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RESUMO 

Barreto, Felipe R. O acoplamento neurovascular e metabólico do córtex visual ativado 

de sujeitos jovens saudáveis durante a disponibilidade reduzida de oxigênio. 2016. 68 

f. Tese (Doutorado – Programa de Pós-graduação em Física Aplicada à Medicina e 

Biologia) – Faculdade de Filosofia, Ciências e Letras de Ribeirão Preto, Universidade de 

São Paulo, Ribeirão Preto – SP, 2016. 

O tecido cerebral é altamente dependente de uma complexa rede vascular e um suprimento 

adequado de oxigênio, uma vez que o metabolismo oxidativo é a principal via de produção 

de ATP. Entretanto, durante o aumento da atividade neuronal existe uma relação não linear 

entre fluxo sanguíneo cerebral e consumo de oxigênio, verificado por tomografia de 

emissão de pósitrons e posteriormente por técnicas quantitativas de ressonância magnética 

nuclear. O aumento mais pronunciado do fluxo sanguíneo em comparação com o consumo 

de oxigênio levanta questões sobre a possibilidade de o oxigênio atuar como um fator 

limitante. Apesar dos efeitos devastadores da privação completa de oxigênio ao tecido 

cerebral dentro de minutos, a redução da disponibilidade de oxigênio por curtos períodos de 

tempo é comum em pacientes com apneia do sono e está associada como fator de risco à 

hipertensão e acidentes vasculares. Acreditamos que a obtenção de novas informações 

sobre o efeito da disponibilidade de oxigênio na regulação da resposta vascular e do 

metabolismo energético no cérebro humano in vivo é crucial para um melhor entendimento 

de aspectos básicos do metabolismo energético cerebral e sua relação com o sistema 

neurovascular. Nesta tese foi avaliado o impacto da redução da disponibilidade de oxigênio 

no acoplamento neurovascular e metabólico do cérebro humano saudável. Dois estudos 

foram realizados na presença de hipóxia moderada, com saturação sanguínea entre 80 a 

85%, e normóxia como condição de controle. O primeiro utilizou técnicas quantitativas de 

ressonância magnética funcional (fMRI) em 3T para caracterizar a resposta vascular 

evocada de 9 sujeitos saudáveis perante a estimulação visual. O segundo visou caracterizar 

as concentrações metabólicas em repouso e também as alterações induzidas pela 

estimulação visual em 11 sujeitos, utilizando a técnica de espectroscopia de ressonância 

magnética funcional (fMRS) em 7T. Os dados de fMRI mostraram reduções significativas 

das áreas corticais recrutadas durante a hipóxia moderada, embora as áreas comuns às três 
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técnicas que continuaram ativas demonstraram respostas com amplitude de fluxo e volume 

sanguíneos similares a normoxia. Além disto, a variação de consumo de oxigênio devido à 

estimulação visual foi menor durante a hipóxia. Tais achados potencialmente poderiam 

indicar diminuição da extensão do recrutamento neuronal, porém um novo desacoplamento 

entre atividade neuronal e a resposta vascular, ou seja, aumento da atividade neuronal sem 

uma mesma resposta vascular durante a hipóxia moderada não poderia ser descartado. O 

estudo de fMRS demonstrou alterações metabólicas (glutamato e lactato) induzidas pela 

estimulação similares em ambas as condições gasosas. Entretanto, alterações significativas 

nas concentrações de aspartato, glutamato e glutamina foram observadas entre as condições 

no repouso. A combinação dos achados de ambos os estudos aqui apresentados sugere que 

a hipóxia moderada não resulta na diminuição do recrutamento neuronal, pois variações 

similares de glutamato e lactato, considerados fortes marcadores do aumento de atividade 

neuronal, foram observadas durante hipóxia moderada. Entretanto, há evidências de que a 

disponibilidade reduzida de oxigênio leva a alterações no mecanismo do acoplamento 

vascular e também no metabolismo basal. Análises futuras serão necessárias para verificar 

se existe um mecanismo fisiológico que explica as alterações vasculares e metabólicas aqui 

observadas. 

Palavras-chave: 1. Acoplamento neurovascular; 2. Metabolismo energético; 3. Hipóxia; 4. 

fMRI; 5. fMRS. 
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ABSTRACT 
Barreto, Felipe R. The neurovascular and metabolic coupling of activated visual cortex 

in healthy young adult subjects during reduced oxygen availability. 2016. 68 p. Thesis 

(PhD – Physics Applied to Medicine and Biology Graduation program) – Faculty of 

Philosophy, Sciences and Letters of Ribeirao Preto, University of Sao Paulo, Ribeirao Preto 

– SP, 2016. 

The cerebral tissue is highly dependent on a complex vascular network and a tight regulated 

supply of oxygen, since oxidative metabolism is the primary source of ATP synthesis. 

Increased neuronal activity leads to a well-established mismatch between CBF and 

CMRO2, measured by PET and nuclear magnetic resonance techniques. The much larger 

CBF evoked response as compared to CMRO2 response raises questions about the role 

played by oxygen as a potential limiting factor. Despite the devastating effects of intense 

hypoxia to cerebral tissue, moderate oxygen deprivation through short periods of time is 

frequent in chronic disorders such as obstructive sleep apnea and has been suggested to be a 

risk factor for morbidities such as hypertension and stroke. Identifying the impact of mild 

hypoxia on functional brain metabolism in the healthy human brain is a crucial step for 

understanding basics aspects of cerebral bioenergetics and its relationship with the 

neurovascular system. In this thesis we evaluate the impact of reduced oxygen availability 

in the neurovascular and metabolic coupling of the healthy human brain. Two studies were 

performed in the presence of mild hypoxia, with 80 to 85% arterial blood oxygen 

saturation, and normoxia as the control condition. The first study utilized functional 

Magnetic Resonance Imaging techniques (fMRI) at 3T to characterize the vascular 

response to visual stimulation in 9 subjects. The second study aimed at characterizing the 

neurochemical profile of the human brain and quantifying the stimulus-induced metabolic 

changes as measured by fMRS at 7T in 11 subjects. The fMRI data showed significant 

reductions in the recruited cortical areas during mild hypoxia, although activated areas in 

all three imaging modalities showed responses with similar amplitude of blood flow and 

volume from normoxia. In addition, the variation of oxygen consumption due to 

stimulation was smaller during mild hypoxia. These findings could potentially suggest 
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decreased neuronal recruitment, although a new decoupling between neuronal activity and 

vascular response (i.e. similar neuronal recruitment with different vascular response) could 

not be discarded. The fMRS study showed similar stimulus-induced glutamate and lactate 

changes during both gas conditions. However, significant concentration differences were 

observed in aspartate, glutamate and glutamine during rest conditions. Finally, the 

combination of the data from the two studies herein presented suggests that mild hypoxia 

does not result in reduced neuronal recruitment despite the altered vascular response, as 

shown by the similar glutamate and lactate stimulus-induced responses, known to be strong 

markers of increased neuronal activity. However, there are evidences that support altered 

neurovascular coupling and metabolic concentrations during reduced oxygen availability at 

rest. Further analysis will be necessary to elucidate how the new steady state concentrations 

of aspartate, glutamate and glutamine could be linked to physiological mechanism that 

potentially alters the neurovascular response. 

Key-words: 1. Neurovascular coupling; 2. Energetic metabolism; 3. Hypoxia; 4. fMRI; 5. 

fMRS. 
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CHAPTER 1 - THE NEUROVASCULAR COUPLING 
 The human brain is the main organ of the central nervous system and has a high 

energetic demand. It represents only 2% of the body mass, but it consumes approximately 

20% of the total oxygen and 25% of glucose utilized by the body (1). The high energetic 

cost is mainly generated by excitatory post-synaptic synapses and action potential 

propagation, which requires 52% and 33% of the total adenosine triphosphate (ATP) 

produced (2), respectively. Neurotransmitter release and recycling consume 5% and 4% of 

the produced ATP, respectively (2). Due to the lack of reservoirs for essential nutrients and 

oxygen, an efficient transport system is crucial for proper brain function (3), which is 

provided by a complex vascular network responsible for the distribution of nutrients and 

removal of catabolites through the cerebral blood flow (CBF). Blood vessels, neurons and 

glial cells forms the so-called “neurovascular unit” (4), which constitutes a functional unit 

responsible for maintaining homeostasis. The interactions between the components of the 

neurovascular unit allow CBF distribution through areas according to their activity and 

metabolic demand. Here we define as the neurovascular coupling the regulatory 

relationship of neuronal activity through the neurovascular over the vascular system. 

 The increase in neuronal activity, and consequently in the energetic demand, is 

followed within 1-2 seconds by a cascade of vascular changes which defined the so-called 

hemodynamic response, characterized by dynamic changes in CBF and cerebral blood 

volume (CBV), as shown by theoretical curves in Fig. 1.1. Extra-cerebral arteries at the 

surface of the brain, such as the pial arteries in the cortex, are the main source of resistance 

and control the blood flow. The vasodilation in the activation site is associated with dilation 

in pial arteries for an adequate regulation of perfusion. The vasodilatation propagates from 

the active area to the surface through the transmission of intramural signals, sustaining 

pressure equilibrium on the vascular tree that does not allow blood flow to shift from active 

regions to others also irrigated by the same vessel branch (3). 

 In 1890, the physiologist Charles Sherrington demonstrated that stimulation of the 

brain caused a local increase in blood flow (5). Even though it has been known for more 

than a century that increases in brain activity result into CBF increases, the metabolic 

mechanisms that govern the relationship between neural activity and blood flow are not 
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fully understood (6). Among different metabolic changes that are induced by increased 

neuronal activity, local increase in CO2, changes in K+, Ca2+ and adenosine concentrations 

are known to be capable of triggering the hemodynamic response (3). 

 
Fig. 1.1. Description of dynamic physiology changes induced by increased neuronal activity. 

Adapted from Buxton et al. (2004). 

 The main function of the hemodynamic response is to deliver essential molecules 

(e.g. glucose, oxygen, lipids and hormones) and clear waste products through the blood 

flow. Considering that the adult human brain has a typical basal cerebral metabolic rate for 

glucose (CMRGlc) of 0.3 mM/min (7) and the concentration of glucose in the cerebral tissue 

is 2 mM (8), in the event of a complete interruption of nutrient transportation, it would take 

minutes for total depletion of glucose in the tissue. This basic calculation suggests that the 

hemodynamic response on the time scale of seconds is not necessary to sustain glucose 

metabolism (9). However, considering the normal baseline cerebral metabolic ratio for O2 

(CMRO2) of 1.6 mM/min (10) and a typical O2 concentration of 0.3 mM in the brain 

tissue, the time for O2 depletion is in the same time scale of the hemodynamic response. 

The relationship between CMRO2 and O2 concentrations in the tissue is a strong indication 

that O2 availability is the reason why the hemodynamic response is shortly after the 

increase in neuronal activity. As a matter of fact, glucose availability in the blood has no 

effect on the CBF response after sustained visual stimulation (11).   

 The hypothesis that CBF and the CMRO2 are coupled during rest (here defined as 

the condition without the presence of a stimulus) is widely accepted, since 80 to 92% of the 
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ATP consumed in the brain is produced through oxidative metabolism of glucose (11). If 

the hemodynamic response was directly regulated for supplying the demands of the tissue, 

a linear relationship between CBF and CMRO2 would be observed during increased 

neuronal activity (here defined as “activation”). However, Fox et al. (1986, 1988) utilizing 

Positron Emission Tomography (PET) showed a 30 to 50% increase of CBF in the visual 

cortex due to visual stimulation, whereas CMRO2 increased 5 to 10%. Subsequent studies 

using PET and  functional Magnetic Resonance Imaging (fMRI) techniques confirmed the 

mismatch between ΔCBF (30-65%) and ΔCMRO2 (5-30%) (9,12–19), and there is a 

consensus that the ΔCBF/ΔCMRO2 ratio varies from 2 to 4 among different brain regions 

(16,20–22). Thus, it is likely that CBF and CMRO2 are not linearly coupled during 

activation. A recent hypothesis suggests that the CBF increase in response to a stimulus is 

not driven by the change in energy metabolism, but rather by signals related to the neuronal 

activity itself (23). Instead of direct link between CBF and CMRO2, Buxton et al. (2010) 

showed through a theoretical framework that observed ΔCBF/ΔCMRO2 coupling ratio is 

approximately what is required to maintain the partial pressure of O2 (pO2) constant in the 

tissue during increased neuronal activity. The authors showed with a theoretical model that 

a CMRO2 increase of 20% with a constant CBF would lead to a 30% drop of tissue pO2. 

