier against excessive 

free radical levels and for maintaining oxidation-reduction (redox) balance.   

 

2.3. Vascular Dysfunction in CMS 

          Several studies have identified functional impairments in systemic vascular function in 

CMS+ (Tremblay et al., 2019, Bailey et al., 2013, Rimoldi et al., 2012). Rimoldi et al. (2012) 

provided the first evidence that CMS+, who did not present additional cardiovascular risk 
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factors (relative to CMS-), exhibited functional and morphological impairments to the systemic 

circulation. Increased arterial stiffness, aortic pulse wave velocity (PWV), augmentation index 

(AIx@75), carotid intima-media thickness (cIMT) and decreased endothelial function (EF) 

quantified by flow-mediated dilation (FMD), were observed in CMS+ in comparison to age-

matched CMS- controls as illustrated in Figure 3 (Bailey et al., 2013, Rimoldi et al., 2012).  

 

 

Figure 3. Vascular function in Bolivian highlanders. CMS-/CMS+, highlanders without/with 

Chronic Mountain Sickness; FMD, flow-mediated dilation; c-f PWV, carotid-femoral pulse 

wave velocity; AIx@75, augmentation index; cIMT, carotid intima-media thickness; ED, 

endothelial dysfunction. Sourced from Bailey et al, (2013), Rimoldi et al. (2012).   
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FMD aims to assess EF and vascular health in humans by promoting NO release in response 

to hyperaemia-induced elevation in shear stress (Thijssen et al., 2011). NO is the main 

endogenous vasodilator formed in the vascular endothelium by NO synthase (eNOS) (Sandoo 

et al., 2010). Along with NO, prostacyclin (PGI2) and hyperpolarizing factor (EDHF) promote 

relaxation of vascular smooth muscle. Opposing the action of the endothelial-derived 

vasodilators are a number of endothelial-derived vasoconstrictors including endothelin-1 (ET-

1), angiotensin-II (ANG-II) and vasoconstrictor prostaglandins (Green et al., 2017), as 

illustrated in Figure 4.  

 

Figure 4. Endothelium-dependent responses. Activation of endothelial receptors can stimulate 

nitric oxide synthase (NOS), with the production of nitric oxide (NO) and cyclooxygenase 

(COX), which produces prostacyclin (PGI2) from arachidonic acid (AA) and can lead to the 

release of hyperpolarizing factor (EDHF). NO causes relaxation by activating the formation of 
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cyclic GMP (cGMP) from guanosine triphosphate (GTP) by soluble guanylate cyclase (GC). 

PGI2 causes relaxation by activating adenylate cyclase (AC) leading to the formation of cyclic 

AMP (cAMP). EDHF causes hyperpolarization and relaxation by opening K+ channels. Any 

increase in cytosolic calcium causes the release of relaxing factors. In certain blood vessels, 

contracting substances can be released from the endothelial cells, which include superoxide 

anions (O2
•⁻), thromboxane A2 (TXA2), endoperoxides, and endothelin-1 (ET-1). Thromboxane 

A2 and endoperoxides activate specific receptors (TX/Endo) on the vascular smooth muscle, 

as does ET-1. Such activation causes an increase in intracellular Ca2+ leading to contraction. 

The production of ET-1 [catalysed by endothelin converting enzyme (ECE)] can be augmented 

by angiotensin II (AT-II), vasopressin (VP), or thrombin (T). The neurohumoral mediators that 

cause the release of endothelium-derived relaxing factors (and sometimes contracting factors) 

through activation of specific endothelial receptors (circles) include acetylcholine (ACh), 

adenosine diphosphate (P), bradykinin (BK), endothelin (ET), adrenaline (α), serotonin (5HT), 

T, and VP. Sourced from Vanhoutte, (1999).  

 

Although CMS+ and CMS- were given oral glyceryl trinitrate (GTN) to assess endothelium-

independent dilation of the brachial artery, GTN-induced dilation was similar in CMS+ and 

CMS-, whereas impaired FMD was observed in CMS+. Thus, the authors argued that impaired 

EF in CMS+ was due to decreased release of NO and related to ED and not vascular smooth 

muscle dysfunction (Rimoldi et al., 2012). In addition, increased Hb concentration in CMS 

patients reduces NO bioavailability and limits NO-induced vasodilation (Tremblay et al., 

2019). Hence, it can be assumed that the reduced vasodilatation observed in CMS+ is likely 

reflected, at least in part, to a systemic reduction in vascular NO bioavailability (Green et al., 

2014, Green et al., 2011) mediated by ‘upstream’ free radical formation (Bailey et al., 2019, 

Bailey et al., 2013). 
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Rimoldi et al. (2012) also observed a positive linear relationship between SaO2 and FMD 

(Figure 5), as well as an inverse relationship between SaO2 and c-f PWV (Figure 6), implying 

that the most hypoxaemic patients were most impacted from a vascular perspective.  

 

Figure 5. Positive relationship between SaO2 (arterial oxyhaemoglobin saturation) and FMD 

(flow-mediated dilation) in patients with CMS (+) and control subjects, CMS- (•) at 3,600 m. 

Sourced from Rimoldi et al., 2012.   
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Figure 6. Inverse relationship between carotid-femoral pulse wave velocity (c-f PWV) and 

SaO2 (arterial oxyhaemoglobin saturation) in CMS+ (+) and CMS- (•) at 3,600 m. Sourced 

from Rimoldi et al., (2012).  

 

2.4. Vascular Dysfunction in CMS; Role of Oxidative-Nitrosative 

Stress (OXNOS) 

         Bailey et al. (2019, 2013) have recently proposed systemic OXNOS as a novel 

biochemical pathway that may explain changes in vascular health and thus increased CVD risk 

in CMS+.  Systemic OXNOS reflects an imbalance between the generation and elimination of 

reactive oxygen species (ROS) and reactive nitrogen species (RNS) in favour of the formation 
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of oxidative free radicals (Kurutas, 2016, Betteridge, 2000). ROS that are produced from one-

electron reduction of O2 include the hydroxyl radical (HO•), which is one of the most powerful 

oxidising agents. Whereas RNS, include NO which is relatively unreactive and the powerful 

oxidant peroxynitrite ion (ONOO⁻) (Collin, 2019). Formation of ROS and RNS occurs 

continuously in cells as a consequence of enzymatic and non-enzymatic reactions (Krumova 

and Cosa, 2016). Reactive species are the product of strictly regulated enzymes such as nitric 

oxide synthase (NOS) and isoforms of nicotinamide adenine dinucleotide phosphate oxidase 

(NOX), or other less regulated such as the mitochondrial electron transport chain (Kurutas, 

2016). High levels of ROS/RNS can damage biological molecules such as nucleic acids, 

proteins and lipids, which can severely compromise cell health and viability and contribute to 

disease development (Di Meo et al., 2016, Kurutas, 2016). However, it has become 

increasingly clear that physiologically, albeit undefined concentrations, free radicals play a 

dual role since they can be harmful as well as beneficial to living systems. Indeed, free radicals 

and associated ROS/RNS can serve as important signalling molecules, through cell-to-cell 

communication and within individual cells, regulating a wide variety of physiological 

functions, namely regulating gene expression, metabolism, contractile activity and vasomotor 

tone, that collectively serve to preserve cellular O2 homeostasis (Bailey, 2019, Collin, 2019, 

Bailey et al., 2018).  

 

Bailey et al. (2001) were the first to investigate the effects of high-altitude on metabolic indices 

of free radical-mediated oxidative stress and assess subsequent implications for skeletal and 

cardiac muscle damage. They observed localized free radical-mediated vascular damage of the 

blood-brain barrier along with systemic tissue damage causing overt skeletal muscle soreness, 

potentially contributing to the pathophysiology of acute mountain sickness and its symptoms 

(Bailey et al., 2001). Moreover, Bailey et al. (2013) and more recently Bailey and colleagues 



 

41 

 

 

(2019) demonstrated that chronic exposure to hypobaric hypoxia increased systemic OXINOS 

in CMS+.  

 

Elevated oxidative stress in those residing at high-altitude was also reported by Jefferson et al. 

(2004). They observed augmented oxidative stress and lipid peroxidation in maladapted male 

highlanders in comparison to healthy highlander dwellers, all residing in Cerro de Pasco (4,300 

m) and to control subjects living at sea level (Lima, Peru). The consequences of this for vascular 

health was later demonstrated by Bailey et al. (2013), who showed that the aforementioned ED 

can be attributed to systemic OXNOS that was further exaggerated in CMS+. This was 

confirmed by an increased formation of ascorbate free radical (A•-) and reciprocal reduction in 

plasma nitrite (NO2
−). In addition, inverse correlations between free radicals, NO2

− and FMD, 

as well as a positive correlation between free radicals and AIx@75 were observed. Also, NO2
− 

was positively associated with FMD and inversely associated with AIx@75. Indeed, the 

authors argued that hypoxia-mediated oxidative inactivation of NO, may have contributed to 

the depletion of NO2
− in CMS+. Furthermore, the lower NO2

− may have contributed to ED and 

stiffening of the vasculature (Bailey et al., 2013), both of which are independent risk factors 

for premature CVD (Ben-Shlomo et al., 2014, Green et al., 2011).  

 

Similar results were reported in a more recent study by the same group in which an elevation 

of A•- was reported in Bolivian highlanders, although further exaggerated in CMS+, as 

illustrated in Figure 7. Conversely, plasma total bioactive NO was consistently lower in 

highlanders in comparison to the lowlander controls (Bailey et al., 2019), as illustrated in 

Figure 8. However, Bailey et al. (2013) argued that permanently elevated OXNOS at high- 

altitude may represent an adaptive physiological response, as the CMS- group was healthy and 

vascular function was found to be similar to that observed in healthy lowlanders (Rimoldi et 
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al., 2012). It is argued that free radicals may help initiate protective adaptation for the 

maintenance of systemic homeostasis during a chronic hypoxic challenge (Bailey et al., 

2009b). However, the exaggerated OXNOS observed in CMS+ may exceed the physiological 

threshold and could have contributed to the clinical manifestations observed.   

 

 

Figure 7. Relationship between arterial oxyhaemoglobin saturation and oxidative stress in 

lowlanders and highlanders with and without Chronic Mountain Sickness (CMS). CMS-

/CMS+, highlanders without/with Chronic Mountain Sickness; A•- ascorbate free radical; SaO2, 

arterial oxyhaemoglobin saturation. Sourced from Bailey et al., (2019).  
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Figure 8. Relationship between ascorbate free radical and total bioactive nitric oxide in 

lowlanders and highlanders with and without Chronic Mountain Sickness (CMS). CMS-

/CMS+, highlanders without/with Chronic Mountain Sickness; A•- ascorbate free radical; total 

bioactive NO, total bioactive nitric oxide. Sourced from Bailey et al., (2019). 

 

The metabolic and vascular changes observed in CMS+ are summarised in Figure 9. 
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Figure 9. Bolivian highlander (La Paz) with Chronic Mountain Sickness (CMS). Comparison 

of vascular and metabolic parameters between Bolivian highlanders with CMS+, without 

CMS- and lowlanders. FMD, flow-mediated dilation; c-f PWV, carotid-femoral pulse wave 

velocity; AIx@75, augmentation index; Hb, haemoglobin; Hct, haematocrit; A•-, ascorbate free 

radical; NO, nitric oxide. *Compared to CMS-; compared to lowlander controls. Adapted from 

Bailey et al., (2019), Corante et al., (2018), Bailey et al., (2013) and Rimoldi et al., (2012).  

 

In addition, vascular oxidative stress is the leading cause not only of cardiovascular but also 

neurodegenerative diseases (Steven et al., 2019, Cenini, Lloret and Cascella, 2019, Scicchitano 

et al., 2019, Sena et al., 2018). The role of oxidative damage and ED in cognitive decline and 

the aetiology of neurodegenerative diseases such as Alzheimer’s dementia (AD) and 

frontotemporal dementia have been studied in several studies (Wojsiat et al., 2018, Dominguez 

and Barbagallo, 2018, Zheng, Marcusson and Terman, 2006, Gerst et al., 1999).  
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Given that vascular oxidative stress is increasingly characterised within CMS+ patients, they 

may be at an increased risk of accelerated cognitive decline and dementia. However, no studies 

to date, with the exception of Bailey et al. (2019), have considered how lifelong exposure to 

hypoxia impacts cognition in CMS+. Indeed, Bailey et al. (2019) established that hypoxaemia 

per se (i.e. independently of birth and/or residence altitude) catalyses not only systemic, but 

also cerebral free radical formation.  

 

2.5. Systemic OXNOS and the Link to Impaired Cognition 

          A limited number of studies have explored the effect of exposure to chronic hypoxia on 

cognitive performance (Bailey et al. 2019, Hill et al., 2014). However, existing research tends 

to suggest that, although some level of adaptation occurs, neural and cognitive impairments are 

still observed in high-altitude natives or long-term residents (Yan, 2014). 

 

Hill and colleagues (2014) aimed to assess cognitive ability from childhood to older age in 

Bolivian highlanders and lowlander controls. Participants from each location [Santa Cruz (500 

m) and La Paz] were allocated to four age groups: children (4 – 10 y), adolescents (13 – 16 y), 

young adults (25 – 40 y) and older adults (≥ 50 y). A subtle impact of high-altitude on cognition 

was observed, with only the speed of more complex cognitive tasks being affected rather than 

the accuracy of the performance. However, the study sample was skewed towards highly 

educated participants and none of the high-altitude dwellers suffered from CMS.  

 

In contrast, Bailey et al. (2019) provided more robust evidence for impaired cognition in CMS+ 

patients, with pronounced decrements observed in learning/memory and attention/information 

processing. In addition, consistently lower scores for the Montreal Cognitive Assessment 

(MoCA), a validated screening tool to detect mild cognitive impairment and dementia, were 
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reported for CMS+. These functional changes were accompanied by a corresponding elevation 

in systemic OXNOS (Figure 8) and possibly associated with reduced cognition (Figure 10). 

 

 

Figure 10. Relationship between nitric oxide and cognition in lowlanders and highlanders with 

and without Chronic Mountain Sickness (CMS). CMS-/CMS+, highlanders without/with 

Chronic Mountain Sickness; MoCA, Montreal Cognitive Assessment; total bioactive NO, total 

bioactive nitric oxide. Sourced from Bailey et al., 2019.   

 

Elevated ROS and RNS levels contributed to oxidative damage, which was associated with ED 

due to reduced vascular NO bioavailability and consequent risk of vascular and 

neurodegenerative pathologies as illustrated in Figure 11; hence, justifying targeted antioxidant 

therapeutic strategies in CMS+ patients.  
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Figure 11. Decreased bioavailability of nitric oxide (NO) in CMS+ due to oxidative stress 

leads to endothelial dysfunction (ED). PO2, partial pressure of arterial oxygen; CMS+, 

highlanders with Chronic Mountain Sickness; NOX, nicotinamide adenine dinucleotide 

phosphate oxidase; e-NOS uncoupled, endothelial nitric oxide synthase uncoupled; ONOO⁻, 

peroxynitrite; O2
•⁻, superoxide anion; H2O2, hydrogen peroxide; OXNOS: oxidative-nitrosative 

stress; CMS: Chronic Mountain Sickness. Adapted from Bailey et al., (2019) and Siques, Brito 

and Pena (2018).  
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2.6. Free radicals, Reactive Oxygen Species (ROS) and Reactive 

Nitrogen Spices (RNS) 

          Free radicals are unstable atoms with one or more unpaired electrons in the outer orbit, 

though capable of independent life. The unpaired electron(s) make these compounds highly 

reactive as they tend to obtain electrons from other atoms/molecules to attain stability. 

However, the loss of the electron, taken by the reactive atoms, leads to the formation of unstable 

compounds, free radicals themselves, which begins the same process (McCord, 2000). ROS 

and RNS are radicals or molecular species, nonradicals, the product of metabolic processes 

occurring in the human body (mitochondria, peroxisomes, endoplasmic reticulum, phagocytic 

cells,  mental stress, excessive exercise, infection, cancer, ageing, etc.) as well as exogenous 

sources (air and water pollution, alcohol, tobacco smoke, heavy metals, pesticides, high 

temperature, ultraviolet light, cooking, certain drugs, etc.) (Siti, Kamisah and Kamsiah, 2015).  

 

ROS are produced from incomplete reduction of molecular O2, specifically in the 

mitochondrial respiratory chain, through 4-steps of 1-electron reduction, as shown in the 

formula below: 

 

The free radicals superoxide anion (O2
•⁻) and HO• can react with organic substrates and lead to 

intermediate species able to further produce other ROS (Collin, 2019). For example, the 

components of biological tissues e.g. polyunsaturated fatty acids (PUFAs), O2 and transient 

metals could potentially, under the conditions described above, lead to the formation of 

damaging metabolites with different redox activity (Buettner, 1993). O2
•⁻ is not a powerful 

oxidant per se, rather a reductant under physiological conditions. Indeed, it can be converted 
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to hydrogen peroxide (H2O2) through reduction or dismutation and upon reaction with 

transitional metal ions, ultimately forming the HO•. The latter is a powerful oxidant, capable 

of oxidising a wide range of organic compounds (e.g. lipid peroxidation) at a significantly fast 

speed (Bailey, 2019), as illustrated in Figure 12. 

 

Figure 12. Biological reactions underpinning oxygen toxicity in the central nervous system. 

Three types of reactions lead to the superoxide anion (O2
•−)-mediated formation of the 

damaging hydroxyl radical (HO•) capable of causing indiscriminate damage to biological cell 

membranes that characterises O2 toxicity: (1) one-electron reduction of molecular O2 to 

O2
•− catalysed by transition metals including iron (Fe), (2) Fenton reactions that involve metal-

catalysed formation of HO• and (3) a Haber-Weiss reaction involving the combination of 

O2
•− and hydrogen peroxide (H2O2) to yield additional HO•. Sourced from Bailey, (2019).  
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RNS include NO, which is relatively unreactive and the powerful, short-lived oxidant ONOO⁻, 

derived from the reaction of NO with O2
•⁻. Whereas NO produced from the metabolism of the 

amino acid, L-arginine through the catalytic action of NOS is a relatively stable and highly 

diffusible free radical, which in the endothelium relaxes blood vessels and maintains normal 

blood pressure, ONOO⁻ is a potent inducer of cell death (Di Meo et al., 2016).  

 

Overall, HO• is considered the most reactive and damaging ROS found in biological systems. 

Though, O2
•⁻ and H2O2, although less reactive, also play a role in HO• production through the 

Fenton and Haber-Weiss reactions (Figure 12). So, most of the time, final oxidative damages 

on biomolecules could be considered as resulting from HO• attacks. In addition, the reaction of 

O2
•⁻ and NO to generate the highly reactive and damaging ONOO⁻ specifically towards DNA, 

proteins and lipids, is another example of indirect toxicity of O2
•⁻ (Bailey, 2019, Collin, 2019).  

 

On the contrary, ROS and RNS have been identified to provide beneficial functions such as 

immune response, signalling, growth regulation, cellular toxicity damaging mediation and 

redox regulation; however, at moderate or high concentrations, these compounds will exert 

oxidative stress on the cell, causing potential cell and tissue damage (Bailey, 2019, Collin, 

2019, Krumova and Cosa, 2016). Consequently, excessive production of ROS and RNS is 

associated with the development of various human diseases including cancer, cardiovascular, 

and neurodegenerative disorders, along with inflammation and ageing (Di Meo et al., 2016, 

Liguori et al., 2018).  

 

Under homeostatic conditions, the body responds with several enzymatic and non-enzymatic 

antioxidant mechanisms to counteract OXNOS. The antioxidants can be synthesised in the 

body [superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPx)] or 
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sourced exogenously as part of a diet or as dietary supplements (FAO/WHO, 2002). Under 

normal conditions, the high concentration of SOD maintains low O2
•⁻ to allow the formation of 

ONOO⁻.  In addition, SOD reduces O2
•⁻ into H2O2; whereas CAT and GPx regulate levels of 

H2O2 by converting it into water (H2O) and O2 (Collin, 2019, Ighodaro and Akinloye, 2018). 

The range of antioxidant defences available within and outside the cell should be adequate to 

protect against oxidative damage. However, the balance can be lost because of overproduction 

of free radicals or by exposure to sources that overwhelm the antioxidant defences (e.g. 

hypobaric hypoxia, Figure 11); hence, dietary antioxidant compounds may be required to 

maintain optimal cellular function (Kurutas, 2016).  

 

2.7. Dietary Antioxidants 

          A dietary antioxidant is defined as a substance available in foods that significantly 

decreases the adverse effects of ROS and RNS on normal physiological function in humans  

(Institute of Medicine (US) Panel on Dietary Antioxidants and Related Compounds, 2000, 

Institute of Medicine Standing Committee on the Scientific Evaluation of Dietary Reference 

Intakes, 1998). Hence, the physiological role of antioxidant compounds is to prevent damage 

to cellular components due to chemical reactions involving free radicals (Lanham-New et al., 

2020). The ‘Dietary reference values for food energy and nutrients for the United Kingdom’ 

(DH, 1991) does not provide a definition for dietary antioxidants nor was one available in more 

recent reports (Scientific Advisory Committee on Nutrition (SACN), 2013). Therefore, the 

definition developed by the US Food and Nutrition Board will be used in this thesis.  Although 

other important functions are performed by dietary antioxidant nutrients like the maintenance 

of membrane stability (FAO/WHO, 2002), the role of vitamin C, vitamin E and carotenoids, 

primary defence compounds more likely to interact directly with reactive species, will be 
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discussed in greater depth. Selenium, which is also involved in protecting the body against 

oxidative stress will be reviewed.  

 

2.7.1. Vitamins and Minerals with Antioxidant Properties 

2.7.1.1 Vitamin C  

          Vitamin C, also known as ascorbic acid or ascorbate, is the primary hydrophilic 

antioxidant in plasma. It is an essential compound for all humans and other species that lack 

the L-gulonolactone oxidase enzyme required for ascorbic acid synthesis (FAO/WHO, 2002). 

Hence, humans need to obtain vitamin C exogenously, usually from food (Truswell and Mann, 

2017). Indeed, ascorbate is a key factor in intensifying the activity of several enzymes. 

However, its unique properties are related to its structure and biochemistry. In fact, vitamin C 

plays a major role as a free radical scavenger by virtue of its strong reducing power (high redox 

potential) in aqueous environments, both intra- and extracellularly (Truswell and Mann, 2017).  

Ascorbic acid, the reduced form of vitamin C, is the most active and is rapidly oxidised to 

dehydroascorbic acid (DHA) (Kurutas, 2016), as illustrated in Figure 13.  

 

Figure 13. The oxidation-reduction (redox) reaction of vitamin C, molecular forms in 

equilibrium. Sourced from Kurutas, (2016).  
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Ascorbic acid can be transformed into ascorbate monoanion (AH−) via the dissociation of one 

hydrogen which is the predominant form of vitamin C in plasma (Figueroa-Méndez and Rivas-

Arancibia, 2015, Sharma and Buettner, 1993). However, further oxidation of AH−, which could 

be caused by any free radical, leads to the formation of A•−.  This can undergo another one-

electron oxidation to form DHA, as illustrated in Figure 14. In addition, its one- and two- 

electron oxidation products are relatively non-toxic and readily reduced back to ascorbic acid 

in vivo (Kurutas, 2016). Hence, this ability makes ascorbate a particularly good defender 

against free radicals by substituting them with more stable and less reactive 

compounds (Linowiecka, Foksinski and Brożyna, 2020).  

 

 

 Figure 14. Vitamin C redox states. At physiological pH, ascorbic acid exists as ascorbate 

monoanion (AH−) and can undergo two consecutive, reversible, one-electron oxidations to 

produce the ascorbate free radical (A•−) and dehydroascorbic acid (DHA). Adapted from Kuiper 

and Vissers, 2014. 

 

As a scavenger of ROS, ascorbic acid has been shown to be effective against O2
•⁻, HO• and 

H2O2 (Schulz, Anter and Keaney, 2004). Vitamin C also scavenges RNS to prevent nitrosation 

of target molecules (FAO/WHO, 2002). Furthermore, it is also able to provide further 

protection by regenerating other biological antioxidants such as vitamin E (from α-

tocopheroxyl radical) to their active state (α-tocopherol) (Traber and Stevens, 2011), as 

illustrated in Figures 17 and 18.  
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In the diet of Bolivians, vitamin C is provided by locally sourced fruits like the prickly pear 

(tuna in Spanish) and camu camu or vegetables (acelga, zapallo, diente de león, etc.) as well 

as potatoes (chuño, freeze-dried potatoes), wheat products or locally grown root crops (ulluco 

or yacón; Ministerio de Salud, 2014). However, it is heat-labile and major losses are expected 

during cooking, warm holding whether in the food factory or kitchen. Furthermore, alkaline 

conditions e.g. adding sodium bicarbonate during cooking or using copper containers 

accelerate losses, so fresh fruits and salads tend to be a more reliable source of vitamin C than 

cooked plant food and dried fruits (Truswell and Mann, 2017).  

 

The recommended daily intake according to guidelines developed by representatives from the 

Bolivian Ministry of Health and Sports, the National Association of Nutritionists and 

Academics should be 50 mg/d for adults (Ministerio de Salud, 2014). On the other hand, the 

reference nutrient intake (RNI) for vitamin C in the United Kingdom (UK) for 50+ y old male 

adults is 40 mg/d (Department of Health, 1991). According to the latest British survey, the 

mean intake of Vitamin C from food sources [fruits (citrus and berries), green vegetables, 

peppers, tomatoes and potatoes, especially new potatoes] for men aged 50 to 64 y was above 

the RNI. However, mean plasma vitamin C concentration for the same cohort was lower in 

Wales than in the UK (Bates et al., 2019). In contrast, the latest Bolivian households’ survey 

data (Pérez-Cueto et al., 2006) and the first comprehensive review of the literature on dietary 

intakes in the Andean countries (including Bolivia), indicated that vitamin C intake appeared 

to be generally adequate (Berti, Fallu and Cruz Agudo, 2014). However, the survey may not 

indicate current intake of vitamin C as it was published over 10 y ago. Similarly, the review 

may not be representative of the Bolivian population as it combined data from different Andean 

countries and concentrated on poorer rural areas rather than urban locations. In addition, only 

six studies based in Bolivia were included in the review. Moreover, few of the studies included 
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were based on statistically representative samples. Indeed, food consumption of isolated 

populations and herding communities residing in the Bolivian Andes along with dietary status 

of native highland Bolivian children were analysed; hence, justifying the need for additional 

research. 

 

2.7.1.2 Vitamin E 

          Vitamin E is a fat-soluble vitamin existing in eight different forms (four tocopherols and 

four tocotrienols). However, α-tocopherol and γ-tocopherol (Figure 15) contribute primarily to 

dietary vitamin E intake (Schmolz et al., 2016). In addition, α-tocopherol is the most 

biologically important antioxidant in vivo and represents the major form of vitamin E in plasma 

(FAO/WHO, 2002). 

 

 

Figure 15. Chemical structure of the tocopherols. Sourced from Kurutas, (2016).  
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Within biologic membranes, vitamin E functions as a chain-breaking fat-soluble antioxidant 

able to ‘repair’ oxidising radicals directly; thus, protecting PUFAs. It reacts with peroxyl 

radicals (ROO•, formed by removing a hydrogen atom from a double bond in PUFA side 

chains), thus, preventing chain reaction of lipid peroxidation, which can impair membrane 

fluidity and function (Truswell and Mann, 2017, Kurutas, 2016). The proposed action of 

vitamin E in quenching lipid peroxidation in cellular membranes is illustrated in Figure 16.  