However, a CBF increase approximately 2.5 times higher than CMRO2 would be able to 

keep tissue pO2 of 25 mmHg constant. The brain tissue has a low oxygen concentration, 

but an excess of oxygen delivery as compared to utilization at rest, given that the effective 

O2 partial pressure that limits CMRO2 through cytochrome oxidase is below 1 mmHg and 

the oxygen surplus diffuses back to the capillary (24). However, during activation it may be 

used for oxidation without a necessary fast early increase in CBF (11).  

 Fig. 1.1. shows typical theoretical waveforms of evoked CBV, CBF, CMRO2 and 

resulting deoxyhemoglobin (dHb) in a volume of cerebral tissue after a stimulus with 

duration in the seconds range. An early increase in neuronal activity prior to the signaling 

that triggers the vascular response leads to the small hump observed in the 

deoxyhemoglobin curve. A fast CBF response (larger than CMRO2 increase) carrying fresh 

blood decreases the relative concentration of deoxyhemoglobin in the blood, as shown by 

the depression in the curve. After the end of the stimulus, a slower return of total CBV as 

compared to CBF originates the overshot observed in the curve.  The dynamics of relative 
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deoxyhemoglobin concentration is a key factor for understanding the dynamics and the 

mechanism behind the origin of the Blood Oxygen Level Dependent (BOLD) signal, to be 

discussed on Section 3.3. The relative concentration of deoxyhemoglobin is directly linked 

to the Oxygen Extraction Fraction (OEF), given by equation 1.1, where Hct is the 

hematocrit and Ya the arterial blood oxygen saturation. 

     
aYHctCBF

CMROOEF
⋅⋅

= 2               (1.1) 

 Several different factors can alter the neurovascular coupling and contribute for the 

variability of ΔCBF/ΔCMRO2 ratio. It has been shown that the level of stimulation (22), 

the degree of attention (25), adaptation to a sustained stimulus (26) and even the effects of 

drugs (27,28) are capable of altering the vascular coupling. In a very interesting study, 

Griffeth et al. (2011) used the calibrated BOLD methodology (29) to reveal changes in the 

neurovascular coupling before and after the intake of caffeine. The main findings were a 

decrease in baseline CBF due to caffeine while baseline CMRO2 was increased, and 

absolute CMRO2 in response to visual stimulation was 60% increased post-caffeine. The 

authors argue that the balance of CBF and CMRO2 changes may vary depending on 

specific aspects of neuronal activity. While an increase in ΔCMRO2 due to stimulation is 

consistent with an increase in excitability promoted by caffeine, the decrease in CBF is 

explained by the inhibition of vasodilatory effects of adenosine by caffeine. Thus, the use 

of caffeine is clearly capable of alter the coupling between CBF and CMRO2. The normal 

healthy aging is also another important variable that affects the neurovascular coupling 

(30). It has been shown that the magnitude of CMRO2 and CBF declines in large parts of 

the brain, but primary motor and sensory areas are relatively spared (30), and OEF 

increases in frontal and parietal cortex. Such findings might indicate a possible mechanism 

of transformation from the healthy to unhealthy aging, since most regions affected are the 

most vulnerable to neurodegenerative diseases (30). 

 Most functional studies focused in the visual cortex, which is accepted to embody 

the general properties of cortical brain function (31). The visual system is arguably the 

most important pathway for input of information to the human brain, which yields higher 

levels of intrinsic neuronal activity and energy consumption, as proven by higher blood 

flow in the occipital lobe as compared to other regions of the brain (32). 
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 In order to fuel the many mechanisms and processes described in this chapter, 

neurons and astrocytes rely in a complex group of chemical reactions that are part of the 

energy metabolism and are responsible for providing the necessary energy from substrates 

such as glucose, as discussed in chapter 2. Since oxidative metabolism of glucose is the 

main source of energy to cerebral cells at rest, oxygen plays an essential role in the 

bioenergetics of the human brain. 
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CHAPTER 2 - ENERGY METABOLISM AND HYPOXIA 

2.1 Bioenergetics of human brain 

It is important to consider the nature of the energy expenditure in the cerebral tissue. 

Neurons form elaborate networks through which action potentials (altered membrane 

potentials) propagate. The major role of the human brain is to transfer and process 

information through the propagation of an action potential and through the release of 

chemical neurotransmitters. Both processes are heavily dependent on ion transportation 

across the nervous cell membrane. The three main energy consuming processes in neuronal 

cells are: maintenance of the electrochemical membrane potentials, restoration of the 

membrane potential after neuronal excitation and neurotransmitter release and cycling. 

  Brain cells actively maintain electrochemical membrane potentials through the 

regulation of specific ion channels in the membranes that exchange free ions (e.g. Na+, K+, 

Cl-) between intra and extracellular compartments. A stable membrane potential is 

maintained when the conductance for each ion matches the active ion transport against the 

concentration gradient (33). Pumping ions against an electrochemical gradient is an energy 

demanding process. The Na,KATPase  enzyme hydrolyses ATP in order to induce 

conformational changes in its structure that translocate K+ in and Na+ out of the 

intracellular space. Brain metabolism associated with transport of Na+ and K+ represents 

approximately 40% of normal energy consumption, shown through the complete 

inactivation of Na,KATPase (34–36). 

 Neuronal excitation occurs when membrane channels with voltage-dependent 

conductance open to allow passive flow of Na+ ions into the cytoplasm from the 

extracellular space and K+ in the opposite direction, leading to a steady depolarization that 

can trigger spontaneous neuronal discharge when a threshold is reached. Thus, neuronal 

excitation leads to energy consumption due to the necessity of reestablishing the 

electrochemical gradient through active transport. Not surprisingly, the energy metabolism 

of brain tissue in conditions of low activity (e.g. coma, persistent vegetative state, 

anesthesia) can exhibit nearly half of the normal level (37,38) of approximately 40% of 

total energy consumption (1). 
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 While the signal propagation occurs through the nervous cell membrane similarly to 

an electrical impulse, the equivalent current propagation cannot travel through the synaptic 

cleft (i.e. between neurons), which acts as a physical barrier. Neurotransmitters are 

chemical messengers responsible to transfer the signal propagation from one neuron to 

another. Glutamate is the main excitatory neurotransmitter found in the human brain and 

approximately 80% of neuronal glucose consumption at rest accounts for glutamatergic 

synaptic activity (39). Another fraction of approximately 13% of glucose consumption is 

utilized for sustaining predominant inhibitory neurotransmitter γ -aminobutyric acid 

(GABA) synaptic activity (40). Thus, neurotransmission is primarily represented by 

excitatory glutamatergic synaptic activity and a smaller fraction of inhibitory gabaergic 

neurons. In addition, 5 to 10% of cellular energy production is dedicated to protein and 

other molecule synthesis, as part of the “housekeeping” functions. 

 The glutamate-glutamine cycle (Glu-Gln) is a recycling process that replenishes 

glutamate used in the excitatory neurotransmission process. A quick removal of glutamate 

from the synaptic cleft is necessary to enable the next action potential and also prevent 

glutamate neurotoxicity (41). The Glu-Gln cycle takes place partially in the in neurons, 

where glutaminase is located, and in the astrocytes, where glutamine synthetase occurs. 

After an action potential, the released glutamate is removed from the synaptic cleft by the 

astrocytes surrounding the synaptic area. The glutamate is then converted to glutamine and 

moved from the astrocytes to neurons by glutamine transporters. Finally, glutamine is 

converted by glutaminase to glutamate in the neuron (42). The Glu-Gln cycle consumes 

approximately 10% of the total ATP consumption (2), thus it has a relative small energetic 

demand as compared to membrane potential maintenance and action potential propagation. 

 During increased neuronal activity induced by sensory stimulation in awake 

humans, the glucose consumption increases between 12 to 20% (17,43). The execution of 

cognitive tasks tends to demand additional 5 to 15% of baseline CMRGlc (44). Thus, 

glucose requirement increment due to stimulated activation is relatively small as compared 

to the demand under rest condition. Therefore, it seems reasonable that increased neuronal 

activity does not require additional physiological mechanisms, but an up-regulation of the 

same biochemical processes that are present in rest condition (39).  
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 The ATP molecule is considered the energy currency for brain cells and is the link 

between energy utilizing and energy producing processes. The brain energy metabolism is 

adapted to maintain ATP concentration constant, since the processes that are responsible 

for restoring ATP levels are directly or indirectly sensitive to ATP utilization. Heart and 

brain data suggests that rapid variations of energy demand by as much as 10-fold can be 

sustained with minimal variation of ATP concentration (45–48), which can be achieved due 

to the fact that biochemical pathways responsible for ATP synthesis are regulated by 

factors that are linked to its rate of utilization. Short and long term regulatory mechanisms 

are used to maintain stable ATP levels throughout different energetic demand levels.  

 A short-term mechanism for ATP production (within the first minutes range) is the 

hydrolysis of phosphocreatine (PCr), unique to cerebral and muscle tissue. The enzyme 

creatine kinase (CK) plays an essential role on early buffering of ATP concentration, 

catalyzing the interconversion of ADP (adenosine diphosphate) and PCr to ATP and 

creatine. CK is active in the cytosol and maintains the ADP/ATP interconversion near 

equilibrium (i.e. [ADP][PCr]=[ATP][creatine] at constant pH) (49,50) shown by equation 

2.1. Therefore, as ADP concentration (1-2 orders of magnitude small than ATP) rises, PCr 

decreases to maintain ATP approximately constant. 

   CrATPHADPPCr +↔++ +     (2.1) 

 One advantage of this mechanism for high energy phosphate bonds transport is that 

PCr diffuses over the cytosol an order of magnitude faster than ATP (51), hence it provides 

a fast ATP source for cellular sites with increased energy demand. However, homeostasis 

cannot be maintained during prolonged high energetic demand due to the slow replenish of 

PCr in the muscle tissue (51). Despite the presence of CK in the brain, much smaller PCr 

concentrations are found in the brain tissue. Functional experiments have shown variable 

results with either reduction (52,53) or stable (54,55) PCr or PCr/Pi levels. 31P Magnetic 

Resonance Spectroscopy (MRS) studies combined with magnetization transfer technique 

allowed the quantification of in vivo turnover rates of PCr-ATP interconversion, and it has 

been suggested that during the increased neuronal activity, the ATPPCr synthesis ratio 

increases by 34% without significant changes of steady-state concentration changes (56). 

Therefore, PCr as an energy source during increased energetic demand in the cerebral tissue 

might not be as relevant as it is in the muscle tissue. 
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 A more sustained increase in ATP utilization rate is balanced by increase in rates of 

glycolysis, which is consisted of a series of enzyme-catalyzed reaction necessary for 

energy-release breakdown of glucose to pyruvate, resumed in equation 2.2. In the absence 

of oxygen, anaerobic glycolysis occurs until the conversion of pyruvate to lactate and 

lactate removal from the cell is no longer possible, but under aerobic conditions the 

production of pyruvate is linked to their oxidation in the mitochondria. Glycolysis reactions 

can respond in the order of a few milliseconds (57,58), which is critical for maintaining 

bioenergetics homeostasis in response to rapid cell energy utilization. 

OHATPpyruvateNADHPiADPNADeGlu 22222222cos +++→+++ +        (2.2) 

 Glucose is transported into brain cells by membrane proteins belonging to the 

GLUT family (57). Since the rate of transport is proportional to the difference between 

serum and cytoplasmic concentrations (59). However, under normal circumstances, glucose 

transport is not a rate-limiting factor for glycolysis. 