 

 

Figure 16. Proposed action of vitamin E in quenching lipid peroxidation in cellular 

membranes. A reactive species (X•) initiates the insult (A), which produces a lipid peroxyl 

radical in the presence of molecular oxygen (B). The resultant lipid peroxyl radical can initiate 

radical formation on other unsaturated lipids, propagating the damage in a chain-reaction 

fashion (C). The reaction can be terminated by vitamin E quenching the lipid peroxyl radicals 

(D) and becoming a tocopheroxyl radical (not depicted). Adapted from (Ulatowski and Manor, 

2015, Buettner, 1993).  

 



 

57 

 

 

In addition, following the transfer of the electron from the hydroxyl group to the free radical, 

the remaining vitamin E (now α-tocopheroxyl radical) with an unpaired electron can be 

inactivated by reacting with another free radical or be regenerated to active vitamin E by 

reacting with vitamin C or glutathione (GSH) (Truswell and Mann, 2017, Rietjens et al., 2002). 

As shown in Figure 17, vitamin E reacts with ROO• leading to the formation of the α-

tocopheroxyl radical (TO•). The latter can be repaired through the one-electron oxidation of 

vitamin C, thereby regenerating vitamin E to its active antioxidant state (FAO/WHO, 2002, 

Sharma and Buettner, 1993). 

 

 

Figure 17. Role of vitamin E and vitamin C in the prevention of lipid peroxidation. R•, 

oxidising radical; O2, oxygen; ROO•, lipid peroxyl radical; ROOH, lipid hydroperoxide; TOH, 

tocopherol; TO•, tocopheroxyl radical; A•−, ascorbate free radical; AH−, ascorbate monoanion. 

Adapted from Sharma and Buettner, 1993.  

 

Indeed, vitamins C and E work synergistically to protect lipids from peroxidation; hence, 

protecting membrane lipids from damage (Zakić et al., 2020, Buettner, 1993), as illustrated in 

Figure 18. However, the process of recycling vitamin E to its unoxidized form will deplete 

vitamin C; for this reason, it is important to maintain a good intake of dietary antioxidant 

vitamins (Truswell and Mann, 2017, FAO/WHO, 2002, Sharma and Buettner, 1993). 
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Figure 18. The cooperation between vitamin C and vitamin E in the prevention of lipid 

peroxidation. ROO•, lipid peroxyl radical; ROOH, lipid hydroperoxide; Vit E, vitamin E; Vit 

E•, vitamin E radical (α-tocopheroxyl); AscH, ascorbate; A•−, ascorbate free radical; DHA, 

dehydroascorbic acid; GSSG: glutathione disulphide; GSH, glutathione; NADPH: reduced 

nicotinamide adenine dinucleotide phosphate; NADP+, oxidised nicotinamide adenine 

dinucleotide phosphate; GR, glutathione reductase. Adapted from Zakić et al., (2020). 

 

Conversely, Vitamin E may become pro-oxidant at high doses and in the absence of an effective 

co-oxidant (Mozos, Stoian and Luca, 2017). Indeed, concern was reported for the intake of 

high doses of vitamin E supplements as it was linked to an increased risk of haemorrhagic 

stroke, prostate cancer and harmful effects on cardiovascular outcomes (Klein et al., 2011, 

Saremi and Arora, 2010). 
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Vitamin E is found mainly in vegetable oils, nuts, seeds and some fruits and vegetables. Its 

absorption is fairly efficient. Generally, half of the dietary intake is absorbed. Overt deficiency 

is rare in humans and seen only in people with severe fat malabsorption and rare genetic 

disorders (Truswell and Mann, 2017). In addition, it was recognised by the UK Department of 

Health (1991) that vitamin E requirements should be determined by the amount of PUFAs in 

the body and intake of PUFAs in the diet. Therefore, safe intakes were set at 4 mg/d for men. 

However, dietary requirements of vitamin E are currently limited to α-tocopherol because this 

is the only form that reverses vitamin E deficiency and no other vitamin E forms are 

interconverted to α-tocopherol in humans (Traber, 2014, Department of Health, 1991). 

Surprisingly, dietary recommendations for vitamin E have not been set by the Bolivian 

Ministry of Health (Ministerio de Salud, 2014). 

 

2.7.1.3 Carotenoids  

          Carotenoids, phytochemicals found in fruit and vegetables, provide the red and yellow 

pigments essential for photosynthesis (Watzl and Leitzmann, 2017). They are a group of lipid-

soluble antioxidants and more than 600 different compounds have been characterized (Young 

and Lowe, 2018). However, β-carotene is the most important, most studied and one of the most 

widely available carotenoids in plant species (FAO/WHO, 2002). β-carotene is heat stable and 

absorption from heat-treated vegetables and fruit is higher (>15%) whereas from raw food is 

low (<3%) (Watzl and Leitzmann, 2017). In addition, β-carotene along with other carotenoids 

(α-carotene and β-cryptoxanthin) function as a source of vitamin A due to their pro-vitamin A 

activity (Thurnham, 2017).  

 

Blood concentration of carotenoids are considered the best biological marker for consumption 

of fruits and vegetables and have been associated with reduced risk of several chronic diseases 
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(Bohn, 2019). However, specific functions, apart from precursor of vitamin A, have not yet 

been identified and therefore β-carotene and other carotenoids requirements have not been 

established (Ministerio de Salud, 2014, Department of Health, 1991). Nevertheless, 

carotenoids are efficient scavengers of singlet oxygen (1O2) and ROO• (Kurutas, 2016). It was 

observed in vitro studies that β-carotene displays antioxidant activity by reducing the rate of 

lipid peroxidation (Young and Lowe, 2018). Indeed, β-carotene acts as a radical trapping 

antioxidant at low oxygen concentrations by breaking the chain reaction of lipid peroxidation 

(FAO/WHO, 2002, Buettner, 1993). Hence, at low partial pressures of oxygen such as those 

found in most tissues under physiological conditions, β-carotene was found to inhibit oxidation. 

However, at higher oxygen tension, β-carotene tends to lose its effectiveness as an antioxidant 

and has even been shown to act as pro-oxidant (Stahl and Sies, 2003). Therefore, β-carotene 

supplementation is not advisable, apart from the prevention and control of vitamin A 

deficiency, in view of concerns related to lung cancer and total mortality risks raised by 

randomised clinical trials in at-risk populations in which β-carotene supplement was 

administrated (Schwingshackl et al., 2017, Alpha-Tocopherol Beta Carotene Cancer 

Prevention Study Group, 1994).  

 

Thus, fruit and vegetables are considered the main sources of dietary antioxidants (Jideani et 

al., 2021, Carlsen et al., 2010). Recently published reviews concluded that dietary intake and 

blood concentrations of vitamin C, vitamin E and total carotenoids that correlated with intake 

of fruit and vegetables, were inversely associated with risk of CVD, stroke and all-cause 

mortality (Wang et al., 2021, Jayedi et al., 2019, Aune et al., 2018). 
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2.7.1.4 Selenium 

         Selenium is a trace mineral that exerts its biological properties as a constituent of 

selenoproteins. Several selenoproteins are involved in antioxidant defence systems and redox 

metabolism (Thomson, 2017). Selenium is an integral part of the enzyme GPx, one of the 

mechanisms whereby intracellular structures are protected against oxidative damage 

(FAO/WHO, 2002). Indeed, GPx was the first selenoprotein to be characterized and uses GSH 

to catalyse the reduction of H2O2, a product of the dismutation of O2
•⁻, thereby preventing 

peroxidation of membranes and oxidative damage (Wang et al., 2018). Indeed, GPx is a 

selenium-containing antioxidant enzyme that effectively reduces H2O2 as shown in the 

following reaction: 

H2O2 + 2GSH               2H2O + GSSG 

During the GPx catalysed reaction, GSH is converted to its oxidised form glutathione 

disulphide (GSSG). Although GSH is not a nutrient, it is found in aerobic tissues and it is highly 

important in intermediary antioxidant metabolism (FAO/WHO, 2002). Other known biological 

functions of selenoproteins include regulation of thyroid hormone action and the regeneration 

of ascorbic acid from its oxidised metabolites (Thomson, 2017). In the ascorbate-glutathione 

pathway, GSH regenerates ascorbate by reducing DHA (Zakić et al., 2020), as illustrated in 

Figure 18. Hence, GSH is needed to regenerate ascorbate by reducing DHA, which in turn 

impacts the regeneration of vitamin E from its oxidized tocopheroxyl form (Figure 19). 

Therefore, in concert with the other antioxidant nutrients, selenium as part of the selenoprotein 

oxidant defence enzymes, protects cell membrane against oxidative damage (FAO/WHO, 

2002). 
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Figure 19. Schematic representation of vitamin E, vitamin C, glutathione antioxidant network 

involved in free radical neutralization. GSSG, glutathione disulphide (oxidized glutathione); 

GSH, glutathione (reduced glutathione); DHA, dehydroascorbic acid; NADPH, reduced 

nicotinamide adenine dinucleotide phosphate; NADP+, oxidised nicotinamide adenine 

dinucleotide phosphate. Adapted from Pangrazzi et al., (2020). 

 

Selenoaminoacids are the main dietary form of selenium, while inorganic forms of the mineral 

are used in supplements. Dietary selenium is highly bioavailable with about 80% from most 

dietary sources being absorbed (Thomson, 2017). Many foods are good sources of the mineral 

including garlic, Brazil nuts and certain vegetables. Though, fish and organ meats are the 

richest in selenium followed by cereals, grains and dairy products (Thomson, 2017). The RNI 

was set at 75µg/d (Department of Health, 1991). Dietary recommendations for selenium have 

not been set by the Bolivian Ministry of Health (Ministerio de Salud, 2014). However, pure 

selenium deficiency is rare whereas deficiency may occur when low selenium status is linked 

with additional stress e.g. chemical exposure or increased oxidant stress due to vitamin E 

deficiency (Papp et al., 2007). 

 

Given the vascular protective properties of dietary antioxidants outlined above, these nutrients 

could be selectively targeted to attenuate the elevated OXNOS observed in CMS+ and provide 
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a therapeutic strategy to reduce the likelihood of developing cardiovascular and neurovascular 

conditions.  

 

2.8. Antioxidant and Vascular Function  

          Several clinical trials and observational studies have employed targeted antioxidant 

prophylaxis. Recently, a systematic review and meta-analysis of randomised controlled trials 

(RCTs) conducted by Ashor et al. (2015) aimed to assess the effect of vitamin C and E 

supplementation on EF measured by either forearm blood flow (FBF) or FMD. A total of 46 

studies that involved 1,817 participants aged between 23 to 78 y (median 54 y) were analysed. 

This consisted of healthy and chronically diseased participants including hypertensive, 

hypercholesterolemic, cardiovascular and diabetic patients. Oral supplementation of vitamin C 

(500 – 2,000 mg/d) and vitamin E [300 – 1,800 IU/d; 1 international unit (IU) vitamin E = 0.67 

mg of α-tocopherol], or a combination of vitamins C and E (vitamin C: 500 – 2,000 mg/d; 

vitamin E: 400 – 1,200 IU/d) were administered to the participants. 

 

Oral supplementation with either vitamin C or vitamin E produced mild to moderate 

improvements in EF, whereas a combined intake of both vitamins was not effective in altering 

EF, independent of the study design or participant characteristics. Subgroup analysis of 

supplementation with vitamin C alone showed a significant effect on participants who were 

older than 56 y of age, whereas dose or duration of vitamin C supplementation did not affect 

EF. Similarly, vitamin E dose and duration of supplementation, but also the age of the 

participants, had no significant modifying effect on EF. In addition, in relation to vitamin E 

supplementation, greater improvement was observed in those with lower baseline plasma 

concentrations and low vitamin status. Participants with a baseline plasma concentration of 

vitamin E < 20 µmol/L showed a significantly higher impact (Ashor et al., 2015); thus, 
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supporting the idea that individuals with lower concentrations of antioxidant vitamins may 

benefit more from supplementation (Hercberg et al., 2004). Furthermore, it is important to note 

that blood concentration of α-tocopherol < 20 µmol/L has been associated with increased risk 

of cardiovascular disease (Jenab et al., 2009). 

 

In summary, this systematic review and meta-analysis demonstrated a greater effect of vitamin 

C supplementation on older adults. Older individuals may have a reduced intake and absorption 

of this micronutrient; additionally, they are also exposed to greater oxidative stress (Marley et 

al., 2017, Truswell and Mann, 2017). However, the effect of vitamin C supplementation on EF 

was less than what was previously reported in a meta-analysis on the effect of vitamin C 

supplementation on EF published by the same group (Ashor et al., 2014a).  The former review 

included studies that used high intravenous doses of vitamin C for short durations, which may 

have contributed to the observed higher overall effect. In fact, it has been observed that high 

oral doses of vitamin C were shown to lead to a reduced absorption rate. Indeed, bioavailability 

of vitamin C is ≥ 80% at intake levels of 15 to 100 mg/d, whereas, at an intake level ≥ 1,000 

mg/d, absorption is less than 50% (Lykkesfeldt and Tveden-Nyborg, 2019, Bechthold and 

German Nutrition Society, 2015). In contrast to the physiological concentrations achievable by 

oral ingestion, intravenous administration of vitamin C results in 100% bioavailability by 

avoiding absorption limitations (Lykkesfeldt and Tveden-Nyborg, 2019). 

 

Another systematic review and meta-analysis of RCTs showed that antioxidant 

supplementation (vitamin C, vitamin E, β-carotene and selenium) induces a modest, but 

significant reduction, in arterial stiffness. The methods used to assess arterial stiffness differed 

between studies; however, PWV and AIx were the most commonly used. Twenty studies that 

involved almost 2000 people aged between 22 to 64 y (median 29 y), including healthy, 
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hypertensive, diabetic, heart failure subjects and chronic smokers were reviewed. The oral 

supplementation of vitamin C ranged from 120 to 4,000 mg/d (median of 2,000 mg/d), vitamin 

E dose ranged from 30 to 1,000 IU/d (median of 360 IU/d); whereas the dose of selenium was 

100 µg, and β-carotene 6 mg. The duration of the intervention varied from 1 to 7 y (median 56 

d) (Ashor et al., 2014b).  

 

The greatest improvement was reported in younger healthy participants and those with lower 

baseline plasma concentrations (vitamins C and E), whereas participants at greater risk of 

vascular impairment did not experience the same benefit. However, a small sample size and 

moderate quality of the Jadad score (score system for clinical trials) were listed as limitations 

of the studies. In addition, the dose used and the duration of the interventions, as well as the 

health status of the participants, may have had an impact on the outcome of the review (Ashor 

et al., 2014b). Indeed, the dose of antioxidant supplements administered to the participants in 

all the clinical trials was much greater than what can be consumed from natural sources (Ashor 

et al., 2019, Ashor et al., 2015, Ashor et al., 2014a, Ashor et al., 2014b).  

 

It could be argued that the provision of high doses of antioxidant supplements may possibly 

turn anti-oxidants into pro-oxidants (Mozos, Stoian and Luca, 2017). For example, overload of 

vitamin C may lead to a reduction of transition metal ions, as observed in the Fenton chemistry 

reaction (Figure 12), leading to the production of HO• or lipid alkoxyl radicals (RO•) by 

reaction of the reduced metal ions (Fe2+) with H2O2 or ROOH (Bailey et al., 2006, Carr and 

Frei, 1999). The RO• are intermediate in reactivity between the HO• and ROO• (Kehrer, 

Robertson and Smith, 2010). Despite preliminary evidence from human and in vitro studies, 

the notion that supplemental ascorbate promotes Fenton chemistry in vivo has been rigorously 

contested (Michels and Frei, 2013, Carr and Frei, 1999). However, a systematic review and 
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meta-analysis of primary and secondary prevention randomised clinical trials testing the effect 

of long-term oral supplementation of vitamins and minerals (vitamin C, vitamin E, β-carotene 

and selenium) on mortality has shown that some supplements are ineffective or may even 

increase mortality (Bjelakovic et al., 2012, Bjelakovic et al., 2007). Indeed, Mulholland and 

Benford (2007) suggested that intake of a nutrient has a U-shaped curve relationship with risk 

(i.e. hormesis). Risk is seen as high in deficiency, flat over a broad range and high again in 

excess (Mulholland and Benford, 2007).  

 

In addition, supplementation of antioxidants in pill form may not be as effective as consuming 

whole foods that contain a cocktail of natural antioxidants and other compounds that may work 

synergistically (Man, Li and Xia, 2020, Jayedi et al., 2018, Aune et al., 2018, Zhao et al., 

2016). Firstly, it can be argued that whole foods are complex and would be impossible to 

produce in a laboratory. Furthermore, the combination of food components and interaction 

within the food play a role in enhancing the antioxidant properties. For example, flavonoids, a 

group of natural substances with variable phenolic structures, found in fruits, vegetables, 

grains, and other foods, act synergistically with vitamin C and vitamin E, also found in similar 

food items, to enhance antioxidant activity (Fabre et al., 2015, Jacobs and Tapsell, 2013).  

 

Franzini et al. (2012) observed an improvement in EF measured by FMD in participants at low 

cardiovascular risk who consumed a diet naturally rich in antioxidants. The two-arm 

randomised crossover trial aimed to test two dietary programmes characterized by high or low 

antioxidant content. Modification of antioxidant intake was obtained by selecting food items 

with high total antioxidant capacity (TAC) without other significant changes in dietary habits. 

The two diets were similar for energy, macronutrient, fruit, vegetables, dietary fibre and alcohol 

intake, although different in relation to the quality of food items regarding TAC. Middle-aged 
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participants that were enrolled in the study had a 10-year CVD risk < 10% according to the 

Framingham score and underwent an FMD test before and after each dietary intervention. They 

randomly consumed a 14-day high antioxidant diet (HT e.g. grapefruits, berries, oranges, 

walnut, black chocolate, extra virgin olive oil, etc.) and 14-day low antioxidant diet (LT e.g. 

salad, banana, apple, white chocolate, olive oil, etc.) with a 2-week break in between (wash 

out). As expected, statistically significant higher intake of vitamins C and E in the HT (vitamin 

C 433 mg/d; vitamin E 17 mg/d) in comparison to the LT (Vitamin C 93 mg/d; vitamin E 8 

mg/d) was observed. Although FMD was not significantly different before each diet and no 

differences in endothelial independent vasodilation (sublingual administration of 50 µg GTN) 

were detected, the authors argued that 2.3% increase in FMD observed could be due to the 

significantly increased intake of dietary antioxidants (Franzini et al., 2012). Even though this 

study cannot provide a pathophysiological mechanism or identify a class of antioxidants 

responsible for the beneficial effect of the HT diet on FMD, it supports the idea of whole foods 

rather than focusing on a specific nutrient (Jacobs and Tapsell, 2013). However, this is a small 

study. Thus, larger and long-term intervention trials are needed to confirm these findings.  

 

Additionally, Aatola et al. (2010) assessed the relationship between childhood lifestyle risk 

factors (i.e. consumption of fruit and vegetables, physical activity, and others) and PWV in 

adulthood. A total of 1622 participants were recruited as part of the Cardiovascular Risk in 

Young Finns Study and followed up for 27 y since baseline (1980; aged 3 to 18 y). Information 

on dietary habits was obtained with a nonquantitative self-reported food frequency 

questionnaire, which provided an estimate of food consumption in grams per day. The whole-

body impedance cardiography device was used to determine PWV at the end of the study. It 

was identified that high consumption of fruit and vegetables in childhood was associated with 

lower PWV in adulthood. In addition, the authors observed that vegetable consumption was an 
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independent predictor of adulthood PWV. However, it is important to note that as an 

observational study causality cannot be inferred. Also, generalizability of the results is limited 

to European Caucasians as the study cohort was ethnically homogeneous. Furthermore, the 

self-reported nature of the data collection is another potential limitation (Aatola et al., 2010).  

 

2.9. Antioxidant and Cognition 

          Several clinical trials and observational studies along with systematic reviews and meta-

analysis that assessed the role of antioxidant nutrients on cognition have reported contradictory 

results. The Canadian Study of Health and Aging (5,269 participants aged ≥ 65 y; 60% female) 

supported the use of vitamin C and E supplements as a preventative strategy against cognitive 

decline (Basambombo et al., 2017). However, the exposure to vitamins C and E 

supplementation was assessed rather than the dose of supplements used.  Similarly, Xu et al. 

(2015) showed a significant association between high intake of vitamins E or C and reduced 

AD incidence [vitamin E relative risk (RR) 0.73, 95%  confidence interval (CI) 0.62 – 0.84, 

n = 12,014; vitamin C RR 0.74, 95% CI 0.55 – 0.93, n = 11,788], although, no significant 

association was found with the intake of both antioxidant vitamins in combination. This 

systematic review and meta-analysis included prospective cohort studies with a mean follow-

up of 3.9 to 9.3 y, which reported on vitamin C and/or E intake and the risk of AD; however, 

the source of the nutrients was not specified (Xu et al., 2015).  

 

On the contrary, Forbes et al. (2015) systematic review concluded that vitamin E 

supplementation showed no significant effect on the assessed cognitive outcomes. Trial 

participants were adults aged 65 y and above with no diagnosed cases of dementia at baseline. 

The review included RCTs with intervention periods ranging from 3 to 9.6 y. Some of the study 

participants were healthy (n = 6,377), others had amnestic mild cognitive impairment (n = 769) 
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and some participants reported 3 or more coronary risk factors (n = 2,824). Doses of vitamin E 

ranged from 200 to 1,300 mg/d with one RCT also supplementing with vitamin C and β-

carotene (Forbes et al., 2015). Similarly, a trial involving 4,052 healthy male physicians 

enrolled in the original Physicians’ Health Study and 1,904 new recruits concluded that there 

was no significant effect of short-term β-carotene supplementation (50 mg, alternate days) on 

cognitive function. However, the original participants who received long-term supplementation 

with β-carotene (18 y) had a better overall score of cognitive function than the placebo group; 

even though the difference was statistically significant, it was small (Grodstein et al., 2007).   

 

Also, studies that examined the effects of vitamin C, vitamin E and selenium on dementia in 

healthy or moderately at-risk populations reported conflicting results. A total of 616 subjects, 

475 persons cognitively intact and 141 with incident dementia (mean age 73 y; 62% female; 

62% African American), a subgroup of the Established Populations for Epidemiologic Studies 

of the Elderly (EPESE) longitudinal prospective study, consented to participate. Neither 

vitamin C and/or vitamin E supplementation delayed the onset of dementia or AD (Fillenbaum 

et al., 2006). However, dose and duration of supplementation with both vitamins were not 

reported, whereas self-reported intake of low- or high-dose of vitamin C and E were recorded 

(Fillenbaum et al., 2006). A similar outcome was observed in the PREADViSE study that 

enrolled over 3,000 men above the age of 60 y. The long-term supplementation with either 

vitamin E (400 IU/d) or selenium (200 µg) did not prevent dementia in asymptomatic older 

men (Kryscio et al., 2017).  On the other hand, a population-based cohort study conducted in 

Italy, which assessed dietary intake and plasma level of vitamin E in 1,033 participants (≥ 65 

y) identified that a higher level of plasma vitamin E was protective against cognitive decline 

and subsequent dementia in older subjects. Interestingly, participants taking vitamin E 
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supplements were excluded from the study so that the role of vitamin E from dietary sources 

rather than supplements could be clarified (Cherubini et al., 2005). 

 

Similarly, Cao et al. (2016) reported on the relationship between dietary intakes of vitamins C 

and E, and the risk of dementia in adults aged 45 y and above. Forty-three cohort studies met 

the inclusion standard. Several nutrients along with antioxidant vitamins, food items and 

dietary patterns (e.g. Mediterranean diet) were assessed; however, twenty-one cohort studies 

were included in the analysis of antioxidant nutrients and dementia. Most of the studies used 

food frequency questionnaires; however, validity of the tools used to collect the data was not 

discussed. When considered separately, greater dietary vitamin E intake was associated with a 

reduced risk of dementia (RR 0.80, 95% CI 0.65 – 0.98; P = 0.034;) but vitamin C intake was 

not (RR 0.89, 95%  CI 0.74 – 1.06; P = 0.192 ). Data on dietary intakes of vitamins C and E as 

well as flavonoids were also combined in the meta-analysis; greater intake was associated with 

a reduced risk of dementia (RR 0.87, 95% CI 0.77 – 0.98; P 0.026). The authors concluded that 

antioxidant vitamins may reduce the risk of dementia. However, these findings should be 

treated with caution as no information on sample size or consideration of the quality of included 

studies was reported in the review (Cao et al., 2016). 

 

Finally, the Singapore Chinese Health Study, a population-based prospective cohort study, 

engaged over 16,000 participants aged 45 – 74 y to explore the relationship of dietary 

antioxidant nutrients intake (TAC) in midlife with cognitive impairment in later life. A 

validated 165-item semi-quantitative food frequency questionnaire along with data on 

frequency and dosage of antioxidant supplements (vitamins C, E and β-carotene) were 

collected at baseline. Cognitive function was assessed around 20 y later, when subjects reached 

the age of 61 – 96 y, using the Mini-Mental State Examination (MMSE). Daily dietary intakes 
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of vitamin C, vitamin E and flavonoids were inversely associated with cognitive impairment, 

but not for β-carotene (Sheng et al., 2021). Thus, supporting the idea that dietary antioxidant 

nutrients may act synergistically to combat oxidative stress to protect the brain against ageing 

and disease (Veurink, Perry and Singh, 2020). However, dietary intake was only assessed at 

baseline, whereas cognitive function was not assessed at baseline but 20 y later. Hence, changes 

in dietary patterns and cognitive functions at regular intervals were not recorded; additionally, 

generalizability of results to other populations is yet to be confirmed (Sheng et al., 2021). 

 

Nevertheless, epidemiological data suggest that adopting a healthy, balanced diet (i.e. high 

intake of fruit and vegetables) that reduces cardiovascular risk, may also help delay cognitive 

decline and dementia (Yusuf et al., 2020, Dominguez and Barbagallo, 2018, Jiang et al., 2017, 

Loef and Walach, 2012, Lanas et al., 2007, Yusuf et al., 2004). In support, the minimum daily 

intake of fruit and vegetables as recommended by the WHO should be ≥ 400 g, the equivalent 

of five 80 g servings per capita per day (Mason-D'Croz et al., 2019, Pomerleau et al., 2005). 

However, Aune et al. (2017) reported that a lower risk for CVD, cancer and all-causes of 

mortality was observed at an intake of 500 – 600 g/d (around seven servings of fruit and 

vegetables per day); although the greatest benefit, according to the study, came from eating 

800 g/d (roughly equivalent to ten portions). More recently, Wang et al. (2021), concluded 

that around five daily servings of fruit and vegetables confer a lower risk of total and cause-

specific mortality, although an increased intake should be recommended (Wang et al., 2021). 

This has also been echoed by several published systematic reviews and meta-analysis (Jayedi 

et al., 2019, Ashor et al., 2019, GBD 2017 Diet Collaborators, 2019, Aune et al., 2018, Aune 

et al., 2017).  
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To the best of the author’s knowledge, there are no known studies that have investigated the 

potential therapeutic effect antioxidant supplementation may have on high-altitude dwellers 

and those with CMS. Although a clinical trial using vitamins C and E is currently underway 

(Scherrer, 2018), no previous research has investigated the dietary intake of antioxidants in this 

population. Indeed, increased knowledge of food and nutrients consumed may help to shape a 

focused dietary intervention with the potential to improve the overall vascular health of CMS+ 

patients. 