 As a long term mechanism with the highest ATP production efficiency available to 

brain cells, the oxidative phosphorylation is a complex chain of reactions that requires 

pyruvate and oxygen as substrate. The enzyme lactate dehydrogenase buffers changes in 

the concentration of pyruvate, which is a key intermediate linking glycolysis to oxidative 

metabolism. Pyruvate can be substrate for either oxidative metabolism in the mitochondria 

or reduced in the cytosol with conversion to lactate. At steady state the brain cells almost 

completely oxidizes glucose via aerobic glycolysis (60–62), thus almost all pyruvate 

produced by glycolysis is subsequently oxidized in the mitochondria. Mitochondrial 

oxidative metabolism (i.e. oxidative phosphorylation) that follows aerobic glycolysis is 

tightly regulated at two basic levels. First, the amount of substrate provision to key 

enzymes of the tricarboxylic acid (TCA) cycle responsible for oxidizing the three carbon 

atoms in the pyruvate molecule into CO2. A second level of control is in the transfer of the 

electrons resulting from these oxidation reactions to the oxygen molecule, their final 

acceptor. The electrons produced with the oxidation of pyruvate release substantial amount 

of energy that is used to synthetize ATP when transferred to an electron acceptor. This 

process occurs in the second stage of the oxidative phosphorylation, known as electron 

transport chain. The most important terminal enzyme from the chain is cytochrome c 

oxidase, which serves as the ultimate electron receptor. The transfer of electrons to oxygen 
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by the enzyme complexes is linked to the pumping of protons across the mitochondrial 

membrane, which created an electrochemical potential (i.e. proton motive force) that is 

used to synthetize ATP by the enzyme ATP synthase that is located in the inner 

mitochondrial membrane. Despite the complexity of oxidative metabolism, its efficiency is 

much larger as compared to anaerobic glycolysis: the net amount of ATP molecules 

generate through complete oxidation of one molecule of glucose is approximately 30 versus 

2 molecules generated by anaerobic glycolysis (63). A schematic representation of the 

location where the previously described energetic pathways take place in a simplified 

cellular structure is shown in (Fig. 2.1.). 

 
Fig. 2.1. Schematic representation of a cell and main energetic pathways distribution. 

 Up to this point, brain bioenergetics was demonstrated with respect to a single 

generic cell, but brain tissue has a diversity of cell populations (e.g. neurons, astrocytes, 

oligodendrocytes and microgliacells). From the energy consumption perspective, the most 

relevant cells are the neurons and astrocytes. While the TCA cycle activity is higher in 

neuronal cells, suggesting higher ATP synthesis, it still remains unclear whether glucose is 

preferentially taken up by neurons or by glial cells (64,65). In addition, glucose can be 

stored as glycogen in astrocytes to be used as an energy buffer and eventually converted 

back to glucose through glycogen phosphorylation (66). 

 During the first seconds of increased neuronal activity (i.e. up to 10 s), intracellular 

Na+ and Ca2+ starts to build up and K+ is released from neurons whereas mitochondrial 
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intermediates are rapidly oxidized together with oxygen for extra ATP generation (67). 

Increases in intracellular and mitochondrial Ca2+
 are signaling mechanisms responsible for 

stimulating the TCA cycle through the enhance of enzymatic activity, which also results in 

increased release of free radicals and reactive oxygen species. Reduced Nicotinamide 

Adenine Dinucleotide (NADH) coenzyme levels decrease when oxidative pathways for 

ATP synthesis rates are stimulated (68) and influx of glucose and lactate to neurons result 

in a transient decrease in lactate and glucose concentrations in the extracellular space (69). 

The neuronal increased activity also creates a transient drop in oxygen concentration due to 

increased oxidative phosphorylation (70), which stimulates a series of reactions to locally 

increase CBF. During the recovery phase after increased neuronal activity, the metabolic 

needs can persist as well as delayed enhancement of CBF. NADH remains elevated 

temporarily (70) due to persistent dehydrogenase activity (71) while short-term 

intermediate molecules within the mitochondria are repleted.  

2.2 Reduced oxygen availability and hypoxia 

 As the final receptor for high energy electrons, oxygen has an essential role in 

oxidative metabolism. In the absence of oxygen, the electron carriers NADH and FADH2 

are not recycled in the electron transport chain. Since both molecules are also used in the 

TCA cycle, the lack of the non-reduced forms will eventually stop the TCA cycle, making 

the oxidative metabolism not sustainable and hence reducing the efficiency of bioenergetic 

metabolism. In addition, the lack of acceptors for the high energy electrons generate high 

levels of free radicals that attack proteins and membranes causing severe cellular damage 

(72).  

 The efficiency of bioenergetics of human brain is highly dependent on oxygen, thus 

a tight regulation and distribution of blood through the vascular network aims at protecting 

cerebral tissue from the lack of oxygen. Hypoxia is characterized as a condition in which 

the body or a specific tissue does not receive the normal oxygen supply for maintenance of 

metabolism. According to the cause of oxygen availability reduction, hypoxia can be 

classified as (73): hypemic hypoxia, due to the reduction of the oxygen carrying capacity of 

the blood (e.g. anemia, carbon monoxide poisoning); stagnant hypoxia, caused by low 

oxygen perfusion or diffusion (e.g. weak cardiac output, venous pooling during high G 
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force); histotoxic hypoxia, due to lack of capacity to metabolize oxygen (e.g. alcohol and 

cyanide poisoning); hypoxic hypoxia, caused by reduced oxygen availability in the medium 

(e.g. low oxygen supply in the air, decreased lung ventilation). In this work, the term 

“hypoxia” will always refer more specifically to hypoxic hypoxia. 

 A variety of molecular pathway responses have been observed in the presence of 

hypoxia, although hypoxia sensing in higher organisms remains poorly understood (73). 

The traditional mechanism for hypoxia sensing involves a heme protein that contains iron 

atoms in a heme site (74). The reversible binding of O2 in the heme site causes an allosteric 

shift in the protein. Many potential hypoxia sensitive molecules have been studied, but no 

good candidate has been found (74). Another hypothesis involves specific ionic channels 

that are inhibited during hypoxia. However, certain channels that inhibited or stimulated 

during hypoxia can present different response in other types of cells and yet, it is not known 

how O2 interact with channels (75,76). 

 As mentioned before, the lack of oxygen stops ATPase since the proton motive 

force is not sustained, hence oxidative metabolism is blocked. Inadequate levels of ATP 

affect ionic homeostasis of the cell as ionic pumps do not perform active transport without 

ATP. Finally, the excessive Na+ ion in the cytosol leads to osmosis and hence an inflow of 

water from the medium towards the interior of the cell, which potentially causes cell death. 

In the event reperfusion (i.e. reestablishment of oxygen supply) before cell death, 

mitochondrias perform intensive oxidative phosphorylation and generate a large quantity of 

free radicals that attack proteins and membranes causing severe cellular damage and 

potentially cell death (72). 

 At a larger scale in the body, peripheral vessels dilate in response to low oxygen, 

whereas vessels of the pulmonary vasculature constrict to shunt blood away from the 

poorly ventilated region, matching ventilation and perfusion (77). Airway neuroephithelial 

bodies are the structures responsible for sensing changes in inspired oxygen, whereas 

arterial blood oxygen levels are monitored by the carotid bodies located at the bifurcations 

of the common carotid arteries. Both respond to decreased O2 supply by initiating activity 

in efferent chemosensory fibers to increase heart and respiratory rates during exposure to 

low pO2 (75,78). 
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 Adaptation to hypoxia at the cellular level happens by increasing the ratio of energy 

producing pathways, mainly through increased anaerobic glycolysis activity, but also 

decreasing energy consuming process (79). At the organism level, increased ventilation and 

cardiac output are accompanied over longer period of time (weeks/months) with improved 

vascularization and O2 carrying capacity of the blood through the regulation of gene 

expression, for more information refer to Michiels et al. (2004). 

 Despite the deadly effects of complete oxygen deprivation within minutes, partial 

reduction of oxygen availability is frequent in chronic disorders such as obstructive sleep 

apnea, which affects 2 to 4% of adult population, and has been suggested to be a risk factor 

for morbidities such as hypertension and stroke (Nieto2000, Epstein2009, Parra2000). 

Between pulmonary hypertension and sleep apnea, there are millions of people living with 

a mild level of hypoxia, and yet little is known about its effects in the human brain 

physiology. Functional MRI and MRS experiments offer a unique non-invasive window to 

in vivo physiology of the vascular system and the neurochemical profile of approximately 

20 human brain metabolites. The combination of functional experiments simultaneously to 

mild hypoxia exposure can potentially provide new insights into the neurovascular coupling 

during reduced oxygen availability. 
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CHAPTER 3 - FUNCTIONAL MRI AND MRS TECHNIQUES 

FOR BRAIN STUDY 

3.1 Functional experiments  

Several functional experiments in neuroscience aim at correlating brain function and 

structure by evaluating dynamics of time varying physiological mechanisms/responses. 

These experiments normally involve the presentation of a stimulus (e.g. visual, auditory), 

execution of a task, (e.g. motor, attention) or even a simple record of a signal fluctuation 

over time (as in resting-state fMRI, which reflects physiological fluctuation). The repetition 

of multiple acquisitions over time allows the monitoring of the mechanism/variable of 

interest. Several methods based on different physical properties and contrasts offer different 

temporal and spatial resolutions to probe mechanisms, as shown in Fig. 3.1. 

 
Fig. 3.1. Graphical representation of an estimate of temporal/spatial resolution and degree of 
invasiveness of different techniques that allow the functional study of the central nervous system or 
its components. MEG: magnetoencephalography; ERP: event-related potential from EEG 
measurements; PET: positron emission tomography; 2-deoxyglucose: a specific tracer for PET. 
Adapted from Jeezard et al (2001). 

 Electromagnetic-physiological methods based on directing mapping of transient 

current dipoles generated by depolarization (e.g. EEG, MEG) have potential to record the 
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underlying neuronal events in almost real time (millisecond scale), but provide relatively 

poor spatial resolution. In contrast, optical imaging methods involving dyes can provide 

excellent spatial resolution (in the level of layers and neurons) with temporal resolution in 

the range of milliseconds, but are restricted to the study of the cortical surface, are invasive 

and not suitable for human studies. Among the non-invasive techniques, functional MRI 

occupies a unique niche and has the potential to link high spatial and temporal resolution 

studies to an understanding of systems organizations across the brain. Modern multislice 

MRI techniques combined with high magnetic fields for increased signal allow spatial 

resolution up to a tenths of millimeters and temporal resolution of a seconds during a full 

brain coverage acquisition (80). In addition, deep structures can also be studied in a non-

invasive manner. 

 The sequential acquisition of multiple image volumes is the basis of fMRI 

experiments, in which the parameter of interest (e.g. signal, vascular parameter, contrast) is 

monitored over time. The presentation of a stimulus or execution of a task is commonly 

performed during acquisitions in order to evaluate how the related changes in the parameter 

of interest induced by the stimulus/task. The modeling of the MRI signal can provide an 

indirect measurement of the dynamics of a vascular parameter, such as CBF and the 

Arterial Spin Labeling technique. In addition, the acquisition of multimodal-fMRI data, 

which consists on functional images weighted on different parameters (e.g. CBF and CBV), 

together with mathematical models allow the estimate of variables such as changes in 

CMRO2. A description of the theoretical framework utilized for estimating CMRO2 

changes due to a visual stimulus from fMRI data is provided in Section 3.6. 

 Similarly to fMRI, functional MRS consists of acquiring multiple MR spectra 

instead of images. However, since the brain metabolites concentration is approximately 4 

orders of magnitude smaller than water concentration in the cerebral tissue, multiple 

averages are necessary to improve SNR. Hence, the temporal resolution of fMRS is much 

reduced (in the order of minutes) as compared to fMRI. Details in the sequences for MRS 

data acquisition are provided in Section 3.7.  
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3.2 A brief introduction to MRI physics  

Nuclear Magnetic Resonance (NMR) is one of the most flexible and non-invasive tools to 

investigate the human physiology. NMR can indeed provide a broad variety of 

morphological, physiological and metabolic information. The intrinsic dependence of the 

NMR signal on multiple mechanisms provides the opportunity of generating multiple 

contrasts (e.g. relaxation, susceptibility, diffusion, chemical shift). In recognition to its 

great potential and technological advances, Nobel prizes in medicine, physics and 

chemistry were rewarded to NMR scientists and researchers over the past decades. 

 The central concept of NMR phenomenon is the nuclear spin (I), present only in 

nuclei that contain an odd number of protons and/or neutrons. Nuclei with zero nuclear spin 

are not visible to NMR techniques. In a semi-classic model, the nuclear spin is considered 

an angular momentum ( J


) which pictorially represents the nucleus rotation around its own 

axis. From quantum mechanics principles, the magnetic moment (µ ) of one particle is 

related to the angular momentum through the gyromagnetic ratio (γ ), which is isotope-

specific and given by J
 γµ = . The magnetic moment represents the rotation of a nucleus 

that contains electrical charges distributed on its surface. When exposed to an external 

static magnetic field ( 0B


), the magnetic moment experiences a torque and exhibits a 

precession movement (as a gyroscope) under the Larmor frequency ( 0ω ), defined as 

00 Bγω = , normally in the radiofrequency (RF) range. If a time-varying magnetic field 

( 1B


) containing the Larmor frequency is applied orthogonally to the direction of the static 

field, the sample will absorb energy in this resonance frequency 0ω . Normally, 1B  field is 

considered a perturbation as compared to B0 

 The macroscopic observable variable is the net magnetization ( M


) generated by the 

sum of the magnetic moments of the sample per volume unit. Due to the Zeeman Effect, 

there is a difference in energy and population size between the parallel and anti-parallel 

spins, which is proportional to the static magnetic field. For a sample of hydrogen nuclei at 

thermal equilibrium, two population states following the Boltzmann distribution (spin “up” 

and spin “down”) are present, and the difference between the two at 293K (20°C) and 3T is 

in the order of 1 ppm. The difference between population states generates the net 
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magnetization M


, which is directly proportional to B0 and the square of γ  , but inversely 

to the temperature. The NMR sensitivity is proportional to this weak net magnetization in 

the magnetic field strengths used in the clinical practice. The intrinsic relatively low 

sensitivity is a limitation from NMR techniques that can be partially overcome by the great 

abundance of 1H from water molecules in soft tissues of living organisms. However, other 

elements of interest (e.g. 13C, 31P, 7Li, 23NA) have much smaller abundance and lower 

gyromagnetic ratios, and are greatly benefited by the use of stronger magnetic fields (>3T). 

The study of material/chemical samples can potentially benefit from the use of lower 

temperatures to increase M


, however that is not an option for the study of living organism. 

 In order to detect a NMR signal, M


should rotate in the transverse plane relative to 

B0 direction. This can be accomplished by using an excitation pulse of the mentioned 1B


. 

The behavior of M


is described by a set of empirical differential equations denominated 

Bloch equations (81). While M


 returns to equilibrium through relaxation mechanisms (to 

be discussed below), the bulk magnetization rotates about 0B


 and its transverse component 

induces an electromagnetic force in the probe placed in the surroundings of the sample. 

 The most common sources of contrast in MR arise from tissue specific properties: 

proton density (PD), longitudinal and transverse relaxation (82). A PD weighted image 

exhibits a contrast based on the concentration of water molecule H nuclei. Such contrast 

can be obtained when relaxation effects are minimized by the use of adequate acquisition 

parameters: echo time (TE) << T2 and repetition time (TR) >> T1. The acquisition 

parameter TE is defined as the time between an excitation pulse and the signal readout, 

whereas the parameter TR is defined as the time between two consecutive excitation pulses 

that characterize one repetition in the acquisition. The constants T1 and T2 are tissue-

specific and are defined as longitudinal relaxation time and transverse relaxation time, 

respectively. After an excitation pulse, the transverse magnetization rotates in the 

transverse plane at the Larmor frequency representing an excited state of the system. The 

equilibrium state represented by the macroscopic magnetization oriented in B0 direction is 

reached by the relaxation mechanisms. The transverse magnetization is a composition of 

individual spins, exposed to static and slowly fluctuating local magnetic field variations. 

Thus, inhomogeneities in the external magnetic field and some internal magnetic 
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interactions between spins lead to slightly different resonance frequencies around the 

Larmor frequency and loss phase coherence. Hence, the loss of phase coherence results in a 

decrease of the transverse magnetization amplitude over time. The characteristic transverse 

relaxation time T2 represents the amount of time necessary for the transverse magnetization 

decay to 37% of the initial transverse magnetization. More specifically, when the effect of 

the inhomogeneities in the magnetic field are not cancelled by a radiofrequency refocusing 

pulse, as in a gradient echo sequence, the effective relaxation time is defined as T2*. As an 

independent parameter from another relaxation mechanism, the characteristic longitudinal 

relaxation time T1 represents the amount of time necessary for the longitudinal 

magnetization recover to 63% of its equilibrium value. 

 The resonance frequency of a nuclear spin depends on the locally experienced 

magnetic field, which is the composition between the externally applied magnetic field and 

the magnetic field generated by the surrounding electrical particles, mainly circulating 

electrons. The magnetic field created by electrons surrounding the nucleus opposes the 

main magnetic field, hence causing a small decrease in the effective magnetic field 

experienced by the nucleus. The chemical shift contrast is based on the slightly different 

resonance frequencies caused by the “shielding” of the surrounding electrons. Thus, 

different molecular structures with different electron distribution create different resonance 

frequencies that can be measured and used to identify/quantify compounds. The chemical 

shift mechanism is the basis of MRS technique, to be discussed in more details in Section 

3.7. 

 Another widely used MR contrast is diffusion, which is based on the translational 

motion of molecules (Brownian motion) that results in molecular diffusion  (83). 

Dephasing and rephasing gradients are used to weight the signal on diffusion: as water 

protons diffuse over the medium, the phase created by the first dephasing gradient is not 

entirely recovered by the following rephrasing gradient, which results in signal loss. After 

multiple acquisitions with different gradient orientations, it is possible to estimate the 

intensity and direction of prevalent diffusion. 

 More recently, susceptibility weighted imaging (SWI) has provided an innovative 

source of enhancing contrast to changes in magnetic susceptibility that are common in iron 

deposits, hemorrhage and calcifications (84). The basic concept of SWI is to use the phase 
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information from the tissue to weight the final magnitude image after the removal of phase 

artifacts. In a simplified manner, regions with large variations of susceptibility generate 

inhomogeneities in the magnetic field that are reflected in the phase measurements. 

 As discussed in Section 3.1, the sequential acquisition of multiple image volumes is 

the basis of fMRI experiments. In order to obtain reasonable temporal resolution, MR 

sequences should be fast enough to acquire several slices or a complete volume within 1 to 

2 seconds. The most common readout sequence for this application is the Echo Planar 

Imaging (EPI), which consists of the sampling of an entire two dimensional k-space matrix 

following a single RF excitation pulse combined with a magnetic field gradient for slice 

selection (85). Repeated reversals of the measurement (readout) gradient repeatedly refocus 

the transverse magnetization to yield a train of gradient echoes (GE). In addition, a large 

initial phase encode gradient is used to place the first echo at the periphery of the k-space, 

and subsequent blips of the phase encode gradient serve to increment the acquired echoes 

through k-space (Fig. 3.2.). After the acquisition of a slice k-space, a spoiler gradient pulse 

eliminates any remaining transverse magnetization and another RF pulse excites the 

following slice within the same TR. Considering that each k-space readout usually takes 

approximately 50 ms in a clinical 3T MR scanner with standard hardware (40 mT/m 

gradients, slew time of 200 mT/m/ms), up to 20 slices can be easily acquired within a TR of 

2 seconds. 

 
Fig. 3.2. Basic EPI pulse sequence diagram (a) and k-space trajectory generated (b). 

 The echo formation during EPI readout is generated by a gradient echo scheme, 

hence the signal acquired is T2*-weighted. One limitation of EPI readout is geometrical 
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distortions created by off-resonance water spins generated due to inhomogeneities in the 

main magnetic field as a result of poor shimming and/or susceptibility effects. Although 

good shimming can reduce the overall level of inhomogeneities of the magnetic field, little 

can be done to reduce the effects of strong variation in susceptibility. Characterizing the 

magnetic field inhomogeneities with a B0 map can be useful for correcting geometric 

distortions during post-processing (86). Another limitation of EPI readout is the chemical 

shift artifact generated by off-resonance fat spins in the phase encoding direction due to 

reduced bandwidth as compared to the read direction. This issue leads to substantial 

displacements of fat signal, and is partially overcome by selective saturation of fat signal or 

selective excitation of water signals only. 

3.3 Functional MRI: Blood Oxygen Level Dependent contrast 

The physiological basis of BOLD fMRI is the rapid and robust increase in CBF subsequent 

to a neuronal stimulus, typically 2-4 times larger than the associated fractional change in 

CMRO2 (87). From the OEF perspective, the fraction of delivered oxygen that is extracted 

from the blood and metabolized decreases during increased neuronal activity, leading to a 

relative increase in the oxy/deoxyhemoglobin ratio and a fractional decrease in the relative 

concentration of deoxyhemoglobin. Due to the strong paramagnetic characteristic of 

deoxyhemoglobin as compared to oxyhemoglobin, its presence alters the local magnetic 

susceptibility, creating field distortions within and around blood vessels (88,89). The 

locally distorted magnetic field leads to slightly different resonance frequencies; hence a 

reduction in the MR signal through the loss of phase coherence between spins. Thus, the 

fractional reduction of deoxyhemoglobin during increased neuronal activity (as discussed 

above) causes a reduction in the field distortion and increase of up to 5% in the MR signal. 

This small BOLD signal change is the mapping signal used in most fMRI applications. 

 The BOLD response is the combination of both vascular and metabolic events that 

together generate the observed MR signal time course. A schematic representation is shown 

in Fig. 3.3. Three characteristics in addition to the main positive response are often 

observed: the initial dip, the stimulus overshoot and the post stimulus undershoot. First, 

immediately after increased neuronal activity commences, there is a brief period of 0.5-1s 

during which the MR signal decreases slightly below baseline, known as the initial dip, 

20 
 



reported in human (90) and animal (91) studies. This effect has been attributed to an 

immediate stimulus-driven increase in oxygen consumption accompanied by a slight 

latency in the vascular response. Subsequently, a robust positive response peaks within 5-8 

seconds after the start of stimulation. The positive waveform often shows an overshoot on 

its early stage, and a post-stimulus undershoot after the stimulus cessation. Although it 

remains not entirely clear the origin of both aspects of the BOLD response, it has been 

suggested that the slow dynamics of CBV as compared to the fast rise of CBF creates the 

stimulus overshoot (92), whereas both slow CBV return to baseline and delayed recovery of 

CMRO2 are possible sources of the post stimulus undershoot (92,93).   

 
Fig. 3.3. Representation of a typical BOLD response to stimulation and its temporal characteristics. 
The initial dip, the stimulus overshoot and the post stimulus undershoot are often seen features of 
the BOLD response. Adapted from Jezzard et al. (2001). 

 The amplitude of BOLD signal generated by a robust stimulus such as visual or 

motor is approximately 2-4% at 3T (94). The optimal TE for detection of BOLD signal 

depends on T2* values during activation and rest. By subtracting T2* decay curves from 

both states, it is possible to estimate the optimal TE for BOLD detection. In general, the 

optimal TE is approximately the apparent T2* of the tissue. Since T2* tends to become 

smaller with field increase, the optimal TE for a higher field is shorter as compared to 

lower field (95). 

 The analysis of BOLD fMRI data has as main objective the identification of voxels 

that show signal changes accordingly to the functional paradigm throughout the acquired 

images. This process is inherently limited by the fact that signal changes are small, 

potentially creating false negatives (type II error). In addition, the large number of voxels 

simultaneously interrogated can generate false positives (type I error). In order to prepare 
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the data for statistical analysis, a series of steps are performed to pre-process the data. The 

first step is the slice-timing, which is critical for longer TRs and a large number slices is 

acquired. It consists of interpolating the data to account for the fact that each slice is 

acquired in a different moment within the TR (not all at a single time point). The second 

step is the image realignment using rotation and translation (no distortions), so each volume 

acquired is aligned to every other volume and small motion amplitude (<3 mm) is 

corrected. Since functional images are acquired in reduced spatial resolution for time 

optimization, functional images are usually coregistered (affine, 12 degrees of freedom) to 

high resolution anatomical images and later overlaid for better anatomical positioning. 

Spatial blurring is commonly applied to increase signal-to-noise ratio (SNR) of images 

without affecting the activation signal. When group analyses are desired, images undergo a 

second affine transformation so a standard space, such as Talairach (96) space or Montreal 

Neurological Institute (MNI) space (97). Optionally, the removal of low (e.g. linear and 

slow drifts) and high frequency (e.g. physiological noise) are also performed as a last step. 

After the pre-processing, a statistical analysis is carried out to determine which voxels are 

activated during stimulation. The main output of the analysis is statistical map which 

indicates through a quantitative variable the voxels where the brain has become active in 

response to the stimulus.  The analysis of each voxel’s time course independently is the 

most common procedure, usually with a model-based method (98). A stimulus function is 

designed as a boxcar function where rest time points are represented as 0 and stimulation 

periods are 1. In order to obtain the best possible fit, the stimulus function is convolved 

with the hemodynamic response function (99) to create a detailed model (similar to the 

waveform from Fig. 3.3). The General Linear Model (GLM) is the standard method to fit 

the functional data using a model derived from stimulation paradigm (98). For each voxel 

time series, a linear modeling according to equation 3.1 is performed, where y(t) is the data, 

x(t) is the model function, β is the parameter to be estimated and e(t) the error in the fitting. 