 

2.10. Dietary Antioxidant Intake in CMS+ 

          In Bolivia, current recommendations state that at least five servings of fruit and 

vegetables should be consumed daily, Figure 20 (Ministerio de Salud, 2014). 

 

Figure 20. Arco de la alimentación. Food-based dietary guidelines for the Bolivian population. 

Sourced from Ministerio de Salud, (2014).   
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However, current data suggest that the average consumption of vegetables per capita in Bolivia, 

measured in kilograms per person per year was, in 2017, 35.89 Kg, whereas the consumption 

of fruit in the same year was 83.63 Kg/person. The data that is based on per capita food supply, 

that is food available for human consumption, and do not account for food waste at the 

consumer level, showed low consumption of fruit and vegetables per person (Our World in 

Data, 2021). Similarly, the Nutrition Country Profile for Bolivia (2021) reported that the 

average consumption of fruit and vegetables per person were, in 2019, 86.6 g/d and 112 g/d 

respectively. The latter data are based on modelled estimates for Bolivian adults aged ≥ 25 y 

old (Global Nutrition Report, 2021). Indeed, the intakes were below the minimum 

recommended consumption of ≥ 400 g or five portions of fruit and vegetables (Ministerio de 

Salud, 2014).  

 

Jefferson et al. (2004) is the only study that has attempted to measure antioxidant consumption 

(vitamins A, C and E) in highlander dwellers using dietary questionnaires. Monthly intake for 

the three vitamins was reported for highlanders with and without CMS as well as sea-level 

controls. Although the antioxidant intake reported was lower in the highlanders with EE, no 

significant differences between groups were determined. Additionally, no correlations between 

dietary vitamin intake and oxidative stress biomarkers were observed. High-altitude residents 

had significantly elevated levels of urinary 8-iso-prostaglandin F2α (8-iso-PGF2α) and plasma 

thiobarbituric acid reactive substances (TBARS), both indices of lipid peroxidation (Jefferson 

et al., 2004). However, when measured directly in the blood plasma, Bailey et al. (2013) 

identified that ascorbate, as well as α- and β-carotene, were lower in high-altitude dwellers 

compared to lowlanders, with the lowest concentrations reported in CMS+, indirectly implying 

inadequate intake and/or oxidative consumption. In contrast, both γ- and α-tocopherol were 

elevated in highlanders relative to lowlander controls. Therefore, in both highlander groups the 
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increased A•- corresponded with a reduced concentration of ascorbate and carotenoids. Despite 

the observed elevation in α- γ-tocopherol, the antioxidant response was inadequate given that 

systemic OXNOS ultimately prevailed.  

 

2.11. Summary 

          CMS is characterised in part by ED that contributes to the increased risk of 

cardiovascular and potentially cerebrovascular disease in later life. Emerging evidence 

suggests that elevated systemic OXNOS subsequent to inadequate antioxidant defence may 

contribute to the development of ED (Bailey et al., 2019, Bailey et al., 2013, Rimoldi et al., 

2012, Jefferson et al., 2004) and subsequent disease pathology. Dietary intervention with 

antioxidants may provide effective prophylaxis against OXNOS and preserve vascular 

endothelial and cognitive function (Sheng et al., 2021, Basambombo et al., 2017, Ashor et al., 

2015, Ashor et al., 2014b, Franzini et al., 2012). To what extent dietary antioxidant intake is 

potentially impaired and contributes to this translational pathway has not previously been 

determined and is eminently justified to improve clinical outcomes in these patients.  

 

2.12. Aims and Hypotheses 

Primary aim: To determine to what extent nutrient intake, especially of dietary antioxidants, 

differs between highlanders (CMS+/CMS-) and lowlander controls.       

Hypothesis: A lower intake of antioxidant nutrients would be observed in highlanders, 

especially so in CMS+. 
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Secondary aim: To explore potential links between inadequate antioxidant nutrient intake 

(vitamin C, vitamin E, β-carotene, selenium) and corresponding implications for systemic 

OXNOS, vascular function and clinical outcomes.  

Hypothesis: Low intake of dietary antioxidant nutrients (vitamin C, vitamin E, β-carotene, 

selenium) would be associated with an elevation of systemic OXNOS. This would lead to 

impaired vascular function and poor clinical outcomes, especially pronounced in CMS+.  

Functionally integrated hypotheses are illustrated in Figure 21.  
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Figure 21. Functionally integrated hypotheses. CMS-/CMS+, highlanders without/with Chronic Mountain Sickness; OXNOS, oxidative-nitrosative 

stress; FMD, flow-mediated dilation; PWV, pulse wave velocity; PWA, pulse wave analysis. 
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3.0. General Methodology 

3.1. Ethics  

          The experimental protocol was approved by the University of Lausanne, Lausanne, 

Switzerland (#89/06, #94/10; Appendix II), and the University of South Wales, Pontypridd, 

UK (Appendix II) and subsequently registered (clinicaltrials.gov; Identifier: NCT01182792). 

All participants were informed of the purpose of the study and signed an informed consent 

form, with all procedures adhering to guidelines set forth in the Declaration of Helsinki 

(Williams, 2008).  

 

Lowlander participants were recruited from local British communities through advertisements 

and flyers, while highlander participants were recruited by staff working at the Instituto 

Boliviano de Biología de Altura (Bolivian Institute for High-Altitude Studies; IBBA). Those 

who showed an interest were provided with the relevant information related to the study. Any 

written material provided to the native highlanders was translated into Spanish. Potential risks 

and procedures involved in taking part were clearly explained to the participants, who also had 

the opportunity to ask questions and were allowed a minimum of one week to consider their 

involvement. Written informed consent was obtained before any data collection took place. It 

was emphasised to all participants that they could withdraw from the study at any time without 

providing any explanation. 

 

3.2. Design 

          The study was a cross-sectional population-based observational study in accordance with 

the STROBE statement (von Elm et al., 2014). The Neurovascular Research Laboratory in the 
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UK was the site of investigation for the lowlanders and IBBA in La Paz, Bolivia for the 

highlanders.     

 

The study adopted a cross-sectional comparative design that was specifically designed to 

investigate the link between intake of dietary antioxidants, vascular function and clinical 

outcomes in highlanders and lowlanders. Before data collection took place, all participants 

were asked to refrain from physical activity, alcohol and caffeine intake, nutritional 

supplements (including over-the-counter antioxidant) or anti-inflammatory medications and 

maintain their normal dietary behaviours before and during formal experimentation. They were 

also subject to a 12 h overnight fast when they attended the institute (highlanders) and 

laboratory (lowlanders) in the morning. The measurements were conducted in a quiet 

temperature-controlled (22 – 24°C) room.  

 

Upon arrival at either IBBA (highlanders; altitude ~ 3,600 m) or the Neurovascular Research 

Laboratory at the University of South Wales (lowlanders; altitude ~ 80 m) participants’ 

anthropometric measurements were recorded; dietary data were collected and a venous blood 

sample was obtained. Thereafter, cardiopulmonary function, systemic vascular function [flow-

mediated dilatation (FMD of the brachial artery)], arterial stiffness [pulse wave analysis (PWA) 

and pulse wave velocity (PWV)] and carotid arterial function and structure [carotid intima- 

media thickness (cIMT)] were assessed. Participants were then interviewed face-to-face in a 

private room to perform the Montreal Cognitive Assessment (MoCA) and complete the Beck 

Depression Inventory-II (BDI-II). Food consumption was allowed after completion of the 

physiological tests. Figure 22 provides a schematic overview of the experimental design. 
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Figure 22. Experimental Design. CMS-/CMS+, highlanders without/with Chronic Mountain Sickness; NO, nitric oxide; SV, stroke volume; �̇�, cardiac 

output; SaO2, arterial oxyhaemoglobin saturation; FMD, flow-mediated dilation; PWA, pulse wave analysis; PWV, pulse wave velocity; cIMT: carotid 

intima-media thickness; MoCA, Montreal Cognitive Assessment; BDI-II, Beck Depression Inventory-II.
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3.3. Participants 

          Highlanders: Thirty-three male highlanders from La Paz, Bolivia participated in the 

study; 20 of whom were CMS sufferers (CMS+; age 58 ± 8 y; CMS score 9 ± 6 points) and 13 

were well-adapted, age-matched controls without CMS (CMS-; aged 54 ± 7 y; CMS score 2 ± 

2 points).  

          Lowlanders: Thirteen male Caucasian British participants born and bred close to sea 

level (approximate altitude 80 m) volunteered for the study (controls; age 60 ± 7 y; CMS score 

0 points). Participant demographics are outlined in Table 1.
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Table 1. Demographics  

Group  Lowlanders  Highlanders  P Values 

Sub-Group  
Controls 

(n = 13) 
 

CMS- 

(n = 13) 

CMS+ 

(n = 20) 
 CMS+ vs. CMS- CMS+ vs. Controls CMS- vs. Controls 

Clinical          

Age (y)  60 ± 7  54 ± 7 58 ± 8  0.165 (between groups) 

Hb (g/dL)  15.2 ± 1.5  17.1 ± 1.1 21.2 ± 1.1  <0.001 <0.001 0.008 

Hct (%)  46 ± 4  52 ± 4 62 ± 6  <0.001 <0.001 0.007 

SaO2 (%)  97 ± 0  90 ± 5 88 ± 4  0.009 <0.001 0.001 

CMS score (points)  0 ± 0  2 ± 2 9 ± 6  <0.001 <0.001 0.494 

Anthropometrics          

Stature (m)  175 ± 5  162 ± 4 162 ± 5  1.000 <0.001 <0.001 

Body Mass (kg)  83 ± 14  72 ± 9 79 ± 12  0.065 (between groups) 

BMI (kg/m2)  28 ± 4  27 ± 4 30 ± 4  0.056 (between groups) 

Waist circumference (cm)  98 ± 14  95 ± 11 100 ± 11  0.472 (between groups) 

Hip Circumference (cm)  103 ± 7         100 ± 6 102 ± 8  0.403 (between groups) 

Waist-to-Hip-Ratio  0.95 ± 0.09  0.95 ± 0.06 0.99 ± 0.04  0.068 (between groups) 

Education          

Education (y)  13 ± 2  13 ± 2 13 ± 2  0.786 (between groups) 

Values are mean ± SD; CMS-/CMS+, highlanders without/with Chronic Mountain Sickness; Hb, haemoglobin; Hct, haematocrit; SaO2, arterial oxyhaemoglobin 

saturation; CMS, Chronic Mountain Sickness; BMI, body mass index. 
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3.3.1. Inclusion and Exclusion Criteria 

          Participants were included in the present study if they were male, aged > 50  y, physically 

active but not exercise trained as defined by the World Health Organization’s guidelines 

(World Health Organization, 2010), non-smokers (> 10 y), presenting normal pulmonary 

function and had no history of working in the mining industry. The Qinghai score was used in 

the highlanders to score symptoms of CMS and clinical diagnosis confirmed by EE (Hb ≥ 21 

g/dL, Leon-Velarde et al., 2005). Highlanders were subsequently categorised as CMS+ or 

CMS-. The sum of the points given for each clinical symptom [breathlessness and/or 

palpitations; sleep disturbance; cyanosis; dilation of veins; paraesthesia; headache and tinnitus 

scored from 0 (not existent) to 3 (severe)] and Hb concentration (< 21 g/dL score = 0; or  ≥ 21 

g/dL score = 3) was used to assess the severity of the condition defined as absent (score = 0 – 

5); mild (score = 6 – 10); moderate (score = 11 – 14) and severe (score > 15; Leon-Velarde et 

al., 2005). All participants identified themselves as Aymaras, had a typical Aymara surname 

and were of similar socio-economic and educational background.  

 

British lowlanders were included if they were male, aged > 50 y, non-smokers (> 10 y), 

physically active but not exercise-trained (World Health Organization, 2010) and not suffering 

from any cardiovascular (e.g. ischemic heart disease, type 2 diabetes, coagulopathy, 

hypertension), cerebrovascular (e.g. stroke, transient ischemic attack) or respiratory (chronic 

obstructive pulmonary disorder) diseases as assessed by the Physical Activity Readiness 

Questionnaire (Canadian Society for Exercise Physiology (CSEP), 2017). 
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3.4. Anthropometric Measures 

3.4.1. Stature and Body Mass 

          All participants were instructed to remove footwear prior to the measurement of stature 

using a stadiometer (to the nearest 0.1 cm; Seca, Cardiokinetics, UK) and body mass via a 

balanced weighing scale (to the nearest 0.1 kg; Seca, Cardiokinetics, UK). The accuracy of the 

stadiometer was confirmed with a calibrated steel tape measure, while the weighting scales 

were calibrated with a 5 kg free mass. Calibration was performed prior to measurements.  

From these measurements, body mass index (BMI) was calculated as follows: 

BMI (kg/m2) = body mass (kg) ÷ stature (m2) 

 

3.4.2. Waist-to-Hip-Ratio  

          Waist-to-hip ratio (WHR) was assessed using a calibrated flexible tape measure (to the 

nearest 0.1 cm; Seca, Cardiokinetics, UK). All participants were asked to remove all outer 

layers of clothing and any accessories, which may have altered the shape of the body.  

Participants were asked to exhale just before the measurement was taken. Waist circumference 

was measured at the top of the iliac crest (superior edge of the pelvis) and at the hip (the widest 

circumference of the buttocks). Each measurement was repeated three times and an average 

was calculated. WHR was then calculated as follows: 

WHR = waist circumference (cm) ÷ hip circumference (cm) 
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3.5. Dietary Assessment  

3.5.1. Background 

          Dietary assessment is used to evaluate the type and amount of food and beverage 

consumed during a specific period from which an estimate of nutrient intake can be derived 

(Lovegrove et al., 2015). The 24-hour dietary recall (24-HDR) interview is a quantitative 

method, which assesses food and beverage consumption during the previous day or the 24 

hours prior to the interview. This open-ended interview structure is designed to prompt 

respondents to provide a comprehensive and detailed report of everything consumed 

(Thompson and Subar, 2017, Slimani et al., 2015). The participants are asked to provide 

detailed information about the food and beverages consumed including preparation methods, 

ingredients used in mixed dishes, amount consumed, leftovers, brand name of commercial 

products, time of the day and type of meal (Gibson, 2005). In addition, standard household 

measuring tools, food models, photos or other visual aids may be used to help interviewees 

judge and estimate portion size in order to improve accuracy (FAO, 2018a). 

 

The 24-HDR provides comprehensive quantitative information on foods and mean nutrient 

intake of individuals without affecting respondents’ eating behaviour as well as facilitating 

comparison between populations (Lovegrove et al., 2015, Slimani et al., 2015, Coates et al., 

2012). It is a retrospective dietary assessment method that should be carried out by a trained 

interviewer as the quality of the information provided depends on the respondent’s memory 

and the skill of the interviewer to minimize recall bias (Shim, Oh and Kim, 2014, Gleason et 

al., 2010). A 24-HDR usually requires 20 – 30 min to complete, it provides detailed dietary 

intake data, sensitive to ethnicity-specific differences which are especially relevant in the 

current context, with relatively low burden for the participants and no literacy skills required. 

However, recall and interviewer biases and possible changes to dietary patterns, especially if 
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multiple days of recall are required, could be experienced (Thompson and Subar, 2017, Slimani 

et al., 2015).  

 

It has been established that a single 24-HDR per participant from a target population is 

sufficient to identify average consumption for that population; however, repeated 24-HDRs per 

participant are required to capture habitual consumption of foods (Slimani et al., 2015). 

Alternatively,  48-hour dietary recall (48-HDR) in which subjects are asked to recall the food 

intake during the previous 48 hour period, enables the collection of 2-day dietary data in a 

single individual assessment; thus, increasing the response rate (Rossato and Fuchs, 2021). 

Indeed, the repetition of measurements for each participant, training in data collection and 

knowledge of local food items, regional and ethnic foods and preparation practices as well as 

standardisation of data collection and data analysis are required to reduce random and 

systematic errors to an acceptable level (FAO, 2018a, Lovegrove et al., 2015). 

 

This methodology has been extensively used since the late nineties and is the nutritional 

assessment method used in dietary national surveys in Europe and other world regions to 

monitor population mean intakes and distribution (Magarey, McKean and Daniels, 2006, 

Conway, Ingwersen and Moshfegh, 2004, Verger et al., 2002, Russell et al., 1999). Large-scale 

population surveys, requiring a measure of average levels of dietary consumption in a given 

population have used the 24- and 48-HDR methods due to the high response rate and ability to 

obtain detailed information (Rossato and Fuchs, 2021, Aglago et al., 2017, Rehm et al., 2016, 

De Keyzer et al., 2011, Nelson et al., 2007, McNaughton et al., 2005, Brustad et al., 2003). 
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3.5.2. Validity and Reliability 

          Dietary intake is measured in terms of foods and beverages consumed from which energy 

and nutrients are derived; however, energy and nutrients measured may not necessarily reflect 

the amounts available for metabolism. Therefore, dietary intake measurements provide a guide 

rather than a direct measure of the energy and nutrients available for body processes  

(Rutishauser, 2007).  Indeed, estimation of usual intake is a complex and challenging task since 

all methods to measure dietary intake present different strengths and weaknesses and may be 

prone to potential measurement errors (Lovegrove et al., 2015, Shim, Oh and Kim, 2014, 

Gleason et al., 2010). Dietary recall may also be subject to biases such as memory, subjects’ 

ability to describe the type and quantity of food consumed as well as social desirability bias 

(Shim, Oh and Kim, 2014, Gleason et al., 2010). However, direct assessment of dietary intake 

provides the most accurate data in relation to actual food consumption and nutrient intake 

(Lovegrove et al., 2015, Rutishauser, 2007, Potischman, 2003).  

 

In order to evaluate the validity of any dietary assessment, a comparison with a more objective 

measure, independent of food intake, e.g. food availability data, may be used (FAO, 2018a, 

Rutishauser, 2007). Also, relative validity can be determined by direct comparison of the 

reported intake from a dietary assessment method (‘test’) against an alternative nutritional 

assessment method (the ‘reference’) which has a greater degree of demonstrated validity 

(Gibson, 2005). Likewise, the involvement of direct observations from unobtrusive observers 

has been used (Thompson and Subar, 2017, Gleason et al., 2010). Furthermore, several 

biomarkers to assess nutrient absorption and metabolism after consumption and therefore 

validity of dietary collection tool are available e.g. urinary nitrogen as a marker of protein 

intake, urinary potassium and sodium for potassium and sodium respectively, plasma levels of 

vitamins and tissue levels of minerals and fatty acids (Lovegrove et al., 2015). However, 
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nutritional biomarkers are also affected by homeostatic regulation or diseases (Shim, Oh and 

Kim, 2014).  

 

Several studies have evaluated the validity of the 24-HDR methodology; however, some of 

these trials included children or adolescents rather than adults or involved the use of online 

self-administered 24-HDR tools (Hooson et al., 2019). Additionally, few studies have adopted 

the 48-HDR method (Rossato and Fuchs, 2021). McNaughton et al. (2005) evaluated, as part 

of a longitudinal study, the consistency of food patterns and food and nutrient intakes of a large 

cohort of British male and female participants (n = 2265) as assessed by dietary recalls (24-

HDR and 48-HDR) and 5-day food diary. Nutrient intake was assessed using McCance and 

Widdowson’s (2002b) ‘The Composition of Foods’ and mean intakes were generally lower on 

the recall methodology in comparison to the food diary. The study identified that 48-HDR 

performed better at assessing food and nutrient intakes when compared to the food diary, 

especially in men. This was identified as potentially due to less variation in intake during the 

48-HDR period. Although some significant differences in mean intakes were reported between 

the 48-HDR and food diary data (energy, carbohydrates, fibre potassium and magnesium), no 

differences in mean antioxidant intake, namely vitamins C, E and carotenoids between the 

dietary collection methods were reported. In addition, the 48-HDR appeared to be superior to 

a single 24-HDR, as it allowed the generation of food patterns with a reduced number of 

interviews  (McNaughton et al., 2005).  

 

More recently, Rossato and Fuchs (2021) assessed the sources of variation using the 48-HDR 

method to estimate the sample size and number of days required to detect the usual intake for 

several nutrients. The authors identified that one 48-HDR performed better in male participants 

who presented less variation in their intake over the 48-hour period (Rossato and Fuchs, 2021). 
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Similarly, Rehm et al. (2016) who carried out the analysis of self-reported dietary data 

collected between 1999 – 2000 and 2011 – 2012 as part of the National Health and Nutrition 

Examination Survey (NHANES), found that 48-HRD was superior to a single food record 

(Rehm et al., 2016).  

 

In contrast, Xue et al. (2017) assessed the relative validity of two-day 24-HDRs versus two-

day weighed dietary records. Participants were interviewed by trained investigators on their 

dietary intake on two random days (HDRs). With an interval of two to three days, the same 

participants completed two-day weighted dietary records. A total of 41 adult Chinese 

participants aged 18 – 65 y old took part in the study. The multiple-pass dietary recall procedure 

was used to collect dietary intake. Furthermore, a photobook to facilitate the completion of the 

dietary recall was also used. Statistical analysis suggested that two-day 24-HDR provided a 

relatively valid estimation of dietary intake among adults at a group level. Apart from dietary 

fat (total and saturated) and thiamine (higher in the recalled dietary intakes), energy and other 

nutrients did not differ between the two procedures (Xue et al., 2017).  Furthermore, the 

validity of usual protein and potassium intake estimated from two standardised 24-HDRs from 

five selected centres in Europe was performed in the European Prospective Investigation into 

Cancer and Nutrition (EPIC) study, as urinary nitrogen and potassium are two of the few 

biomarkers used to validate dietary assessment methods (Crispim et al., 2011). Crispim and 

colleagues (2011) concluded that two standardised 24-HDRs was sufficiently valid for 

assessing and comparing the mean and distribution of protein and potassium intake across five 

European countries. Indeed, several studies have reported good agreement between the 24-

HDR and weighed dietary intakes recorded by trained observers or with biomarkers 

(Thompson and Subar, 2017).  
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The 24-HDR is considered the least biased self-report instrument (Thompson and Subar, 2017). 

Furthermore, the most effectively used to assess food and nutrient intakes in low-income 

countries (Gibson, Charrondiere and Bell, 2017). Indeed, repeated 24-HDRs from a target 

population, on at least two days, are deemed appropriate to identify average consumption in a 

population and estimate habitual consumption of foods (FAO, 2018a, Thompson and Subar, 

2017). Furthermore, one 48-HDR may reduce research participants’ burden and possibly 

increase response rate (Rossato and Fuchs, 2021).   

 

3.5.3. Procedure 

          The 24-HDR methodology was selected as it minimised participants’ burden without 

interfering with food intake patterns, as well as being sensitive to ethnicity-specific differences 

(Thompson and Subar, 2017, Slimani et al., 2015). One 48-HDR was carried out with 

lowlander and highlander participants (Figure 22). All participants were asked if the food 

intake represented usual daily consumption, if it did not, the participant was asked to provide 

a recall of the previous day. 48-HDR interviews were performed on the day the participants 

were scheduled to attend their study visit. The days on which the 48-HDR were done were 

randomly distributed across the seven days of the week to prevent biases related to differential 

consumption patterns on different days of the week (Coates et al., 2012).  

 

All assessments were undertaken in chronological order of consumption, from morning to 

night. The multiple-pass approach was used as better tailored to human cognition and widely 

used in national surveys and research (FAO, 2018a, Moshfegh et al., 2008). The multiple-pass 

technique provides a standardized interview structure that allows respondents to follow a 

logical report of foods and drinks consumed during the day without having to change the focus 

from what was consumed to the amount consumed or the cooking methods used (Thompson 
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and Subar, 2017, Gibson, 2005). The United States Department of Agriculture (USDA) 

multiple-pass method that consists of five steps was used to collect dietary data for all the 

participants (Thompson and Subar, 2017, Conway, Ingwersen and Moshfegh, 2004). 

Furthermore, the portion size food atlas was used to improve portion size estimation and 

potentially reduce misclassification bias (FAO, 2018a, Lazarte et al., 2012, Nelson, Atkinson 

and Meyer, 1997). The following five-step multiple-pass method was used to collect dietary 

data (Aglago et al., 2017, Conway, Ingwersen and Moshfegh, 2004). 

 

Step 1. A quick list of foods eaten or drunk. Participants were asked to recount everything 

they ate and drank (e.g. on the previous day between midnight and midnight) in an 

uninterrupted free-flowing list.   

 

Step 2. Forgotten foods and drinks (probe for foods and drinks forgotten during the quick 

list). Participants were queried on food and beverage items that have been documented as 

frequently forgotten.  

 

In the next two steps, for each item of food or beverage in the quick list, participants were 

asked to provide additional details. 

 

Step 3. The time and occasion at which each food item or beverage was consumed.  

 

Step 4. The detailed cycle, including full description of the food or drink consumed. 

Participants were asked about brands of purchased foods, cooking methods, use of condiments, 

etc. The quantity consumed based on household measures, photographs of different portion 

sizes of foods or actual weights from labels or packets. Any leftovers or second helpings, any 
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foods likely to be eaten in combination e.g. milk in coffee. Recipes and other combinations of 

foods e.g. sandwiches.  

 

Step 5. A final probe review in which foods eaten and beverages drunk were reviewed, 

prompting for any additional eating or drinking occasions and foods or drinks consumed as 

well as clarifying any ambiguities regarding the type of food or drink consumed and portion 

size. Participants were also asked to describe any dietary supplement usually taken (vitamins 

and minerals) providing information on product and brand names and quantities consumed (e.g. 

number and frequency of consumption of pills, drops, tablets). 

 

Finally, recall of foods and beverages consumed the previous day was carried out using the 

steps already described.  

 

3.5.4. Analysis 

          Foods, beverages and mixed dishes consumed were matched and coded with the most 

appropriate food listed in the food composition database (NetWISP dietary analysis software, 

Version 4.0, Tinuviel Software; Anglesey, UK) and converted to the corresponding weight 

allowing actual intakes to be calculated. The ‘Tabla Boliviana de Composición de Alimentos’ 

was accessed to upload Bolivian food and beverage items that were used for the dietary intake 

analysis of the Bolivian cohort (FAO, 2017, Ministerio de Salud y Deportes, 2005). The recipes 

provided were also uploaded to the food database according to the ingredients and cooking 

methods described. The ‘Food Portion Sizes’ handbook was used to identify standard serving 

amounts for commonly used food ingredients and beverages (Food Standards Agency, 2002a). 

The food composition databank supplied with the nutritional analysis program WISP is based 

on McCance & Widdowson’s ‘The Composition of Foods’, 6th edition (Food Standards 
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Agency, 2002b) including published supplements and the earlier 5th edition. The full databank 

contains approximately 5,300 food records and up to 120 nutrients; in addition, updates to Her 

Majesty's Stationery Office (HMSO) databank are available from Tinuviel Software within a 

few days of publication by HMSO and can be easily imported into WISP (Tinuviel Software, 

2012). The databank also contains the 7th Summary Edition of the Composition of Foods (Food 

Standards Agency, 2014). Furthermore, the International Network of Food Data System 

(INFOOD) which is a worldwide network of food composition databanks was retrieved to 

access the Bolivian dietary database to analyse foods, beverages and recipes reported by the 

highlander participants (FAO, 2017, Ministerio de Salud y Deportes, 2005). If food items and 

beverages were not available in the Bolivian dietary database, the equivalent from the British 

reference database were inputted (Lazarte et al., 2012). 