   ( ) )()(* tetxty += β      (3.1) 

 The ratio β/SE(e(t)) is often denominated as T and used as quantitative variable for 

a hypothesis test. SE function represents the standard error. The statistical map from the 

hypothesis test carries the information of how the time series is similar to the input model. 
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Thus, T is a good measure of whether β is significantly different from zero considering the 

error in the regression, i.e. whether there is a reliable activation. A threshold at a given level 

of significance is used to threshold the T map and define regions that are “activated” (i.e. 

responded to the stimulus). However, due to the large number of voxels in the image, 

correction for multiple comparisons (e. g. Bonferroni, false-discovery rate (100)) needs to 

be performed otherwise certain voxels would be classified as active just by chance. 

 The dependence of BOLD signal on the evoked vascular response (CBF, CBV, 

CMRO2 and baseline physiological state) makes difficult the interpretation of its amplitude 

change without further information. For this reason, the BOLD effect has been mainly used 

as a mapping tool based on the detection of signal changes, rather than as a probe of the 

underlying physiology (9). However, the combination of BOLD signal with other MRI 

methods for characterizing different components of the vascular response makes possible a 

much more detailed modeling of the physiological process. 

3.4 fMRI: Vascular Space Occupancy contrast 

The Vascular Space Occupancy (VASO) fMRI is a non-invasive technique that uses 

activation-related changes in CBV as a contrast mechanism to conduct functional MRI 

(101). It allows the dynamical measurement of CBV changes in humans and complements 

the information provided by other techniques such as oxygenation-based BOLD and CBF-

based Arterial Spin Labeling (ASL). When combined, these techniques can provide insights 

on the neurovascular coupling and help improve our understanding on the cerebral oxygen 

metabolism (102).  

 The basis of VASO-fMRI is the selective nulling of blood signal, achieved by a RF 

pulse that inverts the longitudinal magnetization of water from a parallel state to anti-

parallel one, relative to the main static magnetic field. The longitudinal relaxation will 

cause magnetization to decrease over time and return to the equilibrium value. However, 

since T1 from blood and tissue are different, it is possible to select an adequate inversion 

time (TI) in which the blood signal is zero, but the tissue signal is not nulled and remains 

detectable, similarly to an Inversion Recovery (IR) sequence. An excitation pulse takes the 

tissue longitudinal magnetization to the transverse plane and a fast EPI readout is used to 

acquire an image. 
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 The physiological mechanism that produces the VASO contrast is based on the 

vasodilatation of small vessels and capillaries during increased neuronal activity (101). It is 

estimated that for a given volume of cerebral tissue, the fraction of blood at rest is 4.5% 

(103). During activation, the fraction of blood in the tissue increases as consequence of 

CBV increase. Since the blood signal is nulled, the fractional increase of blood in the tissue 

generates a MR signal loss in an opposite manner as observed in BOLD-fMRI signal. The 

CNR of VASO-fMRI is intrinsically low as compared to BOLD due to the small fraction of 

blood in the tissue, which yields MR signal changes of approximately 1.5-2% at 3T (102). 

Yet, it has been shown that VASO-fMRI is capable of detecting stimulus induced CBV 

changes in human fMRI studies (6,101,104–106). 

 VASO-fMRI allows the calculation of ΔCBV from VASO signal changes (101). 

First, it is necessary to define the vascular-space-occupancy of a particular microvessel 

( iξ ), defined by equation 3.2, where Vpar indicates parenchymal volume (ml tissue/g tissue) 

and CBV is the cerebral blood volume (ml blood/g tissue). Thus, the units of ξ are ml 

blood/ml parenchyma. 
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 For pure brain parenchyma, the MR signal (S) is proportional to the sum of the 

magnetization contributions of microvessel (i=arterioles, capillaries and venules) and pure 

tissue. For a nonselective IR followed by a slice-selective excitation and GE detection, the 

signal is given by equation 3.3, in which C is the water density of microvascular blood in 

ml water/ml blood, *
,,2 ibloodT and *

,2 tissueT  are the effective transverse relaxation constants of 

blood and tissue, respectively. 
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 For proper blood nulling (Mblood,i(TI)=0), equation 3.3 can be rewritten as below, 

where ∑=
i

iξξ  is the total microvascular space occupancy. 
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The fraction parenchymal signal change during increased neuronal activity can be 

calculated as: 
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 The VASO signal change also carries the effect of extravascular BOLD changes. 

Assuming that at short TE and low field strength, the effect of the extravascular BOLD T2* 

change in the tissue can be neglected (101) and rewriting 
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 the fractional signal change is simplified to the expression from equation 3.7. Thus, it is 

possible to estimate CBV changes ( ξ∆ ) based on the relative VASO signal change, the 

vascular-space occupancy at rest ( restξ ) and the water density of blood (Cblood). 
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 One limitation of VASO-fMRI is the limited number of slices that can be read 

within one TR, since the optimal TI condition is achieved only at single times. One simple 

strategy suitable for functional experiments (high temporal resolution is desired) is to limit 

the number of slices to three for each TR, the mid one at the theoretical optimal TI, one 50 

ms before (approximately the readout time for a slice) and another 50 ms after the TI, so the 

contamination of blood signal can be neglected. 
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3.5 Arterial Spin Labeling 

As discussed on chapter 1, the CBF has a fundamental role in brain homeostasis and a good 

characterization of its features is essential for understanding brain physiology. Arterial Spin 

Labeling is a quantitative MR technique that offers the great feature of measuring non-

invasively the absolute cerebral perfusion, in milliliters of blood per gram of tissue per unit 

of time, with improved resolution as compared to other traditional techniques such as PET 

and Single Photon Emission Computerized Tomography. Instead of using contrast injection 

and ionizing radiation, the water in the blood is magnetically labeled and used as 

endogenous contrast, which allows multiple repetitions without the limitations associated 

with dose accumulation or gadolinium bolus tracking MRI (e.g. Dynamic Susceptibility 

Contrast, Dynamic Contrast Enhancement). An ASL experiment consists of acquiring 

multiple pairs of labeled and control images using a snapshot imaging technique such as 

EPI. Labeled images are acquired subsequently to the labeling of the blood water after a 

time period name post labeling delay. Due to the blood perfusion in the imaging volume, 

the tissue signal acquired will include a contribution from labeled blood water spins, 

whereas control images are acquired without blood labeling. The subtraction of the labeled 

image from the control of each pair results in multiple perfusion-weighted (pw) images 

(Fig. 3.4) that are averaged in order to increase SNR and then scaled according to 

quantification models (107) to yield a CBF map in absolute units. A proton density image 

can be also acquired to be used in the quantification process, however it has been shown 

that the use of the mean control images yield similar results (108). 
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Figure 3.4. A simplified schematic representation of the events during the acquisition of control and 
labeled images from ASL and the subtraction for the perfusion weighted image. First line contains 
the mage label acquisition events, whereas control image is shown in the second line. The third line 
shows a representation of the subtraction between control and labeled images and an example of 
perfusion-weighted image. The image slices positioning is represented by white bars; the labeling 
band is represented as a yellow rectangle in the neck; arrows indicate the spins and those whose 
magnetization was inverted are painted in red. 

 Based on the labeling method, ASL technique can be divided into 3 different 

categories: Pulsed ASL (PASL), Continuous ASL (CASL) and Pseudo-continuous ASL 

(pCASL). The PASL technique consists in using a short RF pulse to create a large labeling 
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band at the neck level and tag a large volume of spins in a single shot. The echo planar 

imaging and signal targeting with alternating radiofrequency (EPISTAR) was the first 

pulsed labeling scheme (109) and remains commonly used until the present. A 180° RF 

pulse is applied together with a gradient to invert the longitudinal magnetization in a slab 

below the imaging volume (towards the neck). On the arrival time in the tissue, the 

longitudinal magnetization of the labeled blood will be smaller (i.e. has become less 

negative as result of the inversion during labeling) due to T1 relaxation, thus different from 

the fully relaxed magnetization of the tissue. During the control image acquisition, an 

inversion slab is placed superior to the image where there is no inflowing blood in order to 

cancel magnetization transfer (MT) effects (110). In the CASL technique, for a few seconds 

a small RF field (inversion plane) continuously saturates (111) or invert (112) the 

longitudinal magnetization of water protons in the blood entering the brain. Flowing spins 

in the arteries move through the field gradient and their resonant frequency increases. As 

they pass through resonance the magnetization is inverted. The long labeling period as 

compared to PASL can cause substantial magnetization transfer effects in macromolecules 

of the static tissue from the image slice, which results in attenuation of the free water signal 

(113). It is essential that control images have the same MT effect so it can be cancel during 

the image subtraction, so one solution for this CASL issue is to use a small dedicated coil 

around the neck for labeling (114) that does not have enough power to saturate the image 

slice, although it demands extra hardware. Another possibility is a double inversion pulse 

that will leave the blood water magnetization effectively uninverted (115). Even though 

CASL generates better contrast to noise ratio (CNR) due to the larger number of spins 

labeled, the technique yields in large power deposition as compared to PASL, a problem 

that increases in higher field strengths. Aiming to improve CNR but maintaining power 

deposition as low as possible, the pCASL technique proposes the use of a train of short 

pulses in combination with rephrased gradients to adiabatically invert the inflowing spins 

(116), instead of a long rectangular labeling pulse as used in traditional CASL. Wu et al. 

(2007) compared pCASL with standard PASL and CASL at 3T, and showed that pCASL 

provides a 50% improvement in SNR compared to PASL and an 18% increase in labeling 

efficiency compared to CASL. However, both CASL and pCASL demand longer TR (3-5 

seconds) as compared to PASL due to the labeling time. This limitation makes PASL more 
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suitable for functional studies, since better temporal resolution is necessary to characterize 

the vascular response. 

 In order to quantify CBF in absolute units, it is necessary to model the difference 

between control and labeled images (ΔM) as function of sequence and tissue parameters. 

Assuming water as a freely diffusible tracer (Mv=M/λ), the longitudinal Bloch equation 

that includes the effect of tissue perfusion (f) is given by equation 3.8 below (117), where 

M, Ma and Mv are the longitudinal magnetizations of tissue water, arterial and venous 

blood, respectively, M0 in the equilibrium magnetization, T1 is the longitudinal relaxation 

time of brain water and λ is the brain-blood partition coefficient of water.  
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 In the absence of inversion (control image), )0()( aa MtM = , M(t=0)=0 and the time 

dependent solution to the Bloch equation is )1()( 1
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apparent relaxation time is given by 1/T1app=1/T1+f/λ. When the inversion pulse is 

applied, the magnetization of arterial blood is inverted, hence relaxing with a T1a. 

Assuming that T1a is constant throughout the inverted slice, equation 3.8 must be solved 

under the following conditions: )21()( 1
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below: 

    )0(

)0(

0 2
)0(

a

aa

M
tMM =−

=α      (3.9) 

 The time dependent magnetization for the inversion condition (labeled images) is 

given by equation 3.10: 
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Thus, the difference between control and label experiment is given by Equation 3.11 and 

therefore, CBF (the variable f, tissue perfusion) can be quantified. 
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3.6 Oxygen consumption estimation 

The CMRO2 is a physiological parameter of great interest as it is tightly linked to tissue 

energy utilization rates, hence neuronal activity. However, measuring CMRO2 is not a 

simple task (9). The current standard method for measuring CMRO2 is PET, yet it requires 

three separate measurements following injection of 15O labeled O2, water and carbon 

monoxide and analysis of the dynamic tissue concentration curves within a theoretical 

framework that accounts for the combined effects of CMRO2, CBF and CBV on the 

observed tracer kinetics (118). One complication for deriving CMRO2 from PET 

experiments arises from the fact that it is not possible to differentiate oxygen nuclei in O2 

form or in the water molecule, after being metabolized. 

 More recently, NMR techniques have also allowed the measurement of CMRO2. 