 

3.6. Metabolic Function 

3.6.1. Blood Collection and Preparation  

          Venous blood samples were collected from an indwelling cannula placed in a forearm 

antecubital vein into vacutainers (Becton, Dickinson and Company, Oxford, UK). A low flow 

infusion of 0.9% saline was administrated prior to the withdrawal of blood to avoid stasis. After 

centrifugation at 600 g for 10 min at 4°C, plasma samples were decanted into cryogenic vials 

(Nalgene Labware, Thermo Fisher Scientific Inc., Waltham, MA, USA) and immediately snap-

frozen in liquid nitrogen (N2) and shipped/stored under N2 gas (Cryopak, Taylor-Wharton, 

Theodore, AL, USA) prior to analysis in the UK. Samples were left to defrost at 37°C in the 

dark for 5 min before batch analysis and were quickly treated to avoid contaminating reactions 

between NO and Hb [DM Bailey, personal communication, unpublished observations (n.d.)]. 

The chemicals used in the analysis were of the highest purity available (Sigma-Aldrich, Poole, 

UK).  
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3.6.2. Ascorbate Free Radical  

          A•- was employed as a direct measure of systemic free radical formation (Bailey et al., 

2019, Bailey et al., 2009b, Buettner and Jurkiewicz, 1993). Plasma (1 mL) was injected into a 

high-sensitivity multiple-bore sample cell (AquaX, Bruker Daltonics Inc., Billerica, MA, USA) 

housed within a TM110 cavity of an electron paramagnetic resonance (EPR) spectrometer 

operating at X-band (9.87 GHz). We recorded samples by cumulative signal averaging of 10 

scans using the following instrument parameters: resolution, 1024 points; microwave power, 

20 mW; modulation amplitude, 0.65 G; receiver gain, 2 x 105; time constant, 40.96 ms; sweep 

rate, 0.14 G/s; sweep width, 6 G; centre field, 3486 G. Spectra were filtered identically (moving 

average, 15 conversion points) using WINEPR software (Version 2.11, Bruker, Karlsruhe, 

Germany) and determined the double integral of each doublet using specialist software 

(OriginLab Corps, Northampton, MA, USA). The intra- and inter-assay coefficients of 

variation (CVs) were both < 5% (Bailey et al., 2018). 

 

3.6.3. Nitrosative Stress 

          Plasma NO metabolites, NO2
− and S-nitrosothiols (RSNO) were assessed in order to 

obtain total bioactive NO, which was calculated as the sum of RSNO + NO2
−. Several 

techniques have been developed to measure NO and its metabolites in biological samples. The 

most commonly used are high-performance liquid chromatography (HPLC), electron 

paramagnetic resonance spectroscopy (EPR), fluorescence-based enzyme-linked 

immunosorbent assay (ELISA) and chemiluminescence (Csonka et al., 2015). However, the 

ozone-based chemiluminescence (OBC) technique is considered the most sensitive (Pinder et 

al., 2008, MacArthur, Shiva and Gladwin, 2007, Nagababu and Rifkind, 2007). The latter was 

employed in this study and was further modified to improve detection sensitivity by Prof 

Bailey’s group, enabling nanomolar detection of NO metabolites.  
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A range of chemical compounds including the tri-iodide reagent were used to assess NO from 

different NO metabolites within the same biological sample. In order to measure RSNO, 

plasma (400 μL) was mixed with 5% acidified sulphanilamide and left to incubate in the dark 

at 21ºC for 15 min to remove NO2
− prior to injection into tri-iodide reagent for direct 

measurement of RSNO. A separate sample (200 μL) was also injected into tri-iodide reagent 

for the combined measurement of NO2
− and RSNO with NO2

− calculated by subtracting the 

concentration of RSNO. Calculations were performed using Origin/Peak Analysis software. 

Finally, total bioactive NO was obtained by summing the cumulative concentrations of RSNO 

and NO2
−. The intra- and inter-assay CVs for all NO metabolites were 7% and 10%, respectively 

(Bailey et al., 2019, Bailey et al., 2017, Bailey et al., 2009b). 

 

3.6.4. Hb and Hct  

          Hb was assessed via photometry (HemoCue, Hb 201+, Angelholm, Sweden) and Hct by 

ultracentrifugation. Samples were centrifuged for 10 min via ultracentrifugation and a micro-

haematocrit reader (Hawksley and Sons Ltd, Sussex, England) was used to quantify Hct. Three 

samples were acquired and mean Hct reported.  

 

3.7. Cardiopulmonary Function 

3.7.1. Blood Pressure 

          Prior to measurement, participants laid at rest in a supine position. Arterial blood 

pressure (BP) was measured at the brachial artery via auscultation with a mercury 

sphygmomanometer (Freestyle, Accoson LTD, Essex, UK) and stethoscope (Littmann Classic 

III, 3M, Bracknell, UK). The BP cuff was wrapped around the upper arm midway between the 

antecubital fossa and the acromion. The stethoscope bell was placed over the brachial artery 
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just below the cuff’s edge. The cuff was rapidly inflated, and air released slowly. Systolic BP 

(SBP) was measured after inflation of the cuff to supra-systolic pressure and was noted after 

the first sound heard. Diastolic BP (DBP) was noted at the disappearance of the sound. The 

procedure was performed on the left arm and two measurements were taken.  

 

3.7.1.1. Mean Arterial Pressure  

         Mean arterial pressure (MAP) was calculated from the systolic and diastolic arterial 

pressure recordings, as follows: 

MAP (mmHg) = 1/3 SBP (mmHg) + 2/3 DBP (mmHg) 

 

3.7.2. Stroke Volume and Cardiac Output  

          Finger photoplethysmography (Finometer PRO, Finapres Medical Systems, Amsterdam, 

The Netherlands) was used to calculate haemodynamic parameters including SV and �̇�. The 

Finometer allows the measurement of beat-to-beat BP by continuously monitoring finger 

arterial pressure using the volume-clamp method (Bogert and van Lieshout, 2005).  In this 

method, first developed by Penaz (1973), the diameter of the artery is maintained constant at a 

‘set point’ through a cuff wrapped around the finger (Imholz et al., 1998, Penaz, Honzikova 

and Jurak, 1997, Penaz, 1973). A photoelectric plethysmograph detects variations in light that 

corresponds to changes in finger artery blood volume that occur normally through the cardiac 

cycle (Chung et al., 2013). The system relays any volume deviations back to the finger cuff, 

which instantaneously adjusts pressure so that cuff pressure and intra-arterial pressure are 

maintained at equal levels (Carlson et al., 2019, Imholz et al., 1998, Penaz, Honzikova and 

Jurak, 1997). The instrument is able to convert finger cuff pressure to brachial pressure, 
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meeting the American Association for the Advancement of Medical Instrumentation (AAMI) 

criteria (Bogert and van Lieshout, 2005).  

 

HR was measured using a lead II electrocardiogram (Dual BioAmp; ADInstruments, Oxford, 

UK). SV and �̇� were calculated using the Modelflow algorithm (Wesseling et al., 1993) that 

incorporates participant stature, mass, age and sex (BeatScope 1.0 software; TNO; TPD 

Biomedical Instrumentation, Amsterdam). The Finometer PRO finger cuff was placed on the 

middle finger of the dominant hand/right hand and a hydrostatic height correction sensor was 

placed on the same arm resting at heart level for calibration to be completed. The Modelflow, 

as implemented in the Finometer, enabled to compute an aortic flow waveform from the arterial 

pressure wave.  Integration of the aortic flow waveform per beat was used to derive left 

ventricular SV, while �̇� was obtained by multiplying SV by the HR as detailed below:  

�̇� (L/min) = SV (mL) x HR (b/min) 

 

3.7.3. Total Peripheral Resistance   

          Total peripheral resistance (TPR) also known as systemic vascular resistance (SVR) 

refers to the cumulative resistance of the systemic circulation generated by vasoconstriction of 

the vascular smooth muscle (Klabunde, 2012, Levick, 2010). It was calculated as follows: 

TPR (mmHg/L/min) = MAP (mmHg)/ �̇� (L/min) 

 

3.7.4. Oxygen Saturation   

          Pulse oximetry is a non-invasive method used to continuously and transcutaneously 

monitor peripheral arterial haemoglobin oxygen saturation (SaO2) as well as pulse rate. The 

pulse oximeter is a probe, usually attached to the finger, with a light-emitting diode (LED) on 
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one arm of the probe. Beams of light are emitted by the LED and the receiving sensor, light 

detector (photodiode) on the opposite arm of the probe, measures the amount of light absorbed 

(Jubran, 2015). The instrument uses red and near-infrared (NIR) radiations to measure O2 

saturation. The LED emits two wavelengths of light, red at 660 nm and NIR at 940 nm. It is 

based on the principle that oxyhaemoglobin (O2Hb) and deoxyhaemoglobin (HHb) absorb at a 

different rate red and NIR lights, as O2Hb tends to absorb greater amounts of infrared (IR) and 

lower amounts of red light, whereas HHb absorbs better red light. The relative amount of red 

and IR light absorbed is assessed by the pulse oximeter to detect the proportion of O2 bound to 

Hb (Chan, Chan and Chan, 2013). 

 

In the present study, a pulse oximeter (Nonin 9550 Onyx II, Nonin Medical, Inc., Plymouth, 

MI, USA) was placed onto the third digit of the right hand and used to regularly monitor SaO2. 

A healthy individual breathing air at sea level should have a SaO2 of 95% to 100%. High-

altitude, due to the lower barometric pressure, lowers SaO2 with values below 95% observed, 

depending on the degree of altitude (Bhogal and Mani, 2017). 

 

3.7.5. Heart Rate  

          A 3-lead electrocardiograph (ECG, Powerlab, ADInstruments, Colorado Springs, CO, 

USA) was used to record HR throughout each experimental procedure. Following preparation 

of the skin (light abrasion and alcohol swab), the electrodes were positioned in a standard 3-

lead ECG arrangement to form the Einthoven’s triangle (right arm negative, left arm neutral 

and left leg positive). Beat-by-beat, R-R intervals (time elapsed between two successive R-

waves) were obtained from the ECG recording, allowing HR to be calculated as follows:  

HR (b/min) = 60 / R-R intervals (s) 
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3.8. Systemic Vascular Function and Arterial Stiffness 

          Systemic vascular function was assessed through flow-mediated dilation (FMD) while 

arterial stiffness was determined via pulse wave analysis (PWA) and pulse wave velocity 

(PWV).  

 

3.9. Flow-Mediated Dilation (FMD) 

3.9.1. Introduction  

          FMD is a non-invasive, ultrasound-based technique commonly used to assess EF within 

conduit arteries (Sinoway et al., 1989, Anderson and Mark, 1989). FMD technique works by 

increasing luminal blood flow to cause vasodilation assuming that the increased shear stress 

produced will stimulate the release of NO from endothelial cells; NO mediates an increase in 

conduit artery diameter via smooth muscle vasodilation (Celermajer et al., 1992). FMD was 

first developed in 1992 by Celermajer et al., who measured arterial (brachial and femoral) 

diameters in response to an increase in shear stress due to circulatory occlusion. Celermajer 

and colleagues reasonably assumed from the evidence available at the time, that the 

vasodilation response was endothelium mediated and NO dependent (Celermajer et al., 1992).  

 

The vascular endothelium, a highly metabolically active monolayer of cells lining the blood 

vessel walls, produces and responds to a variety of hormones, neurotransmitters and vasoactive 

factors that affect vasomotion, thrombosis, platelet aggregation, oxidation and inflammation 

(Vallance and Chan, 2001). The vasodilatory factors include NO, PGI2 and EDHF, whereas 

vasoconstrictive factors include ET-1 and thromboxane (TXA2) (Fortier, Gullapalli and 

Mirshams, 2014, Vanhoutte, 1999), as illustrated in Figure 4. NO, the main endothelial 
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vasodilator, is a reactive, short-lived (< 4 s in biological solutions) gaseous compound that is 

an important signalling molecule (Thomas, 2015).  

 

Several mechanisms can result in NO production within the endothelium leading to smooth 

muscle relaxation. A stimulus (e.g. shear stress) results in a release of endothelial endogenous 

calcium, which binds to calmodulin and converts NO synthase (NOS) into its activated form, 

endothelial nitric oxide synthase (eNOS). The latter converts L-arginine into L-citrulline and 

while doing so releases NO. The latter diffuses into the muscle smooth cells and activates 

enzyme soluble guanylyl cyclase (sGC). The sGC converts guanosine 5′-triphosphate (GTP) 

to cyclic guanosine 3′, 5′-monophosphate (cGMP), which acts as a second messenger 

mediating many of the biological effects of NO including the control of the vascular tone and 

platelet formation (Stoner et al., 2012, Sandoo et al., 2010, Vallance and Chan, 2001). These 

mechanisms described are continuously active and produce NO to maintain normal vascular 

tone in blood vessels as shown in Figure 23. Alongside the eNOS dependent pathway, the 

nitrate (NO3
−) to NO2

− to NO pathway has also been identified. NO2
− is produced endogenously 

from NO oxidation, as well as from reduction of dietary NO3
− (Bailey et al., 2012, Lundberg, 

Weitzberg and Gladwin, 2008). 



 

101 

 

 

 

Figure 23. Endothelial nitric oxide production and its action on the vascular smooth muscle 

cell. Ach, acetylcholine; BK, bradykinin; ATP, adenosine triphosphate; ADP, adenosine 

diphosphate; SP, substance P; SOCa2+, store-operated Ca2+ channel; Ca2+, calcium; K+, 

potassium; e-NOS, endothelial nitric oxide synthase; ER, endoplasmic reticulum; NO, nitric 

oxide; sGC, soluble guanylyl cyclase; cGMP, cyclic guanosine 3′, 5′-monophosphate; MLCK, 

myosin light chain kinase. Note: When Ca2+ stores of the endoplasmic reticulum are depleted, 

a signal is sent to SOCa2+ channel, which allows extracellular Ca2+ into the endothelial cell. 

Sourced from Sandoo et al., (2010). 

 

The production of adequate levels of NO in the vascular endothelium is critical for the 

regulation of blood flow and vasodilation; hence, an imbalance between the production of 
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vasodilators and vasoconstrictors by endothelial cells may result in ED (Tejero, Shiva and 

Gladwin, 2019). OXNOS has a crucial role in the initiation and progression of ED and vascular 

diseases (Bailey et al., 2019, Sena, Pereira and Seiça, 2013, Bailey et al., 2013). Indeed,  NO 

bioavailability is reduced because of oxidative inactivation due to excessive production of O2
•⁻ 

that combines with NO to produce ONOO⁻ that directly affects NO bioavailability. In response, 

endothelial cells produce vasoconstrictor substances that initiate an inflammatory response. 

Furthermore, ROS promote eNOS uncoupling diverting its activity to the production of free 

radicals instead of NO (Sena et al., 2018), as illustrated in Figure 24.  

 

  

Figure 24. Schematic outline of the interrelationships between some of the more relevant 

reactive oxygen species (ROS) that affect the vascular wall. Superoxide anion (O2
•⁻) is 

produced from molecular oxygen (O2) by different sources such as nicotinamide adenine 
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dinucleotide phosphate oxidase (NOX), mitochondrial respiratory chain and uncoupled 

endothelial nitric oxide synthase (eNOS). Superoxide can directly affect vascular cells but can 

also be converted by superoxide dismutase (SOD) to hydrogen peroxide (H2O2). H2O2 can 

undergo spontaneous conversion to hydroxyl radical (HO•) in the presence of iron (Fe2+) via 

the Fenton reaction. H2O2 produces direct effect on the vascular wall or can be detoxified via 

glutathione peroxidase (GPx), catalase (Cat), or thioredoxin (Trx) peroxidase to water (H2O) 

and O2. Superoxide can also react with nitric oxide (NO) or arachidonic acid to form 

peroxynitrite (ONOO⁻). In addition to other signalling effects, H2O2 can activate NOX, 

resulting in further production of superoxide. Adapted from Sena et al. (2018).  

 

3.9.2. Validity and Reliability  

        FMD has become a commonly used assessment of EF and vascular health due to its non-

invasive nature and relative simplicity to assess EF and measure cardiovascular risk (Thijssen 

et al., 2011, Harris et al., 2010). Several trials have shown that a reduced FMD is an early 

marker of atherosclerosis and has been identified as an early predictor of heart disease (Green 

et al., 2011, Frick et al., 2005, Schroeder et al., 1999, Celermajer et al., 1992). Furthermore, 

significant associations between FMD of the brachial artery and future cardiovascular events 

were reported in several studies (Matsuzawa et al., 2015, Ras et al., 2013, Inaba, Chen and 

Bergmann, 2010). Matsuzawa et al. (2015) systematic review and meta-analysis reported that 

1 standard deviation (SD) deterioration in EF was associated with a doubled risk of 

cardiovascular events. The relationship between FMD and the risk of CVD was quantitatively 

assessed for studies that reported continuously expressed risk estimates. The risk estimate was 

expressed as the risk of CVD per 1% higher FMD. The overall RR for cardiovascular events 

was 0.88 (95% CI, 0.84 – 0.91) per 1% increase in brachial FMD (Matsuzawa et al., 2015). A 

similar result was reported by Inaba et al. (2010). In contrast, Ras et al. (2013) observed a 



 

104 

 

 

stronger association, per 1% higher FMD, in diseased populations (RR 0.96, 95% CI 0.92 – 

1.00) in comparison to asymptomatic populations (RR 0.87, 95% CI 0.83 – 0.92).  

 

Although NO has been recognised as the major mediator involved in endothelium-dependent 

relaxation (Stoner et al., 2012, Sandoo et al., 2010), some trials were unable to measure NO-

dependent FMD arguing for other mechanisms (Pyke and Tschakovsky, 2005). Several 

vasodilator substances, as already mentioned, alongside NO are released by the endothelium 

in response to shear stress and may contribute to vascular relaxation. Indeed, Pyke and 

Tschakovsky (2005) concluded that FMD response might be dependent on different vasodilator 

pathways. However, the observations reported were from in vitro rather than in vivo studies. 

In addition, the authors acknowledged that the FMD response is highly sensitive to the duration 

and position of the occlusion. 

 

Indeed, since its inception, efforts have been made to standardise this measurement by 

providing guidelines to investigators (Harris et al., 2010, Corretti et al., 2002). However, it was 

evident that minor changes in the methodological approach could influence the nature and 

magnitude of the FMD response (Greyling et al., 2016, Bots et al., 2005, Mullen et al., 2001, 

Doshi et al., 2001). Additionally, it was identified that physiological and technical issues could 

affect the validity, reproducibility and interpretation of FMD results. Therefore, the review by 

Thijssen and colleagues (2011) provided evidence-based guidelines for the measurement and 

analysis of FMD based on peer-reviewed studies and experts’ agreement. Although FMD is 

considered a non-invasive gold standard method to assess EF using ultrasound (Ellins and 

Halcox, 2011), the guidelines that were adhered to in this study, aimed to standardise the 

technique, setting the minimum standard requirements for FMD measurements as discussed 

below (Thijssen et al., 2019, Thijssen et al., 2011).   
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According to the expert consensus guidelines, participants’ preparation and position of the cuff 

need to be closely monitored. Participants must be fasted for > 6 h and should restrain from 

exercising, consuming caffeine, alcohol as well as avoiding medications and supplements, 

typically > 12 h prior to FMD assessment (Thijssen et al., 2019). Temperature was also 

identified to influence FMD recommending that tests should be carried out in a quiet, 

temperature-controlled [thermoneutral, temperature of 22 – 24°C as lower temperatures may 

lower FMD % in addition to reducing hyperaemic flow velocity (Thijssen et al., 2011, 

Widlansky et al., 2007)] darkened room in which participants should be able to rest for a period 

of at least 20 min before FMD is carried out (Thijssen et al., 2011).   

 

Contradictory evidence about the potential effect of time of the day in which measurements are 

taken has been reported. Otto et al. (2004) suggested a time-of-day effect with lower FMD in 

the early morning and higher in the evening. However, both ter Avest et al. (2005) and Jones 

et al. (2010) reported that there was no effect of time of day on endothelial response. 

Regardless, the guidelines recommend that for repeated measurements and for between-group 

studies, assessments should be conducted at a similar time of the day (Thijssen et al., 2011, 

Jones et al., 2010, ter Avest et al., 2005, Otto et al., 2004). 

 

The period of ischaemia (cuff inflation time), as well as the position of the cuff (distal or 

proximal to ultrasound measurement site), have also been debated as both affect the 

mechanistic vasodilation response. It was suggested that 3-min and 5-min ischaemic durations, 

were found to be largely NO-mediated, endothelium-dependent vasodilation, whereas FMD 

response after 15 min inflation time was not affected by NO pharmacological blockade (intra-

arterial infusion of L-NMMA, NOS inhibitor) arguing that other vasodilators substances (PGI2, 

EDHF) rather than NO may contribute to the vasodilation response (Mullen et al., 2001, 
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Joannides et al., 1995). Several authors identified that an occlusion period above 5 min may be 

less NO-dependent; hence, suggesting that an inflation time of 5 min should be used (Green et 

al., 2014, Thijssen et al., 2011, Green et al., 2011, Leeson et al., 1997, Corretti, Plotnick and 

Vogel, 1995).  

 

In relation to artery occlusion sites, the review endorsed that the cuff should be placed below 

the imaged artery in order to maximise dependence of vasodilation response on endothelium 

and endothelium-derived NO (Thijssen et al., 2019, Thijssen et al., 2011, Doshi et al., 2001). 

Additionally, Greyling and colleagues (2016) identified that adherence to the published 

guidelines, the use of validated software that allows diameter measurement by automatic edge-

detection and wall-tracking systems in addition to the use of a stereotactic probe holder and the 

engagement of an experienced sonographer in the assessment and analysis of brachial artery 

FMD would reduce measurement errors and improve the validity of the FMD measurements.  

 

Although duplex ultrasound for simultaneous acquisition of diameter (B-mode ultrasound) and 

velocity (pulse wave Doppler ultrasound) was recommended, some challenges were also 

identified due to the use of the same transducer to detect and assess diameter and velocity 

measurements and the competing requirements for optimal data attainment. However, due to 

the introduction of the modern duplex ultrasound systems, an insonation angle of ≤ 60° between 

the Doppler beam and the vessel was suggested to obtain reliable flow velocity and optimal B-

mode imaging. It was recommended that the angle used should be reported in the methodology 

section (Thijssen et al., 2011). 

 

The baseline diameter that is used to identify any changes in FMD response, according to the 

guidelines, should be examined before cuff inflation for a period of > 30 s (Thijssen et al., 



 

107 

 

 

2019, Thijssen et al., 2011). Regarding the assessment of peak artery diameter following cuff 

deflation, it was recommended, following Celermajer and colleagues (1992) original trial, to 

be taken on a single frame at 60 s post deflation. However, Black et al. (2008) showed that 

peak dilation in different groups (e.g. younger vs. older participants), might be reached at 

different time frames. The authors suggested that a fixed 60 s measurement could lead to a 

possible 20% to 40% underestimation of the true FMD value in humans. This and other studies 

(Liuni et al., 2010, Black et al., 2008) suggested that continuous measurement of brachial 

arterial diameter should be used to assess FMD. It is recommended that the first 180 s post-

deflation diameter should be included in the analysis of the FMD response (Thijssen et al., 

2019, Thijssen et al., 2011). Greyling et al. (2016) reported that continuous diameter 

measurements help to minimise measurement error.  

 

It was observed that changes in diameter are directly affected by the magnitude of the shear 

stress stimulus, indicating that shear stress is the initial stimulus required for artery dilation 

during FMD response (Pyke and Tschakovsky, 2007, Leeson et al., 1997), as illustrated in 

Figure 25. It can be assumed, as reported by Thijssen et al. (2011), that the magnitude of the 

dilation may be determined by the characteristics of the shear stress stimulus (e.g. amount, 

pattern), the response of the smooth muscle and the resulting change in diameter that may be 

affected by structural characteristics of the vessel wall. The purpose of the FMD test is to 

interrogate these biological differences to identify EF.  

 



 

108 

 

 

Figure 25. Schematic presentation of diameter and shear stress (or rate) responses following 

cuff dilation in response to a 5-min ischemic stimulus. Sourced from Thijssen et al, (2011).  

 

In addition, it is advised that endothelium-independent vasodilation should be tested, and GTN 

dose should be reported. Administration of GTN via sublingual spray should be given > 10 min 

after FMD testing to ensure return to baseline diameter. The peak dilation response to GTN 

usually takes place within 5 min after administering a low- and high- GTN dose. However, 

continuous diameter monitoring is recommended (Thijssen et al., 2019).  Although a low-dose 

GTN sublingual administration is suggested, oral doses of GTN between 25 μg and 400 μg are 

deemed acceptable, especially as low-dose GTN for oral use may not be widely commercially 

available (Thijssen et al., 2019).   

 

Regarding the analysis, Thijssen et al. recommended the following (2011): 
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• Continuous edge-detection and wall-tracking should be used to capture true peak 

diameter and for calculation of shear rate. 

• Peak velocity outer envelope assessment is recommended for analysis of the Doppler 

signal. 

• Automated mathematical algorithms should be used to calculate the peak diameter. 

 

Finally, a clear cut-off value of what is deemed a normal range for FMD in healthy middle-

aged men (50 to 65 y old) has not yet been agreed. Corretti et al. (2002) defined a normal 

healthy brachial artery FMD response as 7% – 10%. However, on the basis of large cohort 

studies in this area, < 10% dilation was considered abnormal, whereas the value of ≥ 10% 

dilation was deemed normal (Yan et al., 2005, Vogel, 2001). Indeed, a significant 8% – 13% 

lower risk for cardiovascular events was identified for each point increase in brachial artery 

FMD (e.g. from 5% to 6% dilation) (Inaba, Chen and Bergmann, 2010). 
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3.9.3. Technique 

3.9.3.1. Participant Preparation 

 

          In line with the aforementioned recommended guidelines (Thijssen et al., 2019, Thijssen 

et al., 2011), participants were instructed to fast for at least 6 h prior to their study visit and to 

abstain from drinking alcoholic beverages, consuming food or drinks that contained caffeine, 

taking dietary supplements or engaging in strenuous physical exercise for at least 12 h before 

the testing session.  

 

During all experimentation (IBBA and Neurovascular Research Laboratory) FMD took place 

in the morning. Participants were asked to rest in a supine position for 20 min in a darkened, 

climate-controlled (22 – 24°C), quiet room. Participants were then instrumented with a 3-lead 

ECG. ECG was recorded throughout the procedure to facilitate the assessment of diameter 

according to the cardiac cycle (e.g. end of diastole).  Participants were asked to extend their 

right arm to the side (90° or as close to this if not possible) and a pneumatic cuff (Hokanson 

E20, Bellevue, WA, USA) was placed distal to the brachial artery imaging site (just below the 

elbow), as shown in Figure 26. Sponges were used to support the arm to ensure that participants 

were comfortable and that the arm or indeed the cuff did not touch the table (Figure 26).  
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Figure 26. Experimental setup for FMD in the right arm of a participant. 

 

3.9.3.2. Procedure 

    
          The brachial artery diameter and blood flow of each participant were recorded 

continuously for 11 min. First, a 1-min baseline was recorded. The automatic forearm cuff was 

then inflated to 250 mmHg to occlude arterial inflow for 5 min (Harris et al., 2010). Following 

this, the cuff was rapidly deflated, and diameter and velocity were recorded for a further 5 min. 