Even though 17O NMR has received little attention as compared to other nuclei, it offers the 

unique feature of measuring non-invasively CMRO2 (119). Despite its high cost, more 

studies have focused on exploring the possibilities offered by 17O NMR (119,120). A more 

popular NMR approach involves the mathematical modeling of blood oxygenation in 

combination with CBF and BOLD measurements in the so called calibrated-BOLD 

technique (29). The most utilized mathematical framework is the Davis model (13), which 

is based on physical reasoning and Monte Carlo simulations. Despite its relative simplicity 

as compared to more sophisticated models that require a larger number of variables as 

input, it has proven to be more robust than one might have expected given the restrictive 

assumptions that relies on (121). The Davis model assumes that the BOLD effect manifests 

through changes in transverse relaxation rate (ΔR2*
), which is linearly dependent on the 

blood volume fraction (fv) and dependent on magnetic susceptibility difference between 

blood and tissue (Δχ), raised to power β. The susceptibility difference is proportional to 

dHb and has a supralinear effect: linear large vessel component is combined with small 

vessel contributions. Monte Carlo NMR simulations revealed that β=1.5 fits the simulated 

ΔR2* versus Δχ curve (122). The mass-balance principle reveals that oxygen delivery is 

proportional to both CBF and arteriovenous oxygen difference, thus Fick’s law can be used 

to describe conservation of oxygen delivery and uptake: CBFCMROdHb 2∝ , or in terms 

of physiological variables: 
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 Defining Bt, Ft, Vt and rCMRO2 as the BOLD signal, CBF signal, CBV at time t 

normalized by ratio to a baseline period, and assuming small change in relaxivity 

(TE.ΔR2*<<1) so the BOLD signal is )(1 *
2 tRTEBt ∆−≅ , equation 3.12 can be rewritten as: 

 



















−








∝−

ββ

t
tvt F

trCMROV
CBF

CMROfB )(1
)0(

)0()0(1 22    (3.13) 

 CBV can be expressed in terms of CBF using the Grubb coefficient (α) (123): 
α

tt FV = , and the baseline values are usually aggregated into a single calibration parameter 

( )β)0()0()0( 2 CBFCMROfM v∝ . In order to remove the proportionality of the expression, 

it would be necessary to add constants for magnetic susceptibility of dHb, susceptibility 

effects on transverse relaxation and echo time dependence. M is dependent on baseline 

tissue dHb and other baseline parameters; hence it may vary between trials and brain 

regions. In order to estimate M, a hypercapnic experiment is performed where CO2 

inhalation is used to evoke a vascular response without increase in neuronal activity, yet 

assuming there is no significant increase in metabolic rate over baseline (124,125). 

Equation 3.13 can be adapted to determine its implicit proportionality constant including 

baseline values: 
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where BH and FH are BOLD and CBF ratios obtained during the hypercapnic experiment. 

Once M is known, normalized BOLD and CBF time courses from a functional experiment 

can be used to compute dynamic changes of rCMRO2 using equation 3.15: 
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 Unlike the parameters α and β which are usually assumed to be constants, it is 

critical to measure M for each brain location and particular experimental acquisition. 

Indeed M depends on baseline physiology (baseline venous CBV, hematocrit) and sequence 
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parameters (e.g. TE, field strength). The assumption that hypercapnia does not alter 

CMRO2 remains controversial (126–128), although if necessary it can be taken into 

account during M calculation. Other limitations of the Davis model are: it only considers 

extravascular signals (122); it neglects the possibility that changes in dHb containing CBV 

(capillary and venous) may be proportionally smaller than the arterial CBV (21,129); and it 

ignores the possibility that differences in the intrinsic signal between blood and tissue may 

change the overall signal upon neuronal activation (volume exchange effects) (130–132). 

Another critical limitation from the Davis model is the assumption that the arterial blood 

saturation is 100% and all dHb in the venous blood is generated through OEF and oxidative 

metabolism. However, in conditions such as hypoxic hypoxia, the dHb content in the 

arterial blood is not zero, and consequently not all dHb in the venous blood comes from 

metabolism. 

 Lu et al. (2004) proposed the acquisition of BOLD, CBF and CBV (using VASO 

technique) and a more complex theoretical framework to estimate CMRO2. Considering 

two microvasculature compartments, namely an arterial one (a, 30%) in which the effective 

relaxation rate (R2a
*) does not change during activation and a venular one (v, 70%) where 

the relaxation rate (R2v
*) is sensitive to OEF change during activation, the BOLD signal 

can be written as:  
TEtR

t
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v
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where x is the water fraction of the blood in the voxel, R2t
* is the effective transverse 

relaxation rate in pure tissue, TE is the echo time. Mi (i=a,v or t) are magnetizations 

defined by sequence and tissue characteristics: 
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where R1i is the longitudinal relaxation rate (1/T1i), FA is the flip angle and TR is the 

repetition time. During neuronal activation the BOLD signal change is given by Equation 

18. Indexes act and rest indicate activation and rest, respectively. 
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 Using the expression below, Δx can be calculated from VASO signal changes 

(101): 
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where Cpar and Cblood are the water contents in ml water/ml substance for parenchyma and 

blood, respectively. The water fraction x can be calculated using CBVrest values from 

literature (133) and the expression parbloodrest CCCBVx ⋅= .  The R2i
* can be estimated 

from arterial (Ya) and venous (Yv) blood oxygenation (134): 
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 ΔR2t* can be also calculated using Yv and the expression below (135): 
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in which Δχ is the susceptibility difference between fully oxygenated and deoxygenated 

blood (136), and Hct is the hematocrit fraction of blood in microvasculature (137,138). By 

measuring Ya, using previously measured Yv
rest (104) and combining equations 3.17, 3.19, 

3.20 and 3.21 to solve equation 3.18, it is possible to obtain Yv
act. By using equation 3.22, 

one can estimate OEF (139): 

    aav YOEFYY ⋅+−=− 1)1(     (3.22) 

Since OEF represents the ratio between oxygen consumption and oxygen delivery, equation 

3.23 can be modified when oxygen content (Y x Hct) is constant to finally derive the 

ΔCMRO2 estimate, given by equation 3.24. 
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3.7 Magnetic Resonance Spectroscopy 

While MRI focuses on providing structural and morphological information, MRS data 

offers a unique opportunity of non-invasively quantifying the concentration of metabolites, 

thus generating metabolic information about either healthy or diseased tissue. MRS from 

hydrogen nuclei (1H-MRS) has been the most explored spectroscopic technique in the field 

of neurosciences, due to the relative large abundance of 1H and higher gyromagnetic ratio 

as compared to other elements. However, other nuclei (e.g 31P, 13C, 3Li) can also allow the 

quantification of important metabolites and provide further information about the 

metabolism of the brain. Here we focus on single voxel 1H-MRS, since higher SNR allows 

better temporal resolution, which is critical for functional studies. 

  The basis of MRS is the chemical shift contrast. As described in Section 3.1, the 

magnetic field created by electrons surrounding the nucleus opposes the main magnetic 

field, hence causing a small decrease in the effective magnetic field in the nucleus. Slightly 

different resonance frequencies are caused by this “shielding” of the surrounding electrons. 

Thus, different molecular structures with different geometry, nuclei position on the 

molecule and charge distribution generate resonance frequencies that can be measured and 

used to identify/quantify compounds. By convention, the chemical shift (δ ) is defined by 

equation 3.25, where ω and refω are the compound resonance frequency and the reference 

resonance frequency, respectively. Tetramethylsilane protons are often used as a reference 

compound as it produces a singlet and has great stability. 

    
610x

ref

ref

ω
ωω

δ
−

=      (3.25) 

 The chemical shift allows the differentiation of molecules based on their resonance 

frequencies in the spectrum. Besides the electronic environment, the nucleus resonance 

frequency can also be affected by the magnetic moment of neighbor nuclei in a process 

called nuclear coupling. Interactions can occur directly through space (dipolar coupling) 

and also through electrons in chemical bounds (scalar ou J-coupling) (140). Dipolar 

interactions are the main source of relaxation in liquids, although there is no net interaction 

between nuclei since rapid molecular tumbling averages the dipolar interactions to zero. 
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However, the scalar coupling is not averaged to zero, resulting in ordered division of the 

spectrum into triplets, quadruplets, doublet of doublet, etc (for a detailed review refer to 

deGraaf et al. (2007)) that can also be used to identify and characterize molecules.  The 

scalar coupling constant characterizes the split of the peaks, which ranges between 1-15Hz 

for 1H-1H interactions, and it is independent from the magnetic field.  

 Since the water concentration in the cerebral tissue is approximately 10.000 times 

larger the metabolite concentrations, the water signal is suppressed during the acquisition of 

metabolic spectra. Indeed, the presence of water signal can distort 1H spectra and make 

quantification much less reliable. The Variable Pulse power and Optimized Relaxation 

Delays (VAPOR) technique suppresses the water signal by employing a train of 8 narrow 

band chemical shift selective RF pulses centered on the water frequency and followed by a 

crusher gradient (141,142). The eight pulses power and delays are optimized such to reduce 

the water signal approximately to zero prior to the localization sequence. In addition to 

water signal suppression in the volume of interest (VOI), outer volume suppression (OVS) 

techniques (143) can be used to suppress any unwanted signal from outside the VOI. OVS 

bands, where a 90° excitation pulse is applied simultaneously with a magnetic field 

gradient, are strategically positioned around the VOI to suppress the magnetization that 

could potentially contaminate the signal coming from inside the VOI during its selection. 

Thus, OVS bands selectively remove unwanted signal and also reduce the demand of 

spoiling gradients during the localization sequence (141). 

 MRS signal acquisition involves specific pulse sequences for selecting the VOI, 

from which an echo is acquired and the spectrum generated after a Fourier transformation. 

The most common sequences for VOI selection are the Point Resolved Spectroscopy 

(PRESS) and Stimulated Echo Acquisition Mode (STEAM). The PRESS sequence consists 

of spin echo sequence (SE) with an additional refocusing pulse (Fig. 3.5). The excitation 

and refocusing slice-selective pulse are applied orthogonally along the three logical 

gradients in order to only generate transversal magnetization in the VOI. Differently from 

imaging where gradients are also used for phase encoding, in single-voxel MRS all RF 

pulses are combined with magnetic field gradients for VOI selection and no gradient in 

used during the signal readout. 
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Fig. 3.5. Schematic representation of a single voxel PRESS pulse sequence. 

 The first echo obtained after SE contains the signal from a column generated by the 

intersection of the two orthogonal slices selected by the first two pulses. The last refocusing 

pulse selects the signal in the last remaining direction from the previously selected column 

and finally define the desired VOI. The PRESS sequence acquires the full signal intensity 

from the VOI, while no transverse magnetization remains outside the VOI due to the 

rapidly dephasing caused by the crusher gradients. 

 The STEAM sequence is composed by three orthogonal slice-selective 90° pulses 

that produce a stimulated echo from the VOI (Fig. 3.6). 
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Fig. 3.6. Schematic representation of a single voxel STEAM pulse sequence. 

 The first excitation generates transverse magnetization in a plane of interest, and the 

second pulse flips the magnetization in the intersection column back to the original 

direction. During the mixing time (TM), crusher gradients are applied to rapidly dephase 

the remaining magnetization in the transverse plane while the signal of interest remains in 

the longitudinal plane. Finally, the last excitation rotates the remaining magnetization to the 

transverse plane. In between the second and third RF pulses, the longitudinal magnetization 

does not undergo R2 relaxation, hence making STEAM recommended for the study of short 

T2 compounds. One advantage of STEAM over PRESS is the possibility to achieve short 

TE, since STEAM does not use relatively long 180° pulses. TEs <10 ms are easily achieved 

using STEAM, minimizing the phase evolution of J-coupled resonances and signal loss 

through transversal relaxation (141). However, STEAM acquires only half of the total 

magnetization since the other half is dephased during TM. 

 The PRESS sequence offers much better SNR with a reasonable shortest TE (25-

35ms depending on the scanner hardware) as compared to STEAM. However, the limited 

bandwidth of 180° pulses makes chemical shift displacement  increase as the magnetic field 

gets stronger (>3T). For this reason, the early human 1H-MRS experiments at 7T were 

mainly conducted using STEAM despite the loss of signal (144,145). Better suited for high 

magnetic fields, the semi-LASER sequence (146) arises from a modification of 
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Localization by Adiabatic Selective Refocusing (LASER) sequence (147). The LASER 

sequence has its basic structure very similar to a PRESS sequence, but each excitation 

pulses is replaced by a pair of Adiabatic Full Passage (AFP) pulses (148), which have much 

broader bandwidth and are B1 insensitive, thus reducing the chemical shift artifact 

displacement. The semi-LASER sequence enables localization with full signal intensity, but 

with relatively shorter minimal TE (~30 ms with a surface coil) (149) as compared with 

traditional LASER sequence, since the first pair of AFP pulses is replaced by 90° slice-

selective excitation pulse (Fig. 3.7). The semi-LASER sequence also carries the advantage 

that apparent T2 relaxation times of metabolites are longer than those measured with 

conventional Hahn SE sequences (150), resulting in less signal attenuation in longer TEs. 

In addition, J-coupling evolution is minimized due to the series of 180° pulses that favors 

signal retention (149). 

 
Fig. 3.7. Schematic representation of a single voxel Semi-LASER pulse sequence. 

 The use of high magnetic field is markedly beneficial for reliable quantification of 

metabolites due to increased SNR and larger chemical shift dispersion. It has been shown 

that at 7 T, a robust and accurate quantification up to 17 brain metabolites is feasible, which 

is very difficult to achieve at lower fields (145). This level of sensitivity is essential for 

fMRS studies, since stimulus-induced metabolic concentration changes are expected to be 

relatively small even as compared to the baseline concentrations, which are technically 
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demanding to be detected. Significant concentration changes of approximately 0.2 µmol/g 

could be observed for several metabolites in the activated visual cortex during prolonged 

visual stimulation (151–154).  

 Prior to spectra analysis, certain post-processing steps are necessary in order to 

ensure reliable and accurate metabolite quantification. The intrinsic poor SNR caused by 

the low concentrations of metabolites of interest demands the acquisition of multiple FIDs 

that are averaged to result in a single spectrum. Physiological noise such as subject motion 

or frequency variations due to small breathing movements might result in frequency drift 

and phase variation along the repetition of multiple acquisitions, hence fine adjustment on 

phase and frequency between each individual scan is necessary for achieving optimal 

linewidths. After Fourier transformation, a robust singlet in the spectrum (e. g. NAA or Cr) 

can be used as a reference for alignment among all spectra. Phase correction can be 

performed with a multiple iteration algorithm that minimizes the residue between each 

iteration phase step and the temporary averaged spectrum. 

 Eddy currents rising from the rapid magnetic field variation generated by gradients 

can also introduce distortions in the spectra and increase linewidths. The acquisition of a 

free induction decay (FID) with unsuppressed water signal can be used in the post-

processing to eliminate residual eddy current (155). 

 A typical 1H spectrum at 7 T is acquired with 2048 points and a bandwidth of 4 

kHz, resulting in a spectral resolution of approximately 2Hz. This resolution might be low 

for certain procedures, such as subtraction of spectra between two conditions. A commonly 

used method for artificially increase spectral resolution is to add zero points at the end of 

the FID, a processed called zero filling. No additional metabolic information is added to the 

spectrum after zero filling, but the gain in resolution can potentially improve mathematical 

procedures and the quantification process. Apodization is another mathematical tool to 

artificially increase SNR exploring the prior knowledge that FIDs are expected to be an 

exponential decaying function. It employs the product of the acquired signal with a filter 

function that enhances the signal of the FID simultaneously to attenuating the noise 

component. A typical filter function is the Lorentz-Gaussian transformation given by the 

term 
22 βα tt ee − , where α and β are two adjustable parameters that affect the linewidth or the 

resolution, respectively. The apodization tool can also be used to manipulate and match 
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spectral linewidths, since events that cause changes in local susceptibility (e.g. BOLD 

effect, hypoxia) alters the linewidths due to T2 variation, hence introducing bias in 

mathematical operations between spectra and the metabolic quantification.  

 In order to extract quantitative information about metabolites from MR spectra, it is 

necessary to calculate the area under the curve of a resonance peak, which is proportional to 

the metabolite concentration, within other factors (e.g. protons of the molecular structure, 

hardware gain). Analysis can be carried in the time or frequency domain using popular 

algorithms such as AMARES (Advanced Method for Accurate, Robust and Efficient 

Spectral) from MRUI (Magnetic Resonance User Interface, http://www.jmrui.eu) or a 

linear combination model of spectra from LCModel (156) software, respectively. The 

algorithm AMARES treats the acquired FID as a mixture of different decaying sinusoids 

that are characterized by frequency, a decaying constant, phase and amplitude. Constraints 

can be set for the characterization individual signals, but no prior knowledge is required as 

input. The time domain analysis benefits with the advantage of allowing the selection of 

specific ranges of the data for analysis, potentially avoiding unwanted areas with signal 

contaminations, but the quantification of highly overlapped signal and j-coupled resonances 

can become problematic. The linear combination method implemented in the software 

LCModel includes a large amount of prior information in the data base of spectrum models 

(basis set), which is B0 and sequence dependent, but not subject or brain region specific. A 

complete basis set that provide good coverage of the neurochemical profile (including 

macromolecule and lipid signal characteristics from the region of interest) allows reliable 

metabolite quantification and reduces systematic errors in the fitting model (157). 

 The concentration of metabolites can be calculated by utilizing a reliably 

quantifiable resonance as an internal reference, such as water, total creatine or N-

acetylaspartate (158). Water is the preferred reference as in vivo metabolite concentrations 

may be altered by different pathological conditions, age and brain region. A FID with no 

water suppression and OVS is commonly acquired so the water peak can be used as internal 

reference for absolute metabolite quantification. 

 Metabolite changes induced by stimulation can be investigated using fMRS. 

However, the demanding challenge of reliable and accurate quantification contributed to 

somewhat controversial results, in particular for lactate, until high fields had been utilized. 
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In summary, the different reports of brain lactate changes during stimulation range from the 

absence of changes to 2.5 fold increase (52,159–162). The inconsistencies of metabolite 

concentration changes due to activation is likely to arise from different factors: the low 

concentrations signals spread over several multiplets; concentration changes are small 

under activation; the small spectral range of 1H-MRS inevitably leads to the overlap of 

resonances, hence making the quantification more complex. In addition to these issues, the 

lactate quantification can potentially suffer with lipid contamination from extra cerebral fat 

tissue at a similar spectral position. Therefore, an optimized MR system and a precise 

acquisition protocol are required for high sensitivity and reliable quantification. B0 

inhomogeneities must be minimized and efficient shimming procedure has crucial 

importance to take advantage of the gains provided by high field. Spectral quality must be 

guaranteed with specific requirements regarding sequence design (i.e. optimal crusher 

gradient order, OVS order), water suppression and chemical shift displacement. 
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CHAPTER 4 - MOTIVATION AND OBJECTIVES 
 A tight control of cerebral perfusion and oxygen supply is essential for brain 

function, since oxidative metabolism is the primary means of energy production of the 

human brain (11). Despite the devastating effects of intense hypoxia to cerebral tissue, 

moderate oxygen deprivation through short periods of time is frequent in chronic disorders 

such as obstructive sleep apnea, which affects 2 to 4% of adult population, and has been 

suggested to be a risk factor for morbidities such as hypertension and stroke (163–165). 

Moreover, hypoxic preconditioning, such as hypoxic training (166), and high altitudes 

(167) are common exposures to reduced oxygen availability. Yet, the effect of reduced 

oxygen availability in the bioenergetics of the brain is poorly understood. 

 Controlled mild hypoxia has been applied safely in human MRI studies of cerebral 

physiology. Studies have shown that hemodynamics, metabolism and higher brain 

functions are not disrupted even down to oxygen arterial saturation of 0.8 (1,168,169). Mild 

hypoxic hypoxia regulated by an inspired gas mixture containing 12% O2 has been safely 

applied in studies in the past decade, leading to arterial oxygen saturation levels of 

approximately 85% without any related historic of discomfort (11,170–172). Few human 

brain studies have analyzed how physiological parameters related to the vascular response, 

such as BOLD, CBF, CBV and CMRO2 are affected by mild hypoxia, both at baseline (i.e., 

in absence of external stimuli) and during increased neuronal activity (6,11,170–173). 

However, no studies have attempted to measure BOLD, CBF, CBV and CMRO2 during the 

same experimental session within the same group of subjects. Results from literature are 

controversial: the amplitude of CBF and CBV responses is not affected by hypoxia 

(6,11,170–172), although BOLD amplitude has been reported to be not significantly 

affected (170,172) or decreased (6). Activated areas decrease in BOLD-fMRI during 

hypoxia as compared to normoxia is a consistent finding between studies (6,170–172), 

although CBF and CBV areas changes were reported to remain unaltered (11,170) or 

decrease (6,170–173) during hypoxia. Finally, two recent studies calculated estimates of 

ΔCMRO2 due to stimulation based on the calibrated BOLD technique, which revealed a 

reduction of ΔCMRO2 during mild hypoxia as compared to normoxia (174,175). 
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 The characterization of the neurochemical profile of the activated cortex during 

mild hypoxia has been performed using 31P and 1H-fMRS at 3 and 1.5T, respectively 

(170,176). However, detecting functional concentration changes even without gas 

paradigms is remarkably difficult with the sensitivity provided by lower magnetic fields 

(≤3T). Hence, the use of ultra-high magnetic fields (>3T) combined with highly optimized 

sequences is extremely important to achieve greater sensitivity and reliably detect small 

metabolite concentration changes. The use of ultra-high magnetic fields together with 

functional designs have not been applied to investigate the effects of mild hypoxia in the 

human brain. 

 In this work we aimed at evaluating the impact of mild hypoxia on neurovascular 

coupling and metabolic outcomes. Our first objective was to characterize the impact of mild 

hypoxia on vascular parameters from a group of healthy young adult subjects (18-40 years 

old). More specifically, the characterization involved measurements of BOLD signal, CBF, 

CBV and CMRO2 estimates in the visual cortex using quantitative fMRI techniques. The 

second objective was to characterize the impact of mild hypoxia in the neurochemical 

profile of the activated human brain visual cortex as measured by 1H-fMRS, taking 

advantage of improved sensitivity of 7T in a similar group of healthy young adult subjects. 

The rationale for using a visual stimulation paradigm relies on the opportunity of evaluating 

whether oxygen availability is a limiting factor during increased energetic demands (i.e. 

increasing consumption to reduce even further oxygen availability). The visual cortex is 

commonly accepted to embody the general properties of cortical function. In addition, the 

anatomy of the human brain and the visual cortex is convenient from an experimental point 

of view, especially for fMRS experiments. 

 Identifying the impact of mild hypoxia on functional brain metabolism and vascular 

parameters in the healthy human brain is a crucial step for understanding basics aspects of 

cerebral bioenergetics that remains poorly understood and could potentially provide new 

insights for generating hypotheses in multiple patient populations that experience hypoxia 

as consequence of their pathological condition. 
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CHAPTER 5 - CHARACTERIZATION OF THE VASCULAR 

RESPONSE DURING HYPOXIA USING FMRI EXPERIMENTS 

5.1 Methodology 

5.1.1 Participants 

Twelve subjects (mean age 27.4±3.4 years, 10 males, 2 females) without history of 

neurological and respiratory abnormalities participated in the study. All subjects involved 

in this study were young adults in order to avoid potential age depend variability. The study 

was approved by the local ethics committee from University of Sao Paulo and all subjects 

gave written consent prior to their participation in the study.   

5.1.2 Experimental design 

Subjects were comfortably fitted with a mouthpiece and nose clip, and breathed a gas 

mixture containing adjustable content of high purity (>99.99%) medical grade nitrogen and 

oxygen delivered through a closed plastic hose circuit. Two oxygenation states were 

created by adjusting the fraction of inspired oxygen: normoxia (room air equivalent – 21% 

oxygen) and mild hypoxia (equivalent to an altitude of approximately 4000 m – 12%). 

After normoxia acquisition, a 5 min interval (without removing the subject from the 

scanner and coil) was performed in order to have the subjects arterial blood oxygen 

saturation (SaO2) stabilized into a new steady state (variations <2%). A timeline diagram 

with the main events of an experimental session is shown in Fig. 5.1. A total flow of 

approximately 32 l/min was used in order to avoid gas rebreathe. SaO2, heart and 

respiratory rates were monitored using a vital signs monitor (Veris, Medrad) over the entire 

experiment. Expired end-tidal CO2 pressure (PETCO2) was also measured, although due to 

the high flow available to the subject, the absolute PETCO2 value measured was partially 

diluted in the exciding gas flow. Three runs of visual stimulation in each of the two 

oxygenation states were performed, and fMRI data described in the section below were 

acquired. 

44 
 



 
Fig. 5.1. Timeline diagram of events during an experimental session after subject positioning in the 

scanner. 

 Visual stimulus consisted of a black and white checkerboard flickering at 8 Hz, 

presented with use of Esys fMRI system (Esys fMRI, Invivo). Subjects were instructed to 

fixate on the center of the stimulus, and each run consisted of 7 blocks of 32 s each, 

alternating sequentially between rest and visual stimulation blocks. A black was presented 

during rest periods. The compliance to the research protocol was verified at the end of the 

experiment by asking the subject to report how many times a white cross positioned at the 

center of had become red over the entire experiment. 