 

3.9.3.3. Image Acquisition 

          High-resolution ultrasound (Acuson P-50, Siemens, USA) with a 10 MHz multi-

frequency linear transducer was used to image the brachial artery. The Duplex mode allowed 

for the simultaneous measurement of B-mode and Doppler to determine vessel diameter and 

blood velocity, respectively. The probe was securely positioned using a stereotactic clamp 

(MP-PH0001, Hitachi-ALOKA Co Ltd., Japan). Ultrasound gel was then applied to the probe 
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before being placed over the brachial artery. Small adjustments (heel/toe and 

forward/backward) were then made to insonate the brachial artery and maximise image quality 

(Harris et al., 2010). A straight, non-branching segment of the brachial artery above the 

antecubital fossa was identified and scanned. Once a clear and focused image was acquired, 

the probe was locked. Depth was set at 4 cm and gain adjusted accordingly. The 

angle of insonation was held constant throughout the tests at ≤ 60° for all participants. Brachial 

artery diameter and blood flow velocity were recorded continuously via video imaging 

software (Camtasia studio, Version 8, TechSmith Corporation, Okemos, USA). Data were 

stored for subsequent analysis. 

 

In addition, endothelium-independent dilation was assessed in the highlander participants by 

measuring the increase of brachial artery diameter after administration of an acute oral dose 

(250 μg) of GTN (UCB-Pharma SA). As recommended, GTN was administered >10 min after 

FMD testing and continuous diameter monitoring was performed. The intra-observer CV was 

< 5%.  

 

3.9.3.4. Image Analysis 

 

          Baseline and post-cuff release diameters were analysed using automated edge-detection 

wall-tracking software (Brachial tools, Medical Imaging Application, LLC, IA, USA). The 

software used, that allowed synchronisation between the ultrasound system and the ECG 

enabling end-diastolic measurement to be recorded, was independently validated (Harris et al., 

2010). The average of 3 consecutive frames was used for all calculations. The following 

calculations were made from acquired image analysis: 

 



 

113 

 

 

• Baseline diameter was determined as the diameter before cuff inflation and was taken 

as a 1-min average, expressed in mm. As illustrated in Figure 27. 

 

 

Figure 27. Diameter before and after cuff deflation. 

 

• Baseline flow was the flow before the cuff inflation and was taken as an average of a 

1-min sample measured from the integral (area under the curve; m/s). 

• Absolute FMD was determined as peak diameter minus baseline diameter and 

expressed in mm, as illustrated in equation 3.1. 

• FMD percentage was the maximum increase in diameter and calculated as the average 

of 3 consecutive frames, expressed as a percentage change from baseline.  The 

percentage of FMD was calculated as the absolute FMD divided by the baseline 

diameter and multiplied by 100, as illustrated in equation 3.2. 
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• Peak Velocity Time Integral (VTI) was the highest flow (1 frame) measured from the 

integral.  

• Reactive hyperaemia (RH) was calculated as illustrated in equation 3.3.  

• Vascular conductance was acquired as an index of vascular tone. Baseline conductance 

and peak conductance were calculated as illustrated in equations 3.4 and 3.5, 

respectively. 

 

Equation 3.1:  

Absolute FMD (mm) = Peak diameter – Baseline diameter 

 

Equation 3.2:  

FMD (%) = 
(Peak diameter – Baseline diameter)

Baseline diameter
 x 100 

 

Equation 3.3:  

RH (%) = 
Peak VTI 

Baseline VTI
 x 100 

 

Equation 3.4:  

Baseline conductance (mL/min/mmHg) = 
Baseline blood flow 

Mean arterial pressure 
 

 

Equation 3.5:  

Peak conductance (mL/min/mmHg) = 
Peak  blood velocity 

Mean arterial pressure 
 

 

In addition, FMD was allometrically scaled (adjusted FMD) to account for differences in 

baseline brachial artery diameter (Atkinson and Batterham, 2013). 
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3.10. Pulse Waveform 

3.10.1. Introduction 

          Pulse wave is a non-invasive, easily applicable, reproducible and accurate representation 

of the aortic pressure waveform (O'Rourke, Pauca and Jiang, 2001). The physical examination 

of the arterial pulse has historically been important in assessing the health of individuals 

(Nelson et al., 2010). However, objective recordings of the pulse waveform only emerged in 

the nineteenth century with the invention of the sphygmograph and a better understanding of 

vascular physiology (Fan, Zhang and Liao, 2011, Nelson et al., 2010). Sphygmocardiography, 

using tonometric analysis of the radial and/or carotid artery pulse wave, as well as the 

peripheral arterial BP, enables the measurement of the central arterial pulse wave and central 

arterial BP (Skinner et al., 2011).   

 

The central pulse waveform is the result of the forward transmission of the cardiac pressure 

impulse and backward reflection towards the heart generated by the peripheral vascular system 

at the interface between large arteries and resistance vessels (arteries and arterioles), including 

challenges that occur in its path (changes in vessel calibre, branching, turns, plaque and in the 

very nature of the arterial wall itself) (Townsend et al., 2015a). The reflected wave travels back 

to the central arteries during the same ejection cycle of the heart. Hence, pressure recorded 

anywhere in the arterial system is the sum of the forward and backward waves and is dependent 

on a number of factors: 1) amplitude and duration of the ventricular ejection; 2) amplitude of 

the reflective wave and 3) velocity of the reflected wave (Nelson et al., 2010). However, arterial 

stiffness increases the speed by which ejection pressure wave travels to the arteries leading to 

an earlier return of the reflected pressure wave back to the left ventricle. This consequently 

leads to an earlier arrival of the waves back to the heart coinciding with the systolic phase and 

subsequently increasing the systolic pressure (afterload) on the left ventricle. Additionally, 
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reduced diastolic phase can compromise coronary artery perfusion pressure (Skinner et al., 

2011).  

 

Arterial stiffness can be increased by a number of mechanisms that involve degenerative 

changes that lead to the breakdown of the elastin fibres (elastic structure) within the wall of 

large arteries due, amongst other factors, to the repeated cycles of mechanical stress (Skinner 

et al., 2011). This mechanism has been recognised as the primary cause of increased stiffness 

in the aorta (Diez, 2007). In addition, damage to the endothelium/smooth muscle has been 

described as the primary cause of arterial stiffness in muscular conduit arteries, whereas, 

elevations in mean arterial pressure, also associated with increased artery stiffness, impact the 

entire arterial tree (Skinner et al., 2011, Lim and Lip, 2008). Furthermore, arterial stiffness has 

been identified as an early indicator of vascular damage and cardiovascular risk (Stoner, Young 

and Fryer, 2012, Nelson et al., 2010, Hirata, Kawakami and O'Rourke, 2006). Although a 

number of methods can be used to assess arterial stiffness non-invasively from the peripheral 

circulation, the most widely used techniques at present are PWA and PWV (Chirinos et al., 

2011). 

 

3.10.2. Pulse Wave Analysis (PWA) and Pulse Wave Velocity (PWV) 

          PWA is the single measurement of radial artery pressure waveforms that are recorded 

using a transducer, which flattens but does not occlude the artery (applanation tonometry) 

(Sandoo et al., 2010). Radial artery applanation tonometry has been widely used in clinical and 

research settings as a non-invasive method to measure central aortic blood pressure (McEniery 

et al., 2014, Nelson et al., 2010). A hand-held tonometry probe is placed over the radial artery 

and gentle pressure is applied to detect and record a signal that approximates arterial pressure 

(Figure 28); the peak and the trough of the radial pulse waves correspond to the systolic and 
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diastolic BP, respectively (Figure 29). An average waveform is calculated from the ensemble 

average of a series of continuous pulses.  The corresponding central arterial waveform is then 

calculated from a validated transfer factor (Townsend et al., 2015a, Stoner, Young and Fryer, 

2012, Karamanoglu et al., 1995).  

 

 

Figure 28. Applanation tonometry.  

 

          PWV is defined as the velocity by which pressure waves generated by the systolic 

contractions of the heart propagate along the arterial tree (Pereira, Correia and Cardoso, 2015). 

In order to obtain PWV readings, arterial pressure waveforms are simultaneously derived from 

two arteries, usually, the carotid and femoral or other large arteries, using an applanation 

tonometer (Townsend et al., 2015b). The distance between the two arteries is then measured 

and the wave transit time between these two points is recorded to give a quantifiable PWV 

(Gurovich and Braith, 2011). Indeed, a greater PWV and pulse pressure (PP) indicate quicker 
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wave reflection back towards the heart and therefore greater arterial stiffness (Vlachopoulos, 

Aznaouridis and Stefanadis, 2014, Wilmer, Nichols and O’Rourke, 2005).   

 

3.10.3. Validity and Reliability 

          Peripheral BP, normally measured at the brachial artery (systolic and diastolic pressure), 

does not take into account essential properties of the arterial pressure pulse notably (pulse) 

amplitude and amplification (Skinner et al., 2011, Hirata, Kawakami and O'Rourke, 2006). 

Consequently, peripheral pressures may not accurately assess the pressure as recorded in the 

aorta and central arteries as well as the pressure load on the heart (Nelson et al., 2010). In fact, 

pressure waveforms change when arteries become stiff and augmented central arterial wave 

reflections, as well as increased PWV, have been positively associated with vascular 

hypertrophy, atherosclerosis and cardiovascular events (Stoner, Young and Fryer, 2012, Weber 

et al., 2010, Roman et al., 2007, Mattace-Raso et al., 2006). Indeed, the prognostic contribution 

of arterial stiffness as an index of arterial health, cardiovascular risk and mortality in diseased 

and healthy subjects has recently become more popular in research and clinical practice 

(Bonarjee, 2018, Wang et al., 2010, Weber et al., 2010). 

 

Arterial stiffness describes the material properties of the arterial wall, which in turn affects the 

functional properties of the arteries as they expand and contract in response to blood flow, 

pressure and arterial diameter change with each heartbeat (Mackenzie, Wilkinson and 

Cockcroft, 2002). Ageing and disease reduce the elastic component of the arteries promoting 

the inelastic (collagen) component and subsequently arterial stiffness (Townsend et al., 2015b).  

 

          The PWA technique is considered relatively simple to perform due to the simplicity of 

assessment, as well as low time commitment for subjects and non-invasiveness (Stoner, Young 



 

119 

 

 

and Fryer, 2012). Waveforms obtained using radial arteries (tonometer) are subject to a general 

transfer algorithm to produce a central pressure profile (Townsend et al., 2015a). The 

mathematical model employed allows the reconstruction of the aortic pulse from the non-

invasive radial waveform (Skinner et al., 2011, Fetics et al., 1999). It was observed that the 

quality of the waveforms is provided by the operator index with a minimum accepted 

reproducibility value  ≥ 75 % (Pauca, O'Rourke and Kon, 2001); although visual inspection is 

also recommended (Townsend et al., 2015a).  

 

Typical features of the aortic pulse pressure waveform from which augmentation pressure 

(AP), augmentation index (AIx) and arrival time of reflected waves at the central aorta (Tr) can 

be derived, are illustrated in Figure 29. The waveform travels at such a velocity that it is 

reflected back to the central aorta during the same ejection cycle generating a deflection that 

produces an augmentation in the pressure profile. The AP is therefore the additional pressure 

placed on the forward wave by the reflected wave (Stoner, Young and Fryer, 2012). The 

relationship between AP and PP is reported as a percentage and is known as augmentation 

index (AIx); the latter is a combined measure of aortic wave reflection and systemic arterial 

stiffness (Stoner, Young and Fryer, 2012, Nelson et al., 2010). In order to compare AIx 

between participants and to account for individual variations in HR, the index should be 

normalised to an HR of 75 beats/min (AIx@75; Stoner, Young and Fryer, 2012). It is important 

to note that high AIx indicates greater arterial stiffness and little augmentation is observed in 

young healthy (compliant) blood vessels, while it increases with age as the arteries stiffen 

(Steppan et al., 2011). 
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Figure 29. Aortic pulse pressure waveform. Adapted from Stoner et al. (2012). 

 

AIx provides useful information regarding the mechanical properties of the arterial tree, aortic 

wave reflection and arterial stiffness (Stoner, Young and Fryer, 2012, Fan, Zhang and Liao, 

2011). Indeed, the clinical benefits of using PWA to determine aortic blood pressure were 

recognised in two major clinical trials (Williams et al., 2006, Roman et al., 2007). It was 

observed that a 10% increase in AIx was associated with an almost 32% increased risk of 

cardiac events (Vlachopoulos et al., 2010).  

 

          However, it is the measurement of PWV that is considered the best available index of 

arterial stiffness (Townsend et al., 2015b). According to the European expert consensus and 

the American Heart Association (AHA) scientific statement, PWV is considered the ‘gold 

standard’ index of arterial stiffness (Townsend et al., 2015b, Laurent et al., 2006). Furthermore, 

carotid-femoral PWV (c-f PWV; aortic), is considered the best benchmark to use as a direct 

measure of arterial stiffness, being identified as the most accurate for cardiovascular prediction 
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in all populations (Townsend et al., 2015b, Laurent et al., 2006). Taken together, PWV and 

AIx should not be used interchangeably as AIx provides an indirect proxy measure of arterial 

stiffness, whereas aortic PWV is considered to have a better predictive value for cardiovascular 

events in comparison with the traditional risk factors (The Reference Values for Arterial 

Stiffness' Collaboration, 2010, Laurent et al., 2006).  

 

The Reference Values for Arterial Stiffness’ Collaboration (2010) included data on c-f PWV 

from around 17,000 (normotensive and hypertensive) participants from eight European 

countries. This study was able to establish normal values for c-f PWV recommending that 

clinical concern is warranted when c-f PWV exceeds 12 m/s. However, a later report modified 

this reference, advising the use of 10 m/s as cut-off value for c-f PWV (Van Bortel et al., 2012). 

Although an age-related increase in c-f PWV would be expected, it has been observed that in 

lower-risk individuals c-f PWV increases more modestly with age suggesting that a major part 

of age-related stiffening may be pathological (Townsend et al., 2015b). Furthermore, the 

European consensus document and AHA scientific statement (Townsend et al., 2015b, Laurent 

et al., 2006) made several recommendations to standardise aortic PWV measurements in order 

to ensure reliability and generalisability of the findings.  

 

Although different devices are used to measure arterial stiffness, SphygmoCor has been 

extensively used in large trials and is considered a valid device to determine arterial stiffness 

by measuring PWA and c-f PWV. Nevertheless, it is important that operators are familiar with 

equipment, receive proper training and demonstrate reproducible data. The guidelines also 

suggested determining PWV in the fasting state and including systolic/diastolic BP, MAP and 

HR in the results. All measurements should be taken into consideration when analysing PWV 

as potential confounders (Townsend et al., 2015b, Laurent et al., 2006). It was advised that the 
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participants should refrain from consuming alcohol, taking vasoactive medications, and 

undertaking vigorous physical activity for at least 12 h prior to measurements. At the same 

time, large meals, caffeine-containing food and drinks and smoking should be avoided at least 

for 2 – 4 h prior to the tests. The measurements should be carried out in a quiet, temperature-

controlled room and the participants should be allowed to rest for at least 10 min in a supine 

position before pulse wave measurements are taken. The latter will ensure haemodynamic 

stability (Townsend et al., 2015b).  

 

Different approaches are employed for measuring the distance between the carotid and the 

femoral arterial pulse recording sites. However, a tape measure is generally used. Nevertheless, 

it was suggested that measurements between recording sites should be accurate, as small errors 

in distance measurement may translate into PWV miscalculation as c-f PWV is determined by 

the distance that the pulse wave travels (carotid to femoral) divided by the time taken by the 

wave to travel this distance (wave transit time; Townsend et al., 2015b). Finally, it was 

recommended that arterial stiffness measurements should be made in duplicate, in the same 

environmental conditions and after a 10-min rest.  A third measurement should be taken if the 

difference between the two measurements is greater than 0.5 m/s using the median value 

(Townsend et al., 2015b).  

 

3.11. PWA – Technique   

3.11.1. Participant Preparation 

          In accordance with the aforementioned guidelines (Townsend et al., 2015a, Stoner, 

Young and Fryer, 2012), participants were instructed to fast prior to their study visit and to 

abstain from drinking alcoholic beverages, consuming food or drinks that contained caffeine 

and engaging in strenuous physical exercise before the testing session. Participants were 
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instructed to rest in a supine position for 10 min in a temperature-controlled, quiet room before 

resting BP was taken. Participants were then asked to place their right arm on the table with 

the palm facing upward (Figure 28). PWA was recorded at a similar time of the day for all 

participants. 

 

3.11.2 Procedure and Image Acquisition 

          The technique was performed in accordance with published guidance as described above 

(Townsend et al., 2015a, Stoner, Young and Fryer, 2012). The radial artery pressure waveform 

was recorded on the right wrist using applanation tonometry with a high-fidelity 

micromanometer. A handheld tonometer (strain gauge pressure sensor; SPC-301, Millar 

Instruments, Texas, USA) was placed on the skin overlying the radial artery and a mild pressure 

was applied to the artery, as illustrated in Figure 28. The artery pressure was then transmitted 

from the vessel to the sensor and recorded digitally (Figure 30). Multiple recordings were made 

within a 5-min period. Following 10 repeatable cardiac cycles and a reproducibility index ≥ 

90% (AtCor Medical Pty. Ltd., 2020), which is above the minimum acceptable reproducibility 

value, the waveforms were accepted and recorded onto a desktop computer and processed with 

specialised software (SphygmoCor Blood Pressure Analysis System BPAS-1, PWV Medical, 

Sydney, Australia). Data were stored offline for subsequent analysis.  

 

3.11.3. Image Analysis 

           In order to ensure high-quality results, the software analysed six separate points on each 

waveform and confirmed that these were similar between the 10 pulse waves recorded. Only 

high-quality recording, defined as an in-device quality index of ≥ 90% were accepted for 

analysis.  
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The central (ascending aortic) pressure waveform was derived using a validated transfer 

function (O'Rourke, 1990). A normalised AIx was calculated as the difference between the first 

and second peak of the central arterial waveform, expressed as a percentage of the PP and by 

convention normalized relative to a heart rate of 75 beats/min (AIx@75), with increasing 

values reflecting stiffer arteries (Laurent et al., 2006). The intra-observer CV was <5%.  

 

 

Figure 30. Waveforms recorded by the SphygmoCor Blood Pressure Analysis System.  
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3.12. PWV – Technique   

3.12.1. Participant Preparation 

          The technique was performed in accordance with published guidance (Townsend et al., 

2015b, The Reference Values for Arterial Stiffness' Collaboration, 2010, Laurent et al., 2006). 

Participants rested in a supine position in a temperature-controlled quiet room.  A resting BP 

was taken and a 3-lead ECG (Powerlab, ADInstruments, Colorado Springs, CO, USA) was 

used for continuous monitoring of HR; for this, electrodes were placed on the clavicles and left 

rib cage to form Eindhoven’s triangle. The distance (in mm) between the suprasternal notch 

and the two sampling sites (carotid and femoral arteries) were recorded and entered into the 

software analysis programme along with participant’s age, gender, height and BP. 

 

3.12.2. Procedure and Image Acquisition 

           Following identification of the carotid pulse, multiple recordings of PWV were made. 

Measurements containing 10 repeatable cardiac cycles were accepted and recorded for 

subsequent analysis. The same procedure was repeated for the femoral pulse, which then 

completed the c-f PWV. The software allows real-time quality control providing pulse-to-pulse 

variability over the recording period. High PWV variation may indicate an inaccurate 

measurement as the pulse transit time may not be correct. This is indicated by a red cross and 

the measurement was repeated if identified. However, low PWV variation indicates a high-

quality measurement and is represented by a green tick (AtCor Medical Pty. Ltd., 2020). The 

quality control indicator was reviewed after every measurement.  
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3.12.3. Image Analysis 

          PWV was calculated as the ratio of the distance travelled by the pulse wave between 

the recording sites (distance between the suprasternal notch and the femoral site minus the 

distance between the suprasternal notch and the carotid site) and the foot-to-foot time delay 

between the pulse waves, expressed as meters per second (m/s). The pressure waveform is 

recorded simultaneously with an ECG signal, which provides an R-wave timing reference 

(Figure 31). The intra-observer CV was < 5%. A higher PWV reflects a stiffer vessel and 

increased cardiovascular risk (Van Bortel et al., 2012, The Reference Values for Arterial 

Stiffness' Collaboration, 2010).  

 

 

Figure 31. Measurement of carotid-femoral pulse wave velocity with the SphygmoCor device.  
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3.13. Carotid Arterial Function and Structure 

3.13.1. Carotid Intima-Media Thickness  

          Carotid intima-media thickness (cIMT) is a measurement aimed to assess the thickness 

of the tunica intima and tunica media, the innermost layers of the carotid arterial wall (Touboul 

et al., 2007). cIMT measured by ultrasound is used to assess the extent of atherosclerosis and 

it represents an important biomarker for future CVD events (Lorenz et al., 2018, Touboul et 

al., 2012). Rate of cIMT change is also used to evaluate vascular outcomes in clinical trials 

aimed at determining the success of interventions that lower risk factors for atherosclerosis and 

associated diseases, as well as to monitor disease progression (Touboul et al., 2007). However, 

increases in IMT may also be the result of nonatherosclerotic compensatory arterial 

remodelling processes leading to medial hypertrophy due to smooth muscle cell hyperplasia 

and fibrocellular hypertrophy. This process may be an adaptive response to changes in flow, 

wall tension or lumen diameter. Therefore, cIMT is an important atherosclerotic risk marker 

but cannot be accepted as a risk factor (Touboul et al., 2012). 

 

B-mode ultrasound is the preferred method used to examine the walls of carotid arteries and 

provides measures of IMT and presence of plaque. Also, the cardiac cycle should 

simultaneously be controlled with a 3 lead ECG (Touboul et al., 2007). According to the latest 

Mannheim cIMT and Plaque Consensus, computerized ultrasound imaging of common carotid 

segments, carotid bifurcations and the origin of the internal carotid arteries should be 

performed (Touboul et al., 2012). In addition, arterial wall segments should be assessed 

longitudinally and perpendicular to the ultrasound beam, and both walls should be clearly 

visualized to achieve optimal diameter measurements. The latter should be obtained during 

diastole which represents the minimal diameter during the cardiac cycle (Touboul et al., 2012). 

Furthermore, Touboul et al. (2012) specified that cIMT measurements should be taken within 



 

128 

 

 

an area free of plaque and thickness wall values obtained from different sites of the carotid 

arteries should be documented separately. In general, segments should be measured in triplicate 

and cIMT values averaged (Touboul et al., 2012). 

 

The Task Force for the management of arterial hypertension (European Society of 

Hypertension (ESH) and of the European Society of Cardiology (ESC), 2013) stated that a 

cIMT value > 0.9 mm should be regarded as a factor influencing cardiovascular prognosis 

(Mancia et al., 2013, Perk et al., 2012). In addition, cIMT increases with age and higher values 

have been observed in men (Stein et al., 2008). 

       

3.13.2. Procedure and Analysis 

          Duplex ultrasound scanning of the right and left common carotid arteries (CCA), carotid 

bifurcations and the origin of the internal carotid arteries was performed in conjunction with 

simultaneous ECG acquisition in participants placed supine with slight hyperextension of the 

neck at 45º. The right and left carotid arteries were imaged in the anterolateral, posterolateral 

and mediolateral planes, 1 – 2 cm proximal to the carotid bulb to identify the optimal angle of 

incidence (Stein et al., 2008). Radiofrequency signals with a 21 µm resolution (RF QIMT, 

Esaote, Genova, Italy) were employed to measure cIMT. After scanning the vessel, each 

radiofrequency line was automatically analysed forward and backward in real-time by the 

echo-device at a site free of any discrete plaque. The mean of 3 measures from the right and 3 

from the left carotid artery was documented. The intra-observer CV was <5%. For carotid 

artery wall mechanics, successive images were acquired to determine the instantaneous 

waveform of CCA diameter with measurements averaged over 10 complete cardiac cycles. 

Systolic and diastolic diameters were determined for each cardiac cycle and defined as the 
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average of distances between the 2 leading edges of far and near-wall lumen-intima interfaces. 

Carotid PP was determined according to an established method (Touboul et al., 2007).  

 

Carotid arterial distensibility coefficient (DC) and compliance coefficient (CC), measures of 

carotid artery elasticity and arterial stiffness markers (O’Rourke et al., 2002), were measured 

by B-mode ultrasound system. In addition, carotid ß-stiffness index, another marker of arterial 

stiffness, determined by carotid ultrasound imaging combined with arterial pressure data 

derived from applanation tonometry, was calculated according to the following equation: 

 

ß-stiffness index (AU) = In 
(PS/PD)

(DS−DD)/DD
 

 

Thus, ß-stiffness index was calculated as the ratio of the natural logarithm of systolic (Ps) and 

diastolic (Pd) blood pressure to the relative change in diameter (Ds, arterial systolic diameter; 

Dd, arterial diastolic diameter) (O'Rourke et al., 2002). 

  

3.14. Clinical Outcomes 

3.14.1. Montreal Cognitive Assessment  

         The Montreal Cognitive Assessment (MoCA) test was developed by Nasreddine and 

colleagues (Nasreddine et al., 2005). It is a widely used and validated screening assessment 

tool to detect mild cognitive impairment (MCI) and AD (De Roeck et al., 2019, Nasreddine et 

al., 2005). MCI is considered an intermediate clinical state between normal cognitive ageing 

and the development of dementia (Roberts and Knopman, 2013, Smith, Gildeh and Holmes, 

2007, Nasreddine et al., 2005). The decline in cognition experienced by people with MCI is 

greater than what would be expected by their age and educational level, without notably 

impacting on their everyday life activities (Nasreddine et al., 2005). The prevalence of MCI 
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was estimated to range from 3% to 20% in adults above the age of 65 y with around 50% risk 

of progression from MCI to dementia (Roberts et al., 2014). Furthermore, people cognitively 

impaired progress to dementia at a higher rate than cognitively healthy subjects (Roberts and 

Knopman, 2013). MoCA has been shown to be more sensitive than the MMSE for the detection 

of MCI, mild dementia and progression to dementia in the general population (Kang et al., 

2018). Given its sensitivity and specificity for detecting subjects with MCI, MoCA is widely 

regarded as a valuable screening tool for the assessment of at-risk groups (Davis et al., 2015, 

Roalf et al., 2013, Smith, Gildeh and Holmes, 2007, Nasreddine et al., 2005). 

 

MoCA assesses different cognitive domains including executive function and 

visuoconstructional skills, identification, memory, attention and concentration, language, 

calculations, abstraction, delayed recall and orientation (Nasreddine et al., 2005). In addition, 

MoCA test is available in multiple languages (Cordell et al., 2013). Indeed, the validated 

Spanish version of MoCA [MoCA-S; (Delgado, Araneda and Behrens, 2017, Gil et al., 2015)] 

was employed for the highlanders.  

 

3.14.2. Procedure and Analysis 

          The interviews took place in a quiet room at the Neurovascular Research Laboratory or 

IBBA (Figure 32). Participants were asked to provide date of birth and education level. 

Executive function was assessed using the alternating trail making task where the participants 

were asked to draw a line linking numbers and letters in ascending order (e.g. 1, A, 2, B, 3, C, 

etc.). Visuoconstructional skills were assessed using two challenges, copying a three-

dimensional cube, and drawing a clock indicating a given time by the placements of hands 

(11:10). The identification part required the participants to correctly name three animals, lion, 

rhinoceros, or rhino and camel or dromedary. In the memory test, 5 words were read two times 
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at a rate of one per second; the participants were asked to repeat the words twice after being 

read and again at the end of the test. The attention and concentration included three challenges. 

The first one required the participants to repeat a list of digits forward and backwords. A 

vigilance task in which the participants were asked to tap every time the letter ‘A’ was read 

aloud from a list of various letters and the subtraction task in which from the number 100 the 

participants had to subtract the digit 7 until stopped. Language was challenged through the 

repetition of two syntactically complex sentences; followed by a fluency test in which the 

subjects had to name, in 60 s, as many words as possible beginning with the letter ‘F’ for the 

British participants and ‘P’ for the Bolivian participants. The English and Spanish versions also 

differentiate in the language section, where different sentences were used and the memory 

where different words were included e.g. velvet, English and silk in the Spanish validated tool 

(as the Spanish word for velvet is complex ‘terciopelo’) (Nasreddine, 2019, Delgado, Araneda 

and Behrens, 2017).  

 

Conceptual thinking was assessed by questioning the commonality between two given words, 

the example provided includes the words ‘orange’ and ‘banana’, which should yield ‘fruit’ as 

an answer. Finally, participants were asked to repeat the 5 words read in the memory test; 

followed by the assessment of orientation in which participants were asked to state the date, 

time, place and city. Each section was scored separately, and a total score was subsequently 

calculated (highest possible score = 30 points). A score of ≥ 26 is considered cognitively 

normal. However, the cut-off score of ≤ 22 points showed good sensitivity and specificity for 

detecting MCI; hence, the average score for MCI is 22 (range 19 – 25 points), whereas the 

average MoCA score for mild AD is 16 (range 11 – 21 points) (Nasreddine, 2019). 
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3.14.3. Beck Depression Inventory-II 

           The Beck Depression Inventory-II (BDI-II) is one of the most used self-administered 

screening tools for assessing the severity of depression and measuring possible depressive 

symptoms in both clinical and non-clinical populations (Beck et al., 1996). The inventory was 

initially developed in 1961 (Beck et al., 1961), lately revised and amended in 1993 (Beck and 

Steer, 1993a, Beck and Steer, 1993b) and more recently in 1996 (Beck et al., 1996) in response 

to the American Psychiatric Association publication of the Diagnostic and Statistical Manual 

of Mental Disorder third and fourth editions (American Psychiatric Association, 1994, 

American Psychiatric Association, 1987), which changed many of the diagnostic criteria for 

depression. 

 

The BDI-II comprises 21 items, each of them including four statements related to different 

degrees of severity about specific indicators of depression such as worthlessness, suicidal 

thoughts or feelings, irritability and cognition as well as physical signs such as fatigue, loss of 

energy and loss of interest in sex (Beck et al., 1996).  

 

3.14.4. Procedure and Analysis  

          Participants were required to select the statements that best reflected their feelings and 

mood amongst the 21 sets of statements listed in the inventory. Each statement describes in 

greater severity a symptom of depression and is scored from 0 to 3. The overall score was 

calculated by adding the points allocated to each statement with a possible final score ranging 

from 0 to 63 points. The severity of depression was then classified as follows: minimal (0 – 13 

points); mild (14 – 19 points); moderate (20 – 29 points) and severe (29 – 63 points) with a 

higher score indicating greater severity. The Spanish version of the BDI-II was completed by 

the highlander participants (Estrada Aranda et al., 2014). 
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Figure 32. Data collection at the Bolivian Institute for High-Altitude Studies (IBBA), La Paz, 

Bolivia. 

 

3.15. Statistical Analyses 

3.15.1. Sample Size Calculation  

          Power calculation was carried out using G*Power 3.1. Assuming comparable differences 

and corresponding effect sizes observed in plasma in other studies for A•– (ɳ2 = 0.54) and NO2
− 

(ɳ2 = 0.67) (Bailey et al., 2019, Bailey et al., 2013), this study required a (minimum) sample 

size of 35 – 39 participants (11 – 13 per group) in order to achieve a power of 0.80 at P < 0.05.  
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3.15.2. Inferential Statistics  

          The Statistical Package for Social Scientists (IBM SPSS Statistics Version 27.0) was 

used for all statistical analyses. Shapiro-Wilk W tests (P > 0.05) confirmed distribution of 

normality for all datasets. Demographic (Table 1), dietary assessment (Tables 2, 3, 4 and 5), 

metabolic function (Table 6), cardiopulmonary function (Table 7), vascular function (Table 8) 

and clinical outcomes (Figures 35 and 36) datasets were analysed using a one-way analysis of 

variance (ANOVA) and post hoc Bonferroni-adjusted independent samples t-tests if a main 

effect was observed. Relationships between metabolic, vascular, and clinical variables were 

established via Pearson product-moment correlations (Figures 37 – 46). Significance for all 

two-tailed tests was established at P < 0.05 and data are expressed as mean ± SD.  
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4.0. Results 

4.1. Demographics 

          By design, highlanders (CMS+ and CMS-) and lowlander controls were age-, education- 

and body mass-matched (P > 0.05; Table 1). However, highlanders were shorter and as 

anticipated, exhibited higher Hct and Hb, as well as lower SaO2 compared to lowlanders (P < 

0.05). As expected, Hct and Hb were markedly higher and SaO2 lower in CMS+ compared to 

CMS- (P < 0.05). 

 

4.2. Dietary Assessment  

4.2.1. Energy and Macronutrient 

          There were no differences in caloric or macronutrient (carbohydrate, fat and protein) 

intake across groups (P > 0.05; Table 2). The average calorie intake was slightly below the 

recommended amount for all participants (Ministerio de Salud, 2014, Department of Health, 

1991). The intake of free sugars was above the recommended amount for lowlanders (> 5%), 

but within limit for highlanders (< 10%). However, the intake of dietary fibre for all participants 

was below the recommended 20 – 30 g/d (Ministerio de Salud, 2014, Department of Health, 

1991). The percent of energy provided by fat was similar for the three groups and within the 

recommended level (25 – 35%) (Ministerio de Salud, 2014, Department of Health, 1991). 

However, the percent of energy obtained from saturated fat was above the guidelines (> 10%) 

and below the recommended intake for the monounsaturated fat (MUFA; < 13%) and 

polyunsaturated fat (PUFA; < 6.5%) for lowlander controls (Department of Health, 1991). The 

latter was also below the recommended intake for both highlander cohorts (< 7 – 10%), whereas 

the energy provided by saturated fat (≤ 10%) and MUFA (9 – 12%) was within recommended 

guidelines (Ministerio de Salud, 2014).  The energy intake from protein was higher (> 15%) 
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for the three cohorts compared to the recommended guidelines (Ministerio de Salud, 2014, 

Department of Health, 1991). 
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Table 2: Energy & Macronutrient 

Values are mean ± SD; CMS-/CMS+, highlanders without/with Chronic Mountain Sickness; Kcal, kilocalorie; CHO, carbohydrate; SF, saturated fat; MUFA, monounsaturated fatty acid; PUFA, 

polyunsaturated fatty acid; 1(Ministerio de Salud, 2014); 2(Department of Health, 1991, Scientific Advisory Committee on Nutrition (SACN, 2015); 3% of daily energy intake (excluding alcohol); 

ND, not determined. 

Key finding: No differences in energy or macronutrient intake between groups

Group  Lowlanders  Highlanders  P Values    

Sub-Group  
Controls 

(n = 13) 
 

CMS- 

(n = 13) 

CMS+ 

(n = 20) 
 

CMS+ vs. 

CMS- 

CMS+ vs. 

Controls 

CMS- vs. 

Controls 

 Guidelines 

Bolivia1 

Guidelines 

UK2 

Energy (Kcal)  2223 ± 305  2331 ± 554 2399 ± 610  0.644 (between groups)  2648 2581 

Carbohydrate (g)  270 ± 53  329 ± 81 312 ± 62  0.074 (between groups)  ND ND 

Energy Intake CHO (%)3  49 ± 9  56 ± 14 52 ± 10  0.214 (between groups)  55 – 65% 50% 

Free Sugars (g)  50 ± 23  57 ± 39 61 ± 33  0.633 (between groups)  ND 30g/d 

Energy Intake Sugars (%)3  8 ± 3  8 ± 4 10 ± 5  0.485 (between groups)  < 10% ≤ 5% 

Dietary Fibre (g)  21 ± 7  22 ± 9 20 ± 8  0.732 (between groups)  20 - 30g/d 30g/d 

Total fat (g)  79 ± 24  75 ± 24 80 ± 29  0.842 (between groups)  ND ND 

Energy Intake Fat (%)3  34 ± 7  29 ± 6 30 ± 7  0.159 (between groups)  25 – 30% ≤ 35% 

Saturated Fat (g)  26 ± 11  26 ± 10 26 ± 9  0.989 (between groups)  ND ND 

Energy Intake SF (%)3  12 ± 4  10 ± 3 10 ± 3  0.172 (between groups)  ≤ 10% ≤ 10% 

Monounsaturated Fat (g)  24 ± 8  28 ± 8 28 ± 10  0.400 (between groups)  ND ND 

Energy Intake MUFA (%)3  11 ± 2  11 ± 3 10 ± 3  0.533 (between groups)  9 – 12% 13% 

Polyunsaturated Fat (g)   15 ± 7  14 ± 6 12 ± 6  0.448 (between groups)  ND ND 

Energy Intake PUFA (%)3  6 ± 2  5 ± 2 5 ± 2  0.211 (between groups)  7 – 10% 6.5% 

Protein (g)  93 ± 13  94 ± 30 106 ± 25  0.182 (between groups)  ND ND 

Energy Intake Protein (%)3  17 ± 3  16 ± 3 18 ± 3  0.166 (between groups)  10 – 15% 15% 
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4.2.2. Antioxidant Vitamins 

          The intake of vitamin C was lower in CMS+ compared to CMS- and lowlander controls 

(P < 0.05; Table 3). Similar observations were noted for carotene, with data approaching but 

not reaching significance (P = 0.05 vs. CMS-; P = 0.058 vs. lowlanders). Conversely, no 

differences were observed between CMS- and lowlanders for both nutrients (P > 0.05). 

Moreover, the mean intake of vitamin C from the diet was below the recommendations for 

CMS+, but within recommendations for CMS- and lowlanders (Ministerio de Salud, 2014, 

Department of Health, 1991). While no differences in vitamin E intake were observed between 

CMS+ and CMS-, it was generally lower in highlanders compared to lowlanders. The Bolivian 

Ministry of Health (2014) does not provide recommendations for vitamin E intake. However, 

in relation to the UK guidelines (Department of Health, 1991), mean intake of vitamin E was 

within the recommended amount for CMS- and lowlanders, but slightly lower in CMS+. 

 

4.2.3. Antioxidant Minerals 

          The mean intake of selenium was similar across all groups (P > 0.05; Table 3). No 

recommended amount is provided for Bolivians (Ministerio de Salud, 2014). However, the 

intake of selenium for the three cohorts was below the Department of Health’s (1991) 

recommended intake of 75µg/d (Department of Health, 1991). 

 

4.2.4. Fruit & Vegetables 

          Highlanders consumed less fruit and vegetables compared to lowlanders (P < 0.05; Table 

3). While no differences were observed in fruit intake between CMS+ and CMS- (P > 0.05), 

CMS+ consumed less vegetables compared to CMS- (P < 0.05). The intake of fruit and 

vegetables for CMS+ was below the minimum number of servings recommended by the 

Bolivian Ministry of Health (2104). Fruit and vegetable consumption for both CMS- and 
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lowlanders was within the five portions of fruit and vegetables (400 g) minimum intake, 

recommended by both countries (Ministerio de Salud, 2014, Department of Health, 1991). 
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Table 3. Antioxidant Nutrients  

Group  Lowlanders  Highlanders  P Values    

Sub-Group  
Controls 

(n = 13) 
 

CMS- 

(n = 13) 

CMS+ 

(n = 20) 
 

CMS+ 

vs.  

CMS- 

CMS+  

vs. 

Controls 

CMS-  

vs. 

Controls 

 
Guidelines 

Bolivia1 

Guidelines 

UK2 

Vitamins 

Vitamin C (mg)  88.9 ± 19.7  69.2 ± 31.3 38.8 ± 22.2  0.003 <0.000 0.139  50mg/d 40mg/d 

Vitamin E (mg)  8.7 ± 2.0  4.7 ± 1.3 3.8 ± 1.0  0.248 <0.000 <0.000  ND5 >4mg/d4 

Carotene (µg)3  4293 ± 2848  4348 ± 3451 2180 ± 932  0.050   0.058 1.000  ND5 ND5 

Minerals 

Selenium (µg)  53.8 ± 18.5  52.8 ± 18.9 56.7 ± 21.8  0.848 (between groups)  ND5 75µg/d 

Fruit & Vegetables 

Fruit (g)  395 ± 156  220 ± 171  152 ± 124  0.620 <0.000 0.012  
160g to 

320g/d 

160g to 

400g/d 

160g to  

400g/d 
Vegetables (g)  365 ± 116  311 ± 99 155 ± 92  <0.000 <0.000 0.535  

160g to  

480g/d 

Values are mean ± SD; CMS-/CMS+, highlanders without/with Chronic Mountain Sickness.  
1(Ministerio de Salud, 2014); 2(Department of Health, 1991);3Represents the β-carotene activity and is the sum of the β-carotene and half of any -carotene or 

cryptoxanthin present (Pinchen et al., 2021); 4No Reference Nutrient Intake (RNI) set, recommendation expressed as Safe Intake; 5ND, not determined. 

Key finding: CMS+ = ↓ intake of fruit and vegetables  →↓ antioxidant nutrients intake → ↓ protection from free radicals 
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4.2.5. Fat-soluble Vitamins 

          The intake of vitamin K was lower in CMS+ compared to CMS- and lowlander controls 

(P < 0.05; Table 4). No differences were detected for vitamins D or A between the three groups 

(P > 0.05). However, the intake of vitamin D was below the recommendation according to the 

Department of Health (1991) for lowlanders. The intake was similar for Bolivian highlanders, 

although no specific recommendation for vitamin D is provided by the Bolivian Ministry of 

Health (2014) for Bolivian adults aged 20 to 59 y. However, the recommended intake of 

vitamin D for Bolivian older adults that are ≥ 60 y old, is 10 – 15 µg/d (Ministerio de Salud y 

Deportes, 2014), which is above the mean intake for both highlander cohorts. Intake of vitamin 

A was below the recommended amount for all groups as set by the respective countries 

(Ministerio de Salud, 2014, Department of Health, 1991). 

 

4.2.6. Water-soluble Vitamins 

          Intake of riboflavin, biotin and pantothenic acid was lower in highlanders compared to 

lowlanders (P < 0.05; Table 4). However, no differences were observed between CMS+ and 

CMS- (P < 0.05); whereas folate intake was slightly higher (P = 0.070) in lowlander controls 

compared to CMS+.  No differences were observed in the remaining water-soluble vitamins 

(thiamine, niacin, vitamin B6 and vitamin B12) between the three groups. Intake of all the 

water-soluble vitamins was within the recommendations set by both countries (Ministerio de 

Salud, 2014, Department of Health, 1991).
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Table 4. Fat- and Water-soluble Vitamins  

Group  Lowlanders  Highlanders  P Values    

Sub-Group  
Controls 

(n = 13) 
 

CMS- 

(n = 13) 

CMS+ 

(n = 20) 
 

CMS+  

vs.  

CMS- 

CMS+  

vs. 

Controls 

CMS- 

vs. 

Controls 

 
Guidelines 

Bolivia1 Guidelines UK2 

Fat-soluble Vitamins                            

Vitamin K (µg)  102.9 ± 26.9  83.7 ± 15.0 58.5 ± 9.2  <0.001 <0.001 0.022  ND4  1µg/day/Kgbw3 

Vitamin D (µg)  4.1 ± 2.8  2.9 ± 1.4 4.5 ± 2.5  0.151 (between groups)  ND4 10µg/d 

Vitamin A (µg)  371.3 ± 280.1  367.0 ± 268.6 250.6 ± 159.0  0.236 (between groups)  600µg/d 700µg/d 

Water-soluble Vitamins 

Riboflavin (mg)  1.7 ± 0.5  1.2 ± 0.3 1.1 ± 0.3  1.000 <0.001 0.001  0.6mg/1000 Kcal 1.3mg/d 

Biotin (µg)  41.2 ± 11.4  28.1 ± 12.9 21.9 ± 9.6  0.388 <0.001 0.013  ND4 10-200µg/d3 

Pantothenic acid (mg)  7.0 ± 2.4  5.1 ± 1.7 4.7 ± 1.5  1.000 0.004 0.041  ND4 3-7mg/d3 

Folate (µg)  258.0 ± 81.4  241.0 ± 62.4 201.7 ± 59.8  0.323 0.070 1.000  80µg/1000 Kcal 200µg/d 

Thiamine (mg)  1.8 ± 0.7  1.5 ± 0.5 1.4 ± 0.5  0.089 (between groups)  0.4mg/1000 Kcal 0.4mg/1000 Kcal 

Niacin (mg)  20.4 ± 6.7  21.1 ± 11.0 22.5 ± 7.9  0.777 (between groups)  7mg/1000 Kcal 6.6mg/1000 Kcal 

Vitamin B6 (mg)  2.0 ± 0.6  2.1 ± 0.9 1.9 ± 0.8  0.777 (between groups)  ND4 1.4mg/d 

Vitamin B12 (µg)  5.0 ± 2.0  4.0 ± 1.5 5.1 ± 3.8  0.575 (between groups)  ND4 1.5µg/d 

Values are mean ± SD. CMS-/CMS+, highlanders without/with Chronic Mountain Sickness. 1(Ministerio de Salud, 2014); 2(Department of Health, 1991); 3No RNI 

set, recommendation expressed as Safe Intake; 4ND, not determined. 

Key finding: Highlanders = ↓ intake of vitamin K  
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4.2.7. Minerals 

          Intake of magnesium was lower in highlanders compared to lowlanders (P < 0.05; Table 

5). However, there were no differences between CMS+ and CMS- (P > 0.05). Even though no 

recommendation was made by the Bolivian Ministry of Health for this mineral, the intake for 

highlanders was below the British RNI (Ministerio de Salud, 2014, Department of Health, 

1991). Zinc intake was higher in highlanders compared to lowlanders (P < 0.05). However, the 

intake was within the recommendations set by both countries (Ministerio de Salud, 2014, 

Department of Health, 1991). No differences were observed between the three groups in the 

remaining minerals (P > 0.05; Table 5). However, sodium intake was above the recommended 

amount and iodine intake below the recommended amount for all groups according to their 

respective guidelines, whereas calcium intake was slightly below the recommended amount for 

CMS- (Department of Health, 1991, Ministerio de Salud, 2014). Lowlanders’ potassium intake 

was below the Department of Health’s (1991) recommendations. Although no specific 

recommendation for potassium is provided by the Bolivian Ministry of Health (2014), the mean 

intake for both highlander groups was below the RNI.
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Table 5: Minerals  

Group  Lowlanders  Highlanders  P Values    

Sub-Group  
Controls 

(n = 13) 
 

CMS- 

(n = 13) 

CMS+ 

(n = 20) 
 

CMS+ 

vs. 

CMS- 

CMS+ vs. 

Controls 

CMS- vs. 

Controls 
 

Guidelines 

Bolivia1 

Guidelines 

UK2 

Magnesium (mg)  384.4 ± 78.3  282.2 ± 88.8 260.2 ± 90.3  1.000 <0.001 0.013  ND4 300mg/d 

Zinc (mg)  9.1 ± 2.0  13.0 ± 3.6 12.3 ± 4.6  1.000 0.051 0.031  12-15mg/d 9.5mg/d 

Sodium (mg)  2519.2 ± 774.1  2891.0 ± 1245.6 3104.6 ± 961.9  0.273 (between groups)  2000mg/d 1600mg/d 

Potassium (mg)  3341.9 ± 833.4  3242.5 ± 952.7 2764.0 ± 1083.8  0.201 (between groups)  ND4 3500mg/d 

Calcium (mg)  854.9 ± 241.7  753.0 ± 133.5 894.2 ± 378.4  0.397 (between groups)  800-1500mg/d 700mg/d 

Phosphorous (mg)  1659.0 ± 194.7  1360.4 ± 382.3 1417.2 ± 390.9  0.069 (between groups)  ND4 550mg/d 

Iron (mg)  14.3 ± 2.7  12.9 ± 3.3 14.3 ± 5.9  0.651 (between groups)  10-28mg/d 8.7mg/d 

Copper (mg)  1.2 ± 0.5  1.4 ± 0.4 1.3 ± 0.3  0.513 (between groups)  ND4 1.2mg/d 

Chloride (mg)  4911.2 ± 1541.4  4209.1 ± 1995.6 4389.5 ± 1370.4  0.513 (between groups)  ND4 2500mg/d 

Manganese (mg)  4.1 ± 1.6  3.6 ± 1.7 3.2 ± 1.2  0.261 (between groups)  ND4 >1.4mg/d3 

Iodine (µg)  126.5 ± 56.5  118.2 ± 38.1 119.7 ± 67.7  0.924 (between groups)  150-250µg/d 140µg/d 

     Values are mean ± SD. CMS-/CMS+, highlanders without/with Chronic Mountain Sickness. 1(Ministerio de Salud, 2014); 2(Department of Health, 1991).   
3No RNI set, recommendation expressed as Safe Intake; 4ND, not determined. 

Key finding: Highlanders = ↓ intake of magnesium and ↑ intake of zinc  
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4.3. Metabolic Function 

4.3.1. Free Radicals 

          Plasma A•– was higher in CMS+ and CMS- compared to lowlander controls (P < 0.05; 

Table 6). However, no differences were observed between CMS+ and CMS- (P > 0.05).   

Figure 33 provides typical examples of electron paramagnetic resonance (EPR) doublets 

observed. 

 

4.3.2. Nitric Oxide (NO) 

          Plasma NO2
− and total bioactive NO (NO2

− + RSNO) were consistently lower in 

highlanders compared to lowlanders (P < 0.05; Table 6), but no differences were observed 

between CMS+ and CMS- (P > 0.05). No differences in RSNO were observed between the 

three groups (P = 0.978). Figure 34 provides typical examples of ozone-based 

chemiluminescence (OBC) traces observed.
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Table 6. Metabolic Function 

Group  Lowlanders  Highlanders  P Values 

Sub-Group  
Controls 

(n = 13) 
 

CMS- 

(n = 13) 

CMS+ 

(n = 20) 
 CMS+ vs. CMS- CMS+ vs. Controls 

CMS- vs. 

Controls 

 

Ascorbate Free Radical  

A•– (AU)  27,991 ± 5,846  54,451 ± 21,568 59,294 ± 17,050  1.000 <0.000 0.001 

 

Nitric Oxide 

NO2
− (nM)  235.6 ± 65.1  133.6 ± 75.9 119.3 ± 80.4  1.000 <0.000 0.004 

RSNO (nM)  4.6 ± 2.1  4.7 ± 2.6 4.8 ± 4.0  0.978 (between groups) 

Total bioactive NO (nM)  240.2 ± 65.6  138.3 ± 77.0 124.1 ± 80.5  1.000 <0.000 0.004 

          

Values are mean ± SD. CMS-/CMS+, highlanders without/with Chronic Mountain Sickness. A•–, ascorbate free radical; NO2
−, nitrite; RSNO, S-

nitrosothiols; total bioactive NO, total bioactive nitric oxide (NO2
−+ RSNO).

Key finding: Highlanders = ↑ OXNOS 
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Figure 33. Plasma ascorbate free radical (A•–) in lowlanders and highlanders. A – C Typical electron paramagnetic resonance (EPR) spectra of 

the plasma ascorbate at rest in the systemic circulation of a lowlander and highlanders without (CMS-) and with (CMS+) Chronic Mountain 

Sickness. Spectra were chosen to best reflect the average signal intensities observed in each of the respective groups.  
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Figure 34. Total bioactive nitric oxide (NO) calculated as the sum of S-nitrosothiols (RSNO) and nitrite (NO2
−) in lowlanders and highlanders.  

A – C Ozone-based chemiluminescence (OBC) detection of bioactive (nitrite + S-nitrosothiols) nitric oxide metabolites at rest in the systemic 

circulation of a lowlander and highlanders without (CMS-) and with (CMS+) Chronic Mountain Sickness. Spectra were chosen to best reflect the 

average signal intensities observed in each of the respective groups.



 

150 

 

 

4.4. Cardiopulmonary Function 

               There were no differences in cardiopulmonary function between the groups (P > 0.05; 

Table 7). Systolic and diastolic BP, HR, MAP, SV, �̇� and TPR were all comparable.
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Table 7. Cardiopulmonary Function 

Group  Lowlanders  Highlanders  P Values 

Sub-Group  
Controls 

(n = 13) 
 

CMS- 

(n = 13) 

CMS+ 

(n = 20) 
 CMS+ vs. CMS- CMS+ vs. Controls CMS- vs. Controls 

          

HR (b/min)  69 ± 9  71 ± 12 70 ± 13  0.955 (between groups) 

SBP (mmHg)  127 ± 19  117 ± 18 129 ± 23  0.251 (between groups) 

DBP (mmHg)  65 ± 13  61 ± 7 66 ± 11  0.407 (between groups) 

MAP (mmHg)  85 ± 15  80 ± 10 87 ± 14  0.307 (between groups) 

SV (mL)      103 ± 9  102 ± 23 104 ± 23  0.955 (between groups) 

�̇� (L/min)  7.08 ± 0.96  6.97 ± 0.84 7.09 ± 1.20  0.951 (between groups) 

TPR (mmHg/L/min)  12.10 ± 1.49  11.53 ± 1.78 12.57 ± 2.85  0.439 (between groups) 

          

Values are mean ± SD; CMS-/CMS+, highlanders without/with Chronic Mountain Sickness; HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood 

pressure; MAP, mean arterial pressure; SV, stroke volume; �̇�, cardiac output; TPR, total peripheral resistance. 

Key finding: No differences in cardiopulmonary function between groups 
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4.5. Systemic Arterial Function 

4.5.1. FMD - Endothelial-dependent (GTN-) 

         Baseline arterial diameters were similar across groups (P > 0.05; Table 8). Peak diameter 

was higher in lowlander controls compared to CMS- (P < 0.05). No differences were observed 

between CMS+, CMS- and controls (P > 0.05).  Baseline conductance was lower in lowlander 

controls compared to CMS+ and CMS- (P < 0.05). No differences were observed between 

CMS+ and CMS-. Peak conductance was lower in lowlander controls compared to CMS- (P < 

0.05). However, no differences were observed between CMS+, CMS- and controls. Similarly, 

no between groups differences in reactive hyperaemia were observed (P > 0.05). Absolute and 

adjusted FMD (%) were consistently lower in highlanders, although no differences were 

observed between CMS+ and CMS- (P > 0.05). 

 

4.5.2 Endothelial-independent (GTN+) 

          No differences in baseline and peak diameters and GTN-induced dilation were observed 

between CMS+ and CMS- (P > 0.05; table 8). 

 

4.5.3. Arterial Stiffness  

          Central SBP and DBP were similar across groups (P > 0.05; table 8). Aortic PWV was 

elevated in highlanders compared to lowlanders (P < 0.05), whereas no differences were 

observed between CMS+ and CMS- (P > 0.05). AIx@75 was higher in CMS+ compared to 

lowlanders (P < 0.05), but not CMS- (P > 0.05). No differences in AIx@75 were observed 

between CMS- and lowlanders (P > 0.05). No differences were observed in time to wave 

reflection between groups (P = 0.740). 
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4.5.4. Carotid Arterial Function and Structure 

          Carotid baseline diameter was higher in CMS+ compared to CMS- (P < 0.05; Table 8), 

whereas no change in absolute diameter between CMS+ and CMS- was observed (P > 0.05). 

No differences in distensibility coefficient (DC), compliance coefficient (CC) and ß stiffness 

index were observed between CMS+ and CMS- (P > 0.05). Elevated cIMT was observed in 

CMS+ compared to CMS- (P < 0.05).
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Table 8. Systemic Vascular Function and Structure 

Group  Lowlanders  Highlanders  P Values 

Sub-Group  
Controls 

(n = 13) 
 

CMS- 

(n = 13) 

CMS+ 

(n = 20) 
 

CMS+ vs. 

CMS- 
CMS+ vs. Controls CMS- vs. Controls 

Systemic Arterial Function  

FMD - Endothelial-dependent (GTN-) 

Baseline diameter (mm)  4.78 ± 0.65  4.27 ± 0.42 4.45 ± 0.72  0.121 (between groups) 

Baseline conductance (mL/min/mmHg)  0.09 ± 0.03  0.18 ± 0.04 0.18 ± 0.08  1000 0.002 0.003 

Peak diameter (mm)   5.14 ± 0.66  4.49 ± 0.46 4.62 ± 0.71  1.000 0.083 0.035 

Peak conductance (mL/min/mmHg)   0.65 ± 0.20  1.08 ± 0.38 0.91 ± 0.79  0.471 0.099 0.006 

Reactive hyperaemia (%)   699 ± 265  627 ± 154 582 ± 211  0.322 (between groups) 

Absolute FMD (%)   7.6 ± 2.2  5.2 ± 1.1 4.1 ± 1.6  0.275 <0.001 0.002 

Adjusted FMD (%)  8.0 ± 1.5  4.8 ± 1.5 4.1 ± 1.4  0.149 <0.001 <0.001 

Endothelial-independent (GTN+) 

Baseline diameter (mm)   NA  4.27 ± 0.28 4.52 ± 0.61  0.133 NA  NA  

Peak diameter (mm)   NA   4.78 ± 0.28 4.95 ± 0.71  0.338 NA  NA  

Δ diameter (%)  NA  11.9 ± 2.4 9.6 ± 4.0  0.068 NA NA 

Absolute FMD:GTN (AU)   NA   0.44 ± 0.11 0.51 ± 0.26  0.320  NA  NA  

Arterial Stiffness 

Central SBP (mmHg)  128 ± 9  125 ± 10 125 ± 15  0.779 (between groups) 

Central DBP (mmHg)  82 ± 8  77 ± 5 78 ± 11  0.264 (between groups) 

Aortic PWV (m/s)  7.20 ± 0.67  8.90 ± 1.11 9.84 ± 1.60  0.128 <0.001 0.004 
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AIx@75 (%)  16.4 ± 5.3  20.3 ± 6.6 24.7 ± 10.5  0.435 0.022 0.707 

Wave reflection (m/s)  150 ± 11  146 ± 7 146 ± 20  0.740 (between groups) 

Carotid Arterial Function and Structure 

Baseline diameter (mm)   NA  7.38 ± 0.69 8.46 ± 0.80  < 0.001 NA  NA  

Δ diameter (mm)   NA  0.45 ± 0.08 0.51 ± 0.15  0.184 NA   NA  

DC (10-3/kPa)   NA  25.32 ± 7.84 25.90 ± 10.97  0.740 NA  NA  

CC (mm2/kPa)    NA  1.00 ± 0.29 1.34 ± 0.54  0.077 NA  NA  

ß-stiffness index (AU)   NA  6.72 ± 1.29 7.14 ± 1.43  0.403 NA  NA  

cIMT (mm)  NA  0.60 ± 0.12 0.70 ± 0.12  0.027 NA NA 

Values are mean ± SD. CMS-/CMS+, highlanders without/with Chronic Mountain Sickness. FMD, flow-mediated dilation; GTN, glyceryl trinitrate; SBP, systolic 

blood pressure; DBS, diastolic blood pressure; Δ; change relative to baseline; PWV, pulse wave velocity; AIx@75, augmentation index normalised to heart rate of 

75 b/m; DC, distensibility coefficient; CC, compliance coefficient; cIMT, carotid intima-media thickness; NA, not assessed.

Key finding: CMS+ = ↓ systemic vascular endothelial function, ↑ arterial stiffness and ↑cIMT 

                                       ↓ FMD = ↓ endothelium function 
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4.6. Clinical Outcomes    

4.6.1. Montreal Cognitive Assessment  

         MoCA score (points) was lower for CMS+ in comparison to both CMS- and lowlanders 

(P < 0.05; Figure 35). The mean score reported for CMS+ was ≤ 21 points, which represents 

the cut-off value for MCI and borderline value for mild AD (range 11 – 21 points). No 

difference in MoCA score was observed between CMS- and lowlanders. 

 

4.6.2. Beck Depression Inventory-II  

         The depression score was higher for CMS+ compared to CMS- and lowlanders (P < 0.05; 

Figure 36). No difference was observed between CMS- and lowlanders (P > 0.05). Comparable 

BDI-II scores between CMS- and lowlanders were observed, whereas the mean score reported 

for CMS+ was indicative of mild depression.
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Figure 35. Montreal Cognitive Assessment (MoCA). CMS-/CMS+, highlanders without/with Chronic Mountain Sickness. 

Key finding: CMS+ = ↓ MoCA points = ↑ cognitive impairment and ↑ risk of dementia 
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Figure 36. Beck Depression Inventory-II (BDI-II). CMS-/CMS+, highlanders without/with Chronic Mountain Sickness.

Key finding: CMS+ = ↑ Beck’s score = ↑ depression 
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4.7. Correlations 

          Inverse relationships between dietary antioxidant nutrients (vitamin C and vitamin E), 

and vascular function (c-f PWV, AIx@75) were observed. In addition, positive relationships 

between vitamins C and E, FMD and MoCA were also observed. However, no correlations 

were identified between vitamins C and E and BDI-II, as illustrated in Figures 37 (vitamin C) 

and 38 (vitamin E). Similarly, no correlations were identified between carotene, vascular 

function (c-f PWV, AIx@75 and FMD) or  clinical outcomes (MoCA and BDI-II), as illustrated 

in Figure 39 (carotene).  

 

In addition, inverse relationships between fruit and vegetable intake, c-f PWV and AIx@75 

were observed. Positive relationships between fruit and vegetable intake and FMD were also 

observed as well as a positive relationship between vegetable consumption and BDI-II. 

Although for the latter (P = 0.053) and for fruit intake and c-f PWV (P = 0.058) data were 

approaching, but not reaching significance. No correlations were identified between fruit and 

vegetable intake and MoCA and fruit consumption and BDI-II, as illustrated in Figures 40 

(fruit) and 41 (vegetable).  
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Figure 37. Relationship between vitamin C, vascular function (Panels A, B and C) and clinical outcomes (Panels D and E). c-f PWV, carotid-

femoral pulse wave velocity; AIx@75, heart-rate corrected augmentation index; FMD, flow-mediated dilation; MoCA, Montreal Cognitive 

Assessment; BDI-II, Beck Depression Inventory-II; CMS-/CMS+, highlanders without/with Chronic Mountain Sickness.
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Figure 38. Relationship between vitamin E, vascular function (Panels A, B and C) and clinical outcomes (Panels D and E). c-f PWV, carotid-

femoral pulse wave velocity; AIx@75, heart-rate corrected augmentation index; FMD, flow-mediated dilation; MoCA, Montreal Cognitive 

Assessment; BDI-II, Beck Depression Inventory-II; CMS-/CMS+, highlanders without/with Chronic Mountain Sickness.
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Figure 39. Relationship between carotene, vascular function (Panels A, B and C) and clinical outcomes (Panels D and E). c-f PWV, carotid-femoral 

pulse wave velocity; AIx@75, heart-rate corrected augmentation index; FMD, flow-mediated dilation; MoCA, Montreal Cognitive Assessment; BDI-

II, Beck Depression Inventory-II; CMS-/CMS+, highlanders without/with Chronic Mountain Sickness. 
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Figure 40. Relationship between fruit intake, vascular function (Panels A, B and C) and clinical outcomes (Panels D and E). c-f PWV, carotid-femoral 

pulse wave velocity; AIx@75, heart-rate corrected augmentation index; FMD, flow-mediated dilation; MoCA, Montreal Cognitive Assessment; BDI-

II, Beck Depression Inventory-II; CMS-/CMS+, highlanders without/with Chronic Mountain Sickness. 
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Figure 41. Relationship between vegetable intake, vascular function (Panels A, B and C) and clinical outcomes (Panels D and E). c-f PWV, carotid-

femoral pulse wave velocity; AIx@75, heart-rate corrected augmentation index; FMD, flow-mediated dilation; MoCA, Montreal Cognitive 

Assessment; BDI-II, Beck Depression Inventory-II; CMS-/CMS+, highlanders without/with Chronic Mountain Sickness. 



 

165 

 

 

Furthermore, inverse relationships between total bioactive NO and A•– (Figure 42) and 

AIx@75 (Figure 43) were observed. A positive relationship between total bioactive NO and 

FMD was also observed (Figure 44). Inverse relationships between c-f PWV and MoCA score 

(Figure 45), as well as FMD and BDI-II score (Figure 46) were also observed. However, for 

the latter, data were approaching, but not reaching significance (P = 0.058). 

 

Figure 42. Relationship between total bioactive nitric oxide (NO) and ascorbate free radical 

(A•–). CMS-/CMS+, highlanders without/with Chronic Mountain Sickness. 



 

166 

 

 

 

Figure 43. Relationship between total bioactive nitric oxide (NO) and heart-rate corrected 

augmentation index (AIx@75). CMS-/CMS+, highlanders without/with Chronic Mountain 

Sickness. 

Figure 44. Relationship between total bioactive nitric oxide (NO) and flow-mediated dilation 

(FMD). CMS-/CMS+, highlanders without/with Chronic Mountain Sickness. 
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Figure 45. Relationship between carotid-femoral pulse wave velocity (c-f PWV) and Montreal 

Cognitive Assessment (MoCA). CMS-/CMS+, highlanders without/with Chronic Mountain 

Sickness. 

 

Figure 46. Relationship between Beck Depression Inventory-II (BDI-II) and flow-mediated 

dilation (FMD). CMS-/CMS+, highlanders without/with Chronic Mountain Sickness.
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Chapter 5 

 

General Discussion
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5.0. General Discussion 

5.1. Main Findings 

          A possible consequence of chronic exposure to hypobaric hypoxia is CMS (Leon-

Velarde et al., 2005). It is a maladaptive clinical syndrome, prevalent in male Andean Aymara 

highlanders and characterized by EE and severe hypoxaemia that can lead to heart failure and 

stroke (Villafuerte and Corante, 2016, Leon-Velarde, Villafuerte and Richalet, 2010, Vargas 

and Spielvogel, 2006). Although, as outlined in Chapter 2, most highlanders are subject to 

unique adaptations that allow them to survive in such conditions, approximately 8 – 10% still 

develop CMS. However, why this occurs in only a minority is unclear and constituted the 

primary focus of this research. In addition, a novel molecular mechanism that has recently been 

suggested, identified an excessive elevation in systemic OXNOS in CMS+. The latter was also 

associated with vascular ED and arterial stiffness, which not only increased CVD risk, but also 

appeared to have neurological consequences (Bailey et al., 2019, Bailey et al., 2013, Rimoldi 

et al., 2012, Jefferson et al., 2004). This increased OXNOS may be due to an insufficient 

dietary intake of antioxidant nutrients, as they play a vital role in neutralising free radicals. 

Whether dietary intake may contribute to the development of CMS remains to be seen. 

Therefore, the present study aimed to explore the relationship between dietary antioxidants, 

systemic OXNOS, systemic vascular EF and clinical outcomes (cognition and depression) in 

CMS+, CMS- and non-hypoxic age-matched lowlander controls.  

 

This cross-sectional observational study showed for the first time that CMS+ are characterised 

by an inadequate dietary intake of antioxidant vitamins, which is likely due to insufficient 

consumption of fruit and vegetables. Intake of vitamin C and carotene, as well as fruit and 

vegetables, were lower in highlanders compared to lowlanders, with intake further supressed 

in CMS+, highlighting a deficiency according to recommended guidelines.  Indeed, CMS+ 
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intake of vitamin C and fruit and vegetables were below the Bolivian Ministry of Health 

recommendations of 50 mg/d and 400 g/d respectively (Ministerio de Salud, 2014). This was 

associated with increased systemic free radical formation in highlanders, approximately double 

that observed in lowlander controls, with the highest concentration recorded in CMS+ patients 

and corresponding reduction in the circulating bioavailability of bioactive NO; a molecular 

pathway reflecting systemic OXNOS (Bailey et al., 2013). Though, no significant differences 

were observed between CMS+ and CMS- in relation to free radical concentration and NO 

bioavailability. In CMS- elevated systemic OXNOS was accompanied by ED and increased 

arterial stiffness. These chronic alterations were associated with a mild decrease in cognitive 

performance but without any clinical evidence of depression. CMS+ also showed impairment 

in EF expressed as a reduced FMD and augmented stiffness expressed as an increased aortic 

PWV and AIx@75. These were accompanied by a more pronounced impairment in cognition 

in conjunction with clinical symptoms of depression. Conversely, systemic OXNOS was not 

detected in lowlander controls and they subsequently presented with a significantly higher 

FMD, as well as lower aortic PWV and AIx@75 in comparison to highlanders. They were also 

cognitively normal and had an adequate intake of dietary antioxidant vitamins compared to 

highlander participants. The reduction in FMD and increase in arterial stiffness observed in 

highlanders may be the combined result of increased free radical formation and corresponding 

reduction in NO bioavailability. Indeed, increased oxidative stress reduces NO bioavailability, 

as observed in the highlander dwellers, which in turn may contribute to ED and vascular 

stiffness.  

 

Collectively, these findings support the hypothesis that CMS+ have an inadequate intake of 

dietary antioxidant nutrients, especially antioxidant vitamins, compared to CMS- and 

lowlander controls and this may contribute to the pathophysiology of CMS. Poor dietary 
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antioxidant intake may lead to excessive oxidative damage and has been associated with 

impaired vascular function, cognitive decline and depression as observed in CMS+ (Figure 47). 

However, as illustrated in Figure 47, it is important to acknowledge that hypoxaemia per se, is 

the upstream stimulus for oxidative catalysis and CMS+ patients are typically more 

hypoxaemic; hence, an inadequate dietary antioxidant intake may represent a contributing 

factor in increasing susceptibility and vulnerability to oxidative damage. Therefore, it may be 

important that highlander dwellers, especially CMS+, adhere to nutritional guidelines that 

typically promote a varied, nutrient-dense and antioxidant-rich diet. In addition, a focused 

dietary intervention aimed to increase consumption of fruit and vegetables, rich sources of 

antioxidant vitamins may improve the overall health of highlander dwellers, especially CMS+ 

who may be at increased cardiovascular risk. 
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Figure 47. An overview of the main findings from the study. Hypoxaemia acts as a pro-oxidant 

catalyst, leading to an increased formation of free radicals. The latter especially marked in 

CMS+, highlanders with Chronic Mountain Sickness. A, oxidation of the ascorbate monoanion 

(AH−) by any free radical (R•) with a one‐electron reduction potential that exceeds +282 mV 

will yield A•- (Bailey et al., 2019). The increased formation of free radicals leads to a reduction 

in circulating concentration of bioactive nitric oxide (NO) metabolites. B, filtered traces of 

bioactive NO metabolites [nitrite (NO2
−) + S-Nitrosothiols (RSNO)] generated via ozone‐based 

chemiluminescence involving the reaction of NO with ozone (O3) that yields a photon (hv). 

Inadequate intake of dietary antioxidant vitamins may increase vulnerability/susceptibility to 

oxidative damage (OXNOS, oxidative-nitrosative stress) and has been associated with 

systemic endothelial dysfunction (ED), cognitive decline, and depression as observed in 

CMS+. 

 

5.2. Dietary Assessment 

5.2.1. Energy and Macronutrient 

          In the present study, we identified that energy and macronutrient intake were similar 

between highlanders and lowlanders and in accordance with the guidelines set by the respective 

countries (Ministerio de Salud, 2014, Department of Health, 1991). The energy intake was 

slightly lower than the estimated calorie requirements per day; however, it is important to 

remember that these values can vary depending on body composition and levels of physical 

activity, among other factors (Bates et al., 2014). Although highlanders and lowlanders were 

deemed physically active, energy expenditure and physical activity levels were not formally 

assessed.  
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The energy and macronutrient intake of lowlanders and highlanders resembled the figures 

reported by the UK National Diet and Nutrition Survey (NDNS) which aims to provide 

nationally representative data on types and quantities of foods consumed by British individuals 

from which estimates of nutrient intake for the population are derived (Bates et al., 2019). In 

contrast, current data on energy and nutrient intake for Bolivians are not available; whereas, 

the latest survey aimed to estimate food and nutrient availability in Bolivian homes using 

country-representative data on the availability of foods and beverages within households, was 

published over 15 years ago (Pérez-Cueto et al., 2006). Nevertheless, the energy intake of the 

Bolivian highlander dwellers was equivalent to values reported in the Bolivia household survey 

and the latest published Food and Agriculture Organization (FAO) data (Our World in Data, 

2021, Pérez-Cueto et al., 2006). In contrast, carbohydrate consumption was lower and protein 

and dietary fat intake were higher than the average intake reported by the Bolivia household 

report (Pérez-Cueto et al., 2006). This could be partly due to the fact that Bolivia, like other 

low- and middle-income countries, are experiencing a shift from a more traditional to a more 

westernised diet, with increased consumption of processed food, refined carbohydrates and 

animal protein (Global Nutrition Report, 2021, Kraft et al., 2018).  

 

5.2.2. Dietary Antioxidant Nutrients 

          Consistent with our hypothesis, CMS+ exhibited an inadequate intake of dietary 

antioxidant vitamins, the likely consequence of inadequate consumption of fruit and 

vegetables. Dietary intake of vitamin C and carotene were especially deficient in CMS+ 

relative to CMS- and lowlander controls, according to government guidelines (Ministerio de 

Salud, 2014, Department of Health, 1991). In contrast, vitamin E intake was not different 

between CMS+ and CMS-, although, according to the UK and international guidelines 

(Truswell and Mann, 2017), deficient in CMS+. Our findings are similar to previous studies in 
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highlanders with and without CMS that used a dietary questionnaire method to collect the data 

(Jefferson et al., 2004). They are also consistent with those who have measured antioxidant 

levels directly via blood sampling (Bailey et al., 2013). Within this study, Bailey and 

colleagues (2013) identified that levels of ascorbate, as well as α- and β-carotene, were lower 

in highlanders compared to lowlanders, with the lowest concentrations reported in CMS+, 

suggesting inadequate intake, although a dietary assessment was not performed. They also 

identified that both γ- and α-tocopherol were elevated in highlanders relative to lowlanders. 

Bailey et al. (2013) detected higher concentrations of lipid-derived alkoxyl radicals in CMS+ 

relative to CMS- confirming a selective elevation in free radical-mediated lipid peroxidation. 

However, the authors concluded that the antioxidant response appeared inadequate as it was 

unable to prevent the excessive elevation in systemic OXNOS and corresponding impairment 

in systemic vascular function in CMS+ (Bailey et al., 2013). In addition, it is important to note 

that elevated OXNOS in CMS- (relative to lowlanders) could reflect an adaptive physiological 

response, whereas when it is excessive, as observed in CMS+, may contribute to the 

pathological manifestation of the disease (Bailey et al., 2019, Bailey et al., 2013).  

 

Vitamin E absorption is fairly efficient with half of the dietary intake absorbed and thus overt 

deficiency of this vitamin is rare in humans (Truswell and Mann, 2017). To the contrary, 

vitamin C, the primary and most efficient hydrophilic antioxidant in scavenging a number of 

free radicals and associated ROS and RNS in plasma (Linowiecka, Foksinski and Brożyna, 

2020, Schulz, Anter and Keaney, 2004, FAO/WHO, 2002), is easily destroyed by excessive 

heat as well as exposure to air (Truswell and Mann, 2017). In addition, vitamin C can 

regenerate vitamin E from its oxidised form (α-tocopheroxyl radical) to active vitamin E, 

allowing vitamin C to indirectly inhibit lipid peroxidation (Truswell and Mann, 2017, Traber 
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and Stevens, 2011, Rietjens et al., 2002). Thus, highlighting the crucial importance of adequate 

intake.  

 

Fruit and vegetables are the best sources of dietary antioxidants (Jideani et al., 2021, Carlsen 

et al., 2010). Hence, low intake of vitamin C and carotene observed in CMS+ may be due to 

an inadequate intake of fruit and vegetables.  In support of this statement, consumption of fruit 

and vegetables was lowest in CMS+ and below the minimum recommended intake (Ministerio 

de Salud, 2014). These findings disagree with the Bolivia household survey data (Pérez-Cueto 

et al., 2006) and the first comprehensive review of dietary intake in the Andean countries 

(including Bolivia) discussed in Chapter 2, which suggested that vitamin C intake was 

generally adequate (Berti, Fallu and Cruz Agudo, 2014). However, both reports may be 

outdated. In addition, the review that combined data from different Andean countries focusing 

mainly on poorer rural areas, may have not been representative of Bolivian urban highlanders 

(Berti, Fallu and Cruz Agudo, 2014). Furthermore, dietary changes in the last decade combined 

with the aforementioned cultural transition to a western-style diet may have affected the 

consumption of fruit and vegetables (Kraft et al., 2018, Abbott et al., 2018, Lipus et al., 2018). 

In fact, the latest published data on the average per capita intake of fruit and vegetables in 

Bolivia confirmed a decline in consumption (Global Nutrition Report, 2021, Our World in 

Data, 2021). Although the traditional Bolivian diet is characterised by the high availability of 

foods of plant origin, fruit and vegetables are products that recently have been subject to 

frequent price increases that may also have reduced per capita consumption (da Silva-Ovando 

and Ocampo-Terceros, 2021, Abbott et al., 2018).  

 

Moreover, the intake of vegetables reported by our Bolivian participants was mainly in cooked 

dishes like ‘sopa’ (soup), which is consumed at lunch and dinner before the main dish of meat 
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or fish and carbohydrates (Borda, 2013). Thus, in this instance, vitamin C availability may be 

reduced, given that this vitamin is easily destroyed by heat exposure (Truswell and Mann, 

2017). Also, this would be the case for food consumed outside the home (e.g. street food) where 

the prolonged heat may further destroy vitamin C (Truswell and Mann, 2017). This could be 

an issue considering that in La Paz a high proportion of food is consumed outside the home 

(Pérez-Cueto et al., 2006). Furthermore, as well as socio-economic factors and despite the 

Government’s efforts to promote healthy eating (Ministerio de Salud, 2014), more educative 

programmes on the impact of an unbalanced or deficient diet and on ways to improve eating 

patterns, may benefit highlander dwellers (FAO, 2018b, Martinez, 2015).  

 

Diets rich in fruit and vegetables protect against several chronic and degenerative diseases 

whereas a reduced intake is linked to poor health (Wang et al., 2021, GBD 2017 Diet 

Collaborators, 2019). Recently published reviews have concluded that dietary intake and blood 

concentrations of vitamin C and total carotenoids that positively correlate with the intake of 

fruit and vegetables are inversely associated with risk of CVD, cognitive impairment and 

dementia (Yusuf et al., 2020, Dominguez and Barbagallo, 2018, Jiang et al., 2017, Lanas et 

al., 2007, Yusuf et al., 2004). Indeed, WHO reported in 2017 that an estimated 3.9 million 

deaths worldwide were attributable to inadequate intake of fruit and vegetables (Wolfenden et 

al., 2021). Furthermore, a recent study identified that around five daily servings of fruit and 

vegetables confer the lowest risk of total and cause-specific mortality, with two (daily) servings 

for fruit and three for vegetables identified as the minimum required for risk reduction (Wang 

et al., 2021). Moreover, an intake of fruit and vegetables greater than the ‘5 portions per day’ 

as advised by both governments, may be even more protective (Wang et al., 2021, Aune et al., 

2017). Therefore, a consumption below the minimum recommended intake, as observed in 

CMS+, may place these patients at increased risk of CVD and neurodegenerative diseases. 
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Hence, dietary manipulation aimed at increasing the intake of antioxidant-rich fruits and 

vegetables is associated with a lower risk of chronic oxidative stress-related diseases (Wang et 

al., 2021, Jayedi et al., 2019, Ashor et al., 2019, GBD 2017 Diet Collaborators, 2019, Aune et 

al., 2018, Aune et al., 2017). 

 

Finally, although dietary selenium intake was also inadequate in all participants, selenium 

deficiency is rare, and it often takes years to develop. Nevertheless, it may occur when low 

selenium status is linked with additional stress such as increased oxidative stress due to 

inadequate antioxidant defence. However, the minimum requirement to prevent selenium 

deficiency is 20 µg/d (Papp et al., 2007), much lower than the intake of our participants.  

Although residents in low-selenium areas have low levels of blood selenium and GPx activity, 

there is little evidence that these are sub-optimal or have resulted in changes in other oxidative 

defence mechanisms (Thomson, 2017). Yet, a low selenium state has been associated with 

depressed mood as this mineral is vital for the proper functioning of several selenoproteins 

involved in antioxidant defences within the brain and nervous system (Wang et al., 2018). This 

may have contributed to the depressive symptoms reported in CMS+ as shown in this study 

and by others (Bailey et al., 2019). However, further research is required to better understand 

the effect deficient selenium levels have on this ‘at-risk’ group. 

 

5.2.3. Fat- and Water-soluble Vitamins 

          Vitamin K intake was lower in CMS+ in comparison to CMS- and lowlander controls. 

Although dark-green vegetables and vegetable oils are a good dietary source, vitamin K is also 

synthesised in the large intestine by bacteria. In addition, this fat-soluble vitamin is stored in 

the liver and clinical deficiency in adults is rare (Truswell, 2017b).  Regarding fat-soluble 

vitamins A and D, no differences in mean intake were observed between CMS+ and CMS-; 
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although vitamin A intake was lower in CMS+ and below the recommended amount for all 

participants (Ministerio de Salud, 2014, Department of Health, 1991). However, vitamin A 

deficiency is a particular problem in groups with high vitamin A requirements: infants, 

preschool children, pregnant and lactating women (Thurnham, 2017); hence, not an issue for 

our participants. In addition, vitamin A absorbed in excess of immediate needs is stored in the 

liver in esterified form and released into the blood to maintain adequate vitamin A levels for 

bodily functions (Department of Health, 1991). Similarly, vitamin D intake was below the 

recommended amount for all study participants. However, there are few dietary sources of 

vitamin D (fatty fish, fish liver oils, eggs and fortified foods) and most diets provide under 5 

µg of vitamin D/d (Truswell, 2017b). Nevertheless, cholecalciferol, a form of vitamin D, is 

derived from the action of UV irradiation on 7–dehydrocholesterol in the skin; hence, vitamin 

D status depends on the time spent outdoors during the day, weather and cultural influences on 

skin exposure (Department of Health, 1991). 

 

The intake of water-soluble vitamins was within the recommended guidelines for highlanders  

(Ministerio de Salud, 2014). In addition, although B-vitamins minimum intake required to 

prevent explicit deficiency-related disease has been identified, there is a limited understanding 

of the negative effects of levels of consumption that lie above the minimum but below the 

optimal level of intake (Kennedy, 2016). However, folate, which plays a key role in breaking 

down homocysteine, an amino acid that has been linked to an increased risk of CVD (Mann 

and Chisholm, 2017), was lower in CMS+ compared to lowlander controls (P = 0.070). 

Homocysteine is derived from the amino acid methionine. It is methionine minus the methyl 

group. Folate augments the activity of the enzyme methionine synthase, which remethylates 

homocysteine back to methionine (Truswell, 2017a). Positive associations between plasma 

level of homocysteine and vascular disease have been observed in several studies (Duffy et al., 
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2013, Verhaar, Stroes and Rabelink, 2002). In addition, observational studies have identified 

an association between high homocysteine levels and increased incidence of dementia 

(Seshadri et al., 2002). Hence, it can be argued that an increased intake of folate, present in a 

wide variety of foods, including vegetables (especially dark green leafy vegetables) and fruits, 

may be desirable in certain subgroups, like CMS+, in order to prevent the formation of the 

amino acid homocysteine.  

 

5.2.4. Minerals  

          No differences in mean intake of minerals were observed between CMS+ and CMS-. 

However, mean intake of magnesium was lower and zinc was higher in the highlanders relative 

to lowlanders. In addition, potassium average intake was below the recommended amount for 

lowlanders and highlanders according to the UK Department of Health (1999), although no 

recommendations were provided by the Bolivian Ministry of Health (2014). Furthermore, 

sodium intake was above the recommendation for highlanders and lowlanders (Ministerio de 

Salud, 2014; Department of Health, 1999).  

 

The mineral elements magnesium, potassium and sodium help to regulate blood pressure 

(Karppanen, Karppanen and Mervaala, 2005). Magnesium may play a critical role by 

stimulating NO and PGI2 formation and modulating endothelium-dependent and independent 

vasodilation along with reducing vascular tone and reactivity (Zhang et al., 2016, Houston, 

2011). Evidence from epidemiological studies has demonstrated that low dietary intake of 

magnesium was associated with reduced protection against major cardiovascular risk factors 

(e.g. arterial hypertension, endothelial dysfunction and atherosclerosis; Severino et al., 2019, 

DiNicolantonio, Liu and O’Keefe, 2018). High intake of sodium (salt) and insufficient 

potassium consumption increase urinary potassium excretion that is associated with excessive 
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sodium and insufficient potassium concentrations in the body (Adrogué and Madias, 2007). 

These biological changes result in vascular smooth muscle cell contraction, followed by 

peripheral vascular resistance and high blood pressure; the latter is one of the most important 

risk factors for CVD (GBD 2017 Diet Collaborators, 2019, Mann and Chisholm, 2017, WHO, 

2012, Adrogué and Madias, 2007). However, the combination of increased intake of 

magnesium and potassium, coupled with reduced sodium intake, has been identified as most 

effective in reducing blood pressure (Pickering et al., 2021, Houston, 2011). As CMS+ are at 

increased risk of cardiovascular events (Villafuerte and Corante, 2016), the excessive intake of 

sodium and reduced intake of potassium and magnesium may increase the risk of hypertension 

and aggravate cardiovascular prognosis in this high-risk subgroup (Corante et al., 2018). In 

addition, magnesium assists with neurological pathways that, when not functioning correctly, 

are believed to lead to depression among other mood disorders. Although several observational 

studies have linked low serum magnesium levels with an increased risk of depression, the 

mechanisms that underlie the association remain unclear (Wang et al., 2018). One of the 

possible mechanisms may involve magnesium’s modification of the stress response by 

reducing the release of adrenocorticotrophic hormone (ACTH) and modulating 

adrenocorticotropic sensitivity to ACTH, both preventative against the hyperactivation of the 

hypothalamic-pituitary-adrenal (HPA) axis (Pickering et al., 2020); the latter in adults has been 

linked to depression (Iob, Kirschbaum and Steptoe, 2020). However, further research is 

required to better understand the effect this may have on this vulnerable group.  

 

The intake of the other minerals by highlanders was within the recommended guidelines set by 

the Bolivian Ministry of Health (2014), whereas iodine was below the advised intake. Indeed, 

iodine deficiency in Bolivia is recognised as a public health problem due primarily to iodine-

deficient soils. Since the late 1990s, Bolivia developed a salt iodization strategy to achieve and 
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sustain optimal iodine intake to reduce the risk of iodine deficiency disorder (IDD) (Ohlhorst 

et al., 2012). 

 

5.3. Metabolic Response 

          Plasma A•- was employed as a direct measure of systemic free radical formation 

(Buettner and Jurkiewicz, 1993). Thus, its elevation in the present study, provides direct 

molecular evidence that systemic free radical formation was increased in highlanders in 

comparison to lowlander controls (Figure 47). Although no significant difference was observed 

between CMS+ and CMS-, the concentration of A•– was almost 10% higher in CMS+ in 

comparison to CMS-. In addition, marked permanent elevation in systemic OXNOS in hypoxic 

highlander dwellers has been observed in other studies (Bailey et al., 2019, Bailey et al., 2013, 

Jefferson et al., 2004). Furthermore, Bailey and colleagues (2019) identified an inverse 

relationship between A•– formation and SaO2 suggesting that a reduction in mitochondrial PO2 

subsequent to arterial hypoxaemia may prove the upstream stimulus for oxidative catalysis 

(Bailey et al., 2011b). 

 

In our study and consistent with findings reported by our laboratory (Bailey et al., 2019, Bailey 

et al., 2013), elevated oxidative stress in highlanders coincided with a reciprocal reduction in 

NO2
− and RSNO, culminating in reduced vascular NO bioavailability (Figures 33 and 34). 

Although a physiological threshold for oxidative stress has not been defined, our findings 

indicate that a state of imbalance potentially exists between free radical formation and 

antioxidant defence in highlanders, which may have contributed to the elevation of systemic 

OXNOS. This may be partly caused by the inadequate intake of antioxidant vitamins such as 

vitamin C and carotene. It has been shown that vitamin C in endothelial cells, through several 

different mechanisms like the recycling of tetrahydrobiopterin (BH4) an important enzyme co-
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factor responsible for the proper function of eNOS or by scavenging O2
•⁻ that would otherwise 

react with NO to generate ONOO⁻, affects NO bioavailability (May and Harrison, 2013, Schulz, 

Anter and Keaney, 2004). In addition, vitamin C contributes towards the regeneration of 

vitamin E from its oxidized tocopheroxyl form (Traber and Stevens, 2011). Ascorbate has also 

been found to tighten the endothelial barrier and thus, may modulate access of ascorbate and 

other molecules into tissues and organs (May and Harrison, 2013). 

 

We did not assess NO3
−, which is reduced to NO2

− by commensal bacteria in the mouth and 

gastrointestinal tract (Lundberg, Weitzberg and Gladwin, 2008). Thus, this may have 

contributed towards the lower NO2
− and RSNO observed.  However, the main source of 

absorbed NO3
− in the body is food and approximately 80% of dietary NO3

− are derived from 

green leafy vegetables (Keller et al., 2020). Due to the low consumption of vegetables observed 

in CMS+, the NO3
− intake was unlikely to have impacted NO2

− production. In addition, food 

NO3
− content depends on the type of vegetables, as well as environmental and agricultural 

factors (Salehzadeh et al., 2020). Moreover, different cooking techniques influence 

NO3
− availability with boiling decreasing NO3

− content irrespective of the type of vegetable 

(Ekart et al., 2013). This is relevant as most vegetables consumed by highlander dwellers are 

added in “sopa” in which vegetables are likely to be overcooked and may have a decreased 

NO3
− bioavailability along with a reduced level of vitamin C, which is also destroyed by heat 

(Lipus et al., 2018, Truswell and Mann, 2017).  Although CMS- intake of vitamin C along with 

fruit and vegetables consumption were within the recommended amount (Ministerio de Salud, 

2014), it may be argued that a higher intake of uncooked fruit and vegetables should be 

recommended for highlander dwellers, as oxidative stress in CMS- prevailed along with a 

reduced formation of NO. However, further studies are required to better understand the link 
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between dietary antioxidant intake, OXNOS and the pathophysiology of CMS. This is 

discussed in the next chapter (Chapter 6). 

 

5.4. Cardiopulmonary Function 

          It has been reported that Andean highlanders have lower BP compared with lowlanders 

(Toselli, Tarazona-Santos and Pettener, 2001). In addition, Richalet et al. (2005) observed 

higher systemic BP in patients with CMS+ than in control subjects (CMS-). In contrast, no 

differences in SBP and DBP were observed between CMS+ and CMS- in our study. However, 

it was reported that the low BP observed was in part mediated by a systemic elevation in 

vascular NO (Narvaez-Guerra et al., 2018). Thus, it can be argued that the decreased 

bioavailability of NO in highlanders, though more exaggerated in CMS+, may have impacted 

the BP observed. Similarly, no differences in MAP, HR, �̇�, SV and TPR between-

group/subgroup were observed. As reported by other authors, �̇� is well-maintained in 

highlander natives, with no differences in HR and SV compared to lowlander controls 

(Simpson et al., 2021, Julian and Moore, 2019, Moore, 2017b,). In addition, �̇� and TPR in 

CMS+ were similar to healthy dwellers (CMS-) at the same altitude (Leon-Velarde, Villafuerte 

and Richalet, 2010). 

 

5.5. Vascular Function 

          As hypothesised, CMS+ exhibited impaired systemic vascular function as indicated by 

a reduction in FMD, increased arterial stiffness and elevated cIMT, confirming prior findings 

by our laboratory (Bailey et al., 2013, Rimoldi et al., 2012). However, contrary to Bailey et al. 

(2013) and Rimoldi et al. (2012), no differences in FMD, aortic PWV and AIx@75 were 

observed between CMS+ and CMS-. Though, FMD was significantly reduced in CMS+ 
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compared to lowlander controls. Moreover, CMS+ reported the lowest FMD and the highest 

aortic PWV and AIx@75 measurements. Indeed, the value for FMD, which expresses the 

maximal percentage change in vessel diameter from baseline, was < 10% dilation in those with 

CMS+ indicating ED (Yan et al., 2005, Vogel, 2001). Although FMD was also slightly blunted 

in lowlanders with a value of 7.6%, this was comparable to similar participants in other studies 

(Rimoldi et al., 2012, Dalli et al., 2002) and may be representative of an ageing vasculature. 

In addition, a recent study on > 7,000 Japanese subjects indicated a cut-off value of 7.1% FMD 

as a diagnostic criterion for normal vascular function (Maruhashi et al., 2020), which would 

suggest normal EF in lowlanders included in this study. Furthermore, it can be argued that the 

slightly lower FMD observed in lowlanders may represent a reduced EF rather than a functional 

impairment (Lewis et al., 2014). However, further studies to identify a cut-off value for 

hypoxic highlanders may help to identify individuals at higher risk of ED and consequently 

increased cardiovascular risk. 

 

As the FMD technique works by increasing luminal blood flow and in turn shear stress, which 

stimulates NO release within the endothelium (Thijssen et al., 2011), it can be argued that the 

impairment, given that FMD response is NO-dependant, may be due to a reduced NO 

bioavailability subsequent to increased free radical formation (i.e. OXNOS; illustrated in 

Figure 44). Indeed, elevated ROS and RNS levels contribute to oxidative damage and 

inflammation, which can be associated with ED due to reduced vascular NO bioavailability 

(Incalza et al., 2018, Liguori et al., 2018). In addition, in our study, similar to the observations 

by Rimoldi et al. (2012), GTN-induced dilation was similar between CMS+ and CMS-, arguing 

that the observed FMD impairment in CMS+ was related to ED and reduced NO, and not due 

to structural modifications of smooth muscle. Measurement of GTN-induced vascular dilation 

was performed as a control test for FMD, as the latter is based on the premise that endothelium-
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independent vasodilation is not altered and changes in FMD are indicative of ED and not 

vascular smooth muscle dysfunction (Maruhashi et al., 2020, Maruhashi et al., 2013). 

 

Indeed, ED is a key risk factor in the development of atherosclerosis and vascular 

complications and is present long before the atherosclerotic plaque is formed or cardiovascular 

events are observed (Thijssen et al., 2019, Green et al., 2011, Frick et al., 2005, Schroeder et 

al., 1999, Celermajer et al., 1992). The risk of vascular lesions, vasoconstriction, thrombosis, 

plaque rupture, OXNOS and inflammation is augmented in the presence of ED making this 

marker an important prognostic predictor for cardiovascular events  (Matsuzawa et al., 2015, 

Ras et al., 2013, Thijssen et al., 2011, Inaba, Chen and Bergmann, 2010, Harris et al., 2010). 

However, the intake of a healthy diet rich in antioxidants along with other lifestyle changes 

ameliorates ED (Man, Li and Xia, 2020, Jayedi et al., 2019). Hence, low consumption of fruit 

and vegetables, and consequent deficient intake of dietary antioxidant nutrients as observed in 

our participants, may also be a contributing factor. In support, Franzini et al. (2012) 

demonstrated improvements in EF measured by FMD in participants at low cardiovascular risk 

who consumed a diet naturally rich in antioxidant nutrients. Participants were instructed to 

consume a diet with high TAC and a diet with low TAC for 2 weeks each with a wash out 

period of also 2 weeks in between.  They were told to follow their usual dietary habits and 

modification of antioxidant intake was obtained by selecting food items with high TAC rather 

than using vitamin supplements. FMD tests were performed before and after each dietary 

intervention. The authors identified that the increased intake of antioxidants naturally available 

in the food consumed, translated into a 2% increase in FMD (Franzini et al., 2012). Thus, 

suggesting that dietary interventions could be helpful for highlanders, in particular CMS+.   
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ED in CMS+ was also associated with increased arterial stiffness and cIMT, both established 

independent predictors of CVD  (Lorenz et al., 2018, Bonarjee, 2018, Stoner, Young and Fryer, 

2012). In addition, as observed by Rimoldi et al. (2012), morphological impairment in the 

systemic vasculature (i.e. increased arterial stiffness and cIMT), may be caused by prolonged 

and severe chronic hypoxaemia. However, other mechanisms may contribute to the systemic 

alterations observed. Indeed, similar to ED, this could be attributed to lifelong inadequate 

intake of dietary antioxidant nutrients and corresponding exposure to OXNOS resulting in 

accelerated atherosclerosis and in turn, stiffening (Man, Li and Xia, 2020, Bailey et al., 2013). 

Indeed, the protective effect of oral supplementation with antioxidant nutrients (vitamin C, 

vitamin E, β-carotene and selenium) on arterial stiffening has been observed, especially in those 

with lower plasma concentrations of vitamins C and E (Ashor et al., 2014b). In addition, high 

fruit and vegetable consumption has also been associated with a reduced risk of arterial 

stiffness (Aatola et al., 2010). In support, the protective role of dietary antioxidant vitamins 

and fruit and vegetable intake on vascular function has been observed in our study (Figures 37 

– 41).  

 

Along with systemic vascular dysfunction, other mechanisms have also been described to 

explain the increased risk of cardiovascular events reported in CMS+. These include, albeit not 

exclusively constrained to, elevated Hb concentration, increased viscosity, or both (Tremblay 

et al., 2019). In addition, a recently published study in collaboration with our group reported 

that acute reduction in Hb concentration following isovolaemic haemodilution increases 

brachial artery FMD in healthy lowlanders; hence, suggesting that Hb scavenging of NO is an 

important factor affecting FMD (Hoiland et al., 2020). Therefore, measurement of blood 

viscosity along with NO bioavailability may provide further insight into the potential impact 

of EE on EF in these at-risk patients. However, these vascular alterations, likely mediated by 
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‘upstream’ redox-regulated events (Bailey et al., 2019, Bailey et al., 2013), suggest that 

highlanders may be predisposed to increased CVD morbidity and mortality and reduced 

antioxidant defence may play an important role. 

 

5.6. Clinical Outcomes 

          There is limited research that has investigated the effect that chronic exposure to 

hypobaric hypoxia has on cognition, especially in CMS+ (Hill et al., 2014). Bailey et al. (2019) 

reported that CMS+ consistently presented with lower scores for MoCA, a validated screening 

tool used to detect MCI and dementia (Nasreddine et al., 2005). The cut-off value of 25 points 

or lower is used as a threshold for detecting MCI (Roalf et al., 2013, Smith, Gildeh and Holmes, 

2007, Nasreddine et al., 2005). Consistent with the findings from Bailey et al. (2019), the 

present study confirmed poorer cognition in highlanders. This was more pronounced in CMS+ 

with scores of ≤ 21 points, representing the cut-off value for MCI and the borderline value for 

mild AD (Nasreddine, 2019, Nasreddine et al., 2005). Hence, CMS+ meet the clinical criteria 

for mild dementia according to the MOCA screening tool (range 11 – 21 points, Nasreddine, 

2019).  

 

The impaired systemic function and increased stiffness of the arteries observed in the 

highlanders, which may impact cerebral perfusion, could be a possible mechanism to explain 

the cognitive impairment observed (Alvarez‐Bueno et al., 2020). Indeed, arterial stiffness has 

been associated with cognitive decline and increased risk of dementia (Tarumi et al., 2014, van 

Popele et al., 2001). In support, Bailey et al. (2019) observed that cerebral blood flow was 

blunted in highlanders compared to lowlander controls, although lower in CMS+ compared to 

CMS-. In addition,  cerebrovascular reactivity to carbon dioxide (CVRCO2), a measure that is 

thought to reflect EF within the cerebrovascular, was lower in highlanders compared to 
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lowlanders (Bailey et al, 2019). This suggests that the impairments observed in the systemic 

circulation, likely translate to the vasculature within the brain and is a mechanism to explain 

clinical outcomes. Also, impaired CVRCO2 is an established risk factor for dementia and stroke 

(Glodzik et al., 2013, Markus and Cullinane, 2001). 

 

Furthermore, exaggerated systemic OXNOS, also observed in the highlander cohorts, has been 

linked to impaired cellular function which may affect neuronal structure and integrity as well 

as impairing NO bioavailability contributing to cognitive impairment (Stephan et al., 2017). 

Indeed, the brain is extremely susceptible to oxidative damage (Cobley, Fiorello and Bailey, 

2018, Bailey et al., 2009a). Therefore, the increased OXNOS observed in CMS+, potentially 

precipitated by a reduced intake of dietary antioxidants, may be one of the contributing factors 

responsible for the cognitive impairment observed. In addition, a greater intake of folate may 

be protective not only in relation to vascular outcome but also cognitive impairment as an 

increased level of plasma homocysteine has been reported as an independent risk factor for the 

development of dementia (Smith et al., 2018, Ravaglia et al., 2005). Indeed, epidemiological 

data suggest that increased consumption of fruit and vegetables, especially green leafy 

vegetables, rich in antioxidants and folate, has been associated with a reduced risk of cognitive 

impairment and dementia (Yusuf et al., 2020, Dominguez and Barbagallo, 2018, Jiang et al., 

2017, Loef and Walach, 2012, Lanas et al., 2007, Yusuf et al., 2004).  

   

Clinical symptoms of depression were minimal in CMS- and only apparent in CMS+, in whom 

cognitive impairment was most pronounced, suggesting that hypoxia and oxidative damage 

may not only contribute to the pathophysiology of cognitive decline and dementia, but also 

depression (Salim, 2014). Hence, the oxidative stress response observed in CMS+ may suggest 

that a physiological continuum for hypoxaemic induced systemic OXNOS, along with reduced 
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antioxidant protection, may potentially exist and, when surpassed, may prove maladaptive and 

contribute to the clinical manifestations observed (Bailey et al., 2019). Indeed, there is growing 

evidence that the imbalance between oxidative stress and the antioxidant defence system, as 

well as the low intake of fruit and vegetables, may be associated with the development of 

depression (Huang et al., 2019, Payne et al., 2012). In addition, low magnesium serum levels, 

possibly due to an insufficient intake, as observed in CMS+, have been associated with 

depression (Jacka et al., 2009). However, the mechanism of this association remains unclear. 

Moreover, the measurement of serum magnesium to assess persistent hypomagnesemia in the 

participants, rather than a daily fluctuation in magnesium intake, would provide a more 

accurate reflection of magnesium status (Wang et al., 2018). Also, low selenium intake has 

been associated with lowered mood status and depression; however, the mechanism of this 

association remains unclear (Johnson et al., 2013). Although the association between selenium 

and depression has been less explored than the link between magnesium and depression (Wang 

et al., 2018), Johnson et al. (2013) cross-sectional evidence suggests that a low selenium level 

is associated with depressive symptoms in an American middle-aged population as measured 

by the Geriatric Depression Scale (GDS). Furthermore, although low selenium intake was 

deficient in all participants, serum level of selenium was not assessed. Similarly to magnesium, 

blood serum concentration of selenium, by assessing intermediate and long-term nutritional 

status, would give a more accurate measure of its level (Wang et al., 2018). Indeed, early 

identification and control of potential neurological risk factors along with early diagnosis may 

lead to interventions aimed at preventing the disease and consequently reduce morbidity and 

mortality, especially in patients with increased risks and possibly limited access to specialistic 

care (Hirschler, 2016). 
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In summary and consistent with our working hypotheses, CMS+ exhibited an inadequate intake 

of dietary antioxidants, likely due to insufficient consumption of fruit and vegetables, which 

may have contributed at least in part, to a marked, permanent elevation in systemic OXNOS. 

This was associated with impaired systemic vascular function, cognitive impairment and 

depression relative to CMS- and lowlander controls. However, contrary to our hypothesis 

CMS+ and CMS- did not show significant differences in OXNOS or vascular function, 

although there was a trend for a higher level of oxidative stress, reduced NO bioavailability 

and consequent vascular impairment in CMS+.   

 

5.7. Limitations 

          Several limitations need to be considered when interpreting the findings of the present 

study to provide a more balanced perspective. First, dietary intake measurements provide a 

guide of the usual food consumption from which estimates of energy and nutrients intake can 

be derived, rather than a direct measure of the energy and nutrients available for body processes 

(Slimani et al., 2015, Rutishauser, 2007). Indeed, all methods aimed at collecting dietary data, 

present different strengths and weaknesses and may be prone to potential measurement errors 

(Lovegrove et al., 2015, Shim, Oh and Kim, 2014, Gleason et al., 2010). Nevertheless, direct 

assessment of dietary intake, in which participants are asked to record or recall their food 

consumption, provides the most accurate data in relation to actual food and nutrients intake 

(Lovegrove et al., 2015, Rutishauser, 2007, Potischman, 2003). Indeed,  fruit and vegetables 

intake data reported in this study, are similar to the latest fruit and vegetables daily consumption 

data reported for Bolivia, hence supporting the study’s findings (Global Nutrition Report, 2021, 

Our World in Data, 2021).   
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Second, the current study did not include cerebrovascular measurements to identify whether 

systemic vascular function translated into the brain and could thus help explain the 

cognition/depression data reported. However, Bailey and colleagues (2019) provided evidence 

of a potential mechanism. They showed that cerebral perfusion was lower in highlanders and 

cerebral blood flow was lower in CMS+ compared to CMS- (Bailey et al., 2019). In addition, 

CVRCO2 was also impaired in CMS+. Indeed, future studies should consider more specialist 

neurological assessments to complement the current approaches taken, in order to determine 

the prevalence of dementia and depression in at-risk CMS+ patient subgroup. 

 

Finally, blood viscosity was not assessed in our study and according to recently published 

research, blood hyperviscosity may have partly contributed to the decreased FMD and thus, 

vascular dysfunction observed in CMS+ (Tremblay et al., 2019). In addition, Tremblay et al. 

(2019) reported that isovolaemic haemodilution improved vascular function in CMS+, which 

further supports the importance of viscosity. However, the measurements reported by Tremblay 

and colleagues (2019) were taken in Cerro de Pasco (4,330 m) at a higher altitude than our 

participants (La Paz, 3,660). Indeed, there is a relationship between viscosity and elevation in 

altitude. A recently published study reported that blood viscosity increases with increasing 

altitude (La Rinconada, Peru, 5,100 m) and was more exaggerated in patients with moderate-

to-severe CMS (CMS mean score 13) (Stauffer et al., 2020). Hence, suggesting that more 

severe hypoxaemia associated with increased CMS severity, greater than our participants, may 

further affect the erythropoietic response and blood viscosity. Thus, because there is a 

relationship between viscosity and elevation in altitude, the findings by Tremblay and 

colleagues (2019) may not reflect those in our study and viscosity per se may not necessarily 

explain our findings. Nevertheless, in future studies, blood viscosity measurements should be 

considered. 
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5.8. Conclusions 

          Notwithstanding the study limitations as outlined, these findings demonstrate for the first 

time, that CMS+ are characterised by an inadequate dietary antioxidant intake, the likely 

consequence of an insufficient consumption of fruit and vegetables. This may have contributed 

to a chronic state of imbalance between the production of oxidants and the antioxidant defence 

capacity, which may have influenced the permanent elevation in systemic OXNOS. The latter 

reflected by a free radical-mediated reduction in vascular NO bioavailability. This may have 

contributed, at least in part, to the observed reduction in systemic vascular function, impaired 

cognition and depression in this subgroup. Given that antioxidants can selectively ‘repair’ 

aqueous superoxide, peroxyl, and alkoxyl radicals, any functional deficiency in dietary intake 

may contribute to ED and may explain the accelerated cognitive decline and clinical depression 

observed. Therefore, the assessment of energy and nutrient intake to estimate nutrient 

consumption and dietary patterns may help to develop dietary interventions aimed at improving 

clinical outcomes in the highlander population. Finally, as highlanders affected by CMS are at 

increased risk of cardiovascular events, nutrition education interventions tailored to address 

diet-related cardio/cerebrovascular risk factors, may improve awareness, dietary practice and 

potentially affect cardiometabolic parameters in this high-risk subgroup.  
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6.0. Future Recommendations 

          There is limited data on food and beverage intake of the highlander population in Bolivia. 

This was the first time that the dietary intake of highlanders with CMS was captured and 

analysed. This cross-sectional study used 48-hour dietary recalls to capture participant dietary 

intake and enabled us to specifically investigate the relationship between dietary antioxidants, 

OXNOS, vascular function and clinical outcomes in CMS patients. Following the identification 

of inadequate antioxidant intake in those with CMS+, future studies should focus on targeted 

dietary interventions in a bid to help prevent or reduce the cardio/cerebrovascular risk 

associated with CMS. However, before the development of suitable interventions, a more in-

depth understanding of the current dietary intake would be required. Indeed, a validated food 

frequency questionnaire (FFQ), used to assess average nutrient intake over an extended period 

in large cohorts, would be an appropriate dietary assessment method to be used in a longitudinal 

study. However, for this population, a specific validated FFQ is not available. Therefore, a 

validation study that included 24-hour recalls/48-hour recalls as a reference method in order to 

develop, pilot and validate a FFQ tailored to highlanders is the focus of our future work in the 

first instance. We are currently applying for different streams of funding to support 

collaborative research projects with our Bolivian partners. In addition, it has come to light that 

there is a similar paucity of nutritional data/guidelines in Peruvian Andeans, a highlander 

population equally affected by CMS. To that end, we are also planning a collaborative study 

with colleagues at the Universidad Peruana Cayetano Heredia, Departamento de Ciencias 

Biológicas y Fisiologicas, based in Lima, Peru.  
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