5.1.3 Data acquisition 

MR experiments were performed using a 3 T scanner (Achieva, Philips Medical Systems, 

Best, The Netherlands) and a 8-channel volume head coil. High resolution three 

dimensional Magnetization-Prepared Rapid Gradient-Echo images (TR= 2500 ms, TE=3.2 

ms, 7 ms echo time spacing, TI=900 ms, flip angle= 8°, isotropic resolution of 1x1x1 mm³ 

and 170 slices) were acquired and used to position the functional imaging volumes aligned 

to the calcarine sulcus to cover the visual cortex. Functional images (BOLD, ASL and 

VASO) were acquired using a GE and single shot EPI readout sequence and shared the 

same following parameters: TR=2000 ms, Sensitivity Enconding factor=2 and resolution of 

3x3x5 mm3. Specific parameters: BOLD images had a TE=40 ms and 5 slices; ASL images 

were acquired using EPISTAR (177) labeling scheme (post labeling delay=1500 ms, 

labeling volume of 200 mm positioned at the neck level), TE=18 ms and 3 slices; VASO 

images were acquired using an inversion pulse and TI of 700 ms for nulling blood signal 
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(101), TE=18 ms and 3 slices. BOLD and VASO consisted of 112 volumes each, whereas 

ASL consisted of 56 pairs of control/label images for each oxygenation state. Functional 

runs were acquired in a pseudo-randomized scheme within each oxygenation state. The 

length of the periods in normoxia and mild hypoxia were approximately 18 and 16 minutes, 

respectively. 

5.1.4 Data analysis 

All processing was performed using SPM8 (Wellcome Department, University College 

London, UK) and in-house built Matlab (Matlabworks, Natick, MA) routines. All 

functional images were corrected for motion, coregistered to the anatomical image and 

normalized to the MNI standard brain space. Perfusion-weighted difference images from 

ASL (pwASL) were calculated by the pair-wise difference between control and label 

images. Due to lower SNR of pwASL, all functional images from the 3 different modalities 

were smoothed using a Gaussian kernel (full width at half-maximum of 5 mm) (170,171). 

BOLD activation maps were generated using a general linear model and the standard 

hemodynamic response function implemented on SPM8, whereas GLM for VASO and 

pwASL data had the standard 1st order gamma function from SPM8 as regressor. The 

activation threshold was set to t=2.7 for BOLD and VASO, whereas a threshold of t=2.3 

was used for ASL due to reduced signal-to-noise ratio of pwASL data (170–172). Only 

voxels activated in all the three imaging techniques for each gas condition were used for the 

extraction of the mean time courses of BOLD, pwASL and VASO signals for each subject 

and the calculation of stimulus-induced changes of BOLD, CBF and CBV relative to 

baseline. Mean BOLD and VASO time courses were down-sampled to the same number of 

points from pwASL. Temporal smoothing using a moving average of 12 seconds (3 points) 

was performed in the time series. Finally, all series were normalized with respect to the last 

24 seconds of baseline, which was defined as the first block of each run of visual 

stimulation. Relative CBF changes were defined as the normalized pwASL time course, 

and relative CBV changes were calculated using the normalized VASO signal time course 

and a model previously proposed (101). The BOLD signal change was extracted from the 

BOLD-fMRI images. The amplitude change of evoked BOLD, CBF and CBV responses 

due to visual stimulation were calculated by averaging the time course points from the last 
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20 s from each stimulation block in order to avoid the first transition seconds of the 

vascular response. 

 Relative CMRO2 changes due to stimulation were calculated using the methodology 

proposed by (104) for both oxygenation states (equations 3.17 to 3.21). Constants used in 

the methodology are shown in Table 5.1. After temporal smoothing using a moving 

window of 16 seconds (4 points), the averaged time courses from the 50 voxels displaying 

activation with highest t-values in the overlapping region was used to calculate mean 

ΔBOLD, ΔCBF and ΔVASO relative changes (20). A correction for mild hypocapnia effect 

caused by the absence of CO2 in the gas mixture was applied, which takes into account a 

2.5% reduction of baseline CBV, a 10% increase in baseline CMRO2 and 13% decrease in 

baseline CBF as previously shown in literature (127,178). In addition, previous studies 

reported an 18% increase in baseline CMRO2 due to mild hypoxia (174,175), which was 

also taken into account in our calculations of stimulus induced changes. 

Table 5.1. Constants used in Lu et al. (2004) methodology for CMRO2 calculation 
Variable Value Reference 
Hematocrit 0.44 (137,138) 
CBV during rest 0.05 (179) 
R1 arterial blood in normoxia 0.61 s-1 (180) 
R1 venous blood in normoxia 0.64 s-1 (180) 
R1 tissue in normoxia 0.89 s-1 (134) 
R2 tissue rest in normoxia 21.3 s-1 (134) 
Venous blood saturation during rest in 
normoxia 0.49 Adapted from (121) 

R1 arterial blood in hypoxia 0.62 s-1 (6) 
R1 venous blood in hypoxia 0.68 s-1 (6) 
R1 tissue in hypoxia 0.89 s-1 Same as normoxia (no ref.) 

R2 tissue rest in hypoxia 23.90 s-

1 
(134) 

Venous blood saturation during rest in hypoxia 0.33 Adapted from (121) 
Arterial blood fraction 0.30 (181,182) 
Venous blood fraction 0.70 (181,182) 
Cblood (ml water / ml blood) 0.87 (101) 
Ctissue (ml water / ml tissue) 0.89 (101) 
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5.1.5 Statistical analysis 

Paired two-tailed t-test was used to determine the statistical significance of changes in 

amplitude and extension of the evoked BOLD, CBF and CBV responses between 

oxygenation states. A p-value inferior to 0.05 was considered to be significant. All reported 

values are given as mean ± standard error of the mean unless otherwise specified. 

5.2 Results 

5.2.1 Physiological variables 

The level of mild hypoxia used was well tolerated subjects, except for one subject that 

could not breathe comfortably through the mouthpiece and did not want to proceed with 

acquisitions. Two subjects reported a mild feeling of breathless during the beginning of the 

transition to mild hypoxia, which was completely overcome at the end of the transition 

period after the adaptation, and no other complains were reported. Hypoxia increased heart 

rate from 72.7±3.8 to 78.6±3.8 beats/min (p<0.01), and SaO2 decreased from 96.8±0.3% to 

81.1±0.4% (p<0.01). Mean respiratory rate and partial PETCO2 during normoxia were 

9.6±0.5 breaths/min and 9.9±0.7 mmHg for normoxia and 9.6±0.6 breaths/min and 

10.2±0.7 mmHg for mild hypoxia, respectively. Both respiratory rate and PETCO2 were not 

significantly affected by hypoxia. 

5.2.2 Functional MRI 

Complete data sets from 2 subjects were excluded due to excessive motion (> 3mm). The 

signal to noise ratio in the occipital lobe of functional images acquired during normoxia 

was not statistically different from those acquired during mild hypoxia. A non-significant 

trend for decrease of 2% in baseline EPI signal from BOLD images in the occipital cortex 

was observed during hypoxia as compared to normoxia. Typical BOLD, ASL and VASO 

images from a subject during normoxia are shown in Fig. 5.2. 
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Fig. 5.2. BOLD, ASL and VASO images from a subject in normoxia. 

 Typical activation masks during normoxia and hypoxia for the 3 functional 

techniques are presented in Fig. 5.3. Areas recruited by visual stimulation were smaller 

during mild hypoxia as compared to normoxia: -42.7±8.4% for BOLD (N=9), -33.1±8.0% 

for ASL (N=9) and -31.9±5.9% for VASO images (N=7). Two VASO data sets were 

discarded due to software issues during the acquisition. 

 
Fig. 5.3. Example of activation masks from BOLD, ASL and VASO from a single subject during 
normoxia (blue), mild hypoxia (red) and the overlap between areas (pink). Note that the hypoxia 
mask is almost entirely contained within normoxia mask, and red areas are practically absent. 

 Interestingly, the time courses extracted from common active areas to the three 

imaging contrasts during hypoxia revealed robust responses with similar amplitude for CBF 
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and CBV, but not for BOLD signal, which had amplitude notably reduced, as shown by 

Fig. 5.4. Percent changes of BOLD, CBF and CBV in both gas conditions are summarized 

in Table 5.2. No changes in the shape of evoked responses were observed. No statistically 

significant changes in baseline CBF were observed during mild hypoxia.  

Table 5.2. Amplitude of evoked vascular changes due to visual stimulation 
 BOLD (%) ΔCBF (%) ΔCBV (%) 

Normoxia 4.1±0.6 61.7±16.1 29.2±16.7 
Hypoxia 2.5±0.8 * 58.4±18.7 37.9±20.6 

*p<0.01, normoxia vs hypoxia, paired t-test. Mean ± SD, n=9 for BOLD and ΔCBF, n=7 
for ΔCBV. 

 

 
Fig. 5.4. Time courses of BOLD (N=9), CBF (N=9) and CBV (N=7) from the overlapping area 
between the 3 techniques for each gas condition averaged across trials and subjects. Data shown as 
mean ± standard deviation. Areas in gray represent periods of stimulation. 

5.2.3 Quantification of CMRO2 

The calculation of evoked CMRO2 response due to visual stimulation using the 

methodology proposed by Lu et al. (2004) resulted in ΔCMRO2 of 15.5±5.7% in normoxia 
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and 3.1±1.9% during hypoxia, which indicates a trend (p=0.04) of reduction during mild 

hypoxia.  

5.3 Discussion 

We examined the evoked BOLD, CBF, CBV and CMRO2 responses to visual stimulus 

during normoxia and mild hypoxia. Our study focused on acquiring data sets from the 3 

techniques from each subject within a single session in order to minimize variability. We 

observed a significant decrease in the extension of activated areas during mild hypoxia in 

all 3 imaging contrasts. Despite the extension decrease, only BOLD signal had reduced 

amplitude during hypoxia in the common active areas, whereas CBF and CBV responses 

had similar amplitude. The observation of smaller activated areas during hypoxia by using 

the same activation threshold (i.e. t-value) from normoxia suggests that areas active in 

normoxia but not in hypoxia (the blue areas visible in Fig. 5.3) did no exhibited a 

significant vascular response at the sensitivity level of our experimental conditions. Hence, 

a much smaller or absent vascular response was present in those areas during hypoxia, 

potentially indicating an altered neurovascular coupling. 

 A similar BOLD amplitude decrease during mild hypoxia has been observed in 

previous studies (6,176). One potential mechanism that could explain the baseline signal 

trend and the BOLD signal decreases during mild hypoxia is the intrinsic susceptibility 

change induced by reduced SaO2, which leads to a relative increase of deoxyhemoglobin 

concentration in the vascular compartments. Due to its inherent strong paramagnetic 

behavior, both baseline and stimulus induced BOLD signal changes can be affected (183). 

 Harris et al. (2013) reported a statistically significant increase of baseline CBF after 

a 20 minute mild hypoxia exposure, which was not detected in our data. The pseudo-

randomized order of our acquisitions combined with a shorter mild hypoxic period did not 

allow us to detect and reproduce such finding.  

 Few studies performed multimodal-fMRI simultaneously to mild hypoxia in the 

same group of subjects (6,170–172), and most utilized only two of the three imaging 

techniques used in the present study. Sharing the same degree of mild hypoxia from our 

experiments, pioneer studies from Tuunanen et al. (2006) (170,172) reported similar 

decrease in the extension of the BOLD active areas, however unaltered amplitude changes 
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in the human motor and visual cortex in all active voxels, respectively. Additionally, 

another two studies reported changes in BOLD extension and amplitude in the visual cortex 

that are in good agreement with our findings (6,169,176). Regarding CBF, both fMRI 

(170,172) and PET studies (11) reported no changes in amplitude of the evoked response. 

Tuunanen et al. (2006) reported no amplitude changes in the visual cortex (170), although a 

77% area reduction was observed in the motor cortex (172). Unaltered CBV amplitude in 

response to mild hypoxia is a consensus between studies (6,171,173), and extension 

changes reported by Ho et al. (2008) and Shen et al. (2012) are in excellent agreement with 

our results. Together with reports from literature, our findings suggest a reduction of the 

stimulus-recruited area during mild hypoxia as compared to normoxia, shown by our results 

of BOLD, ASL and VASO-fMRI. However, the recruited areas remain with similar evoked 

vascular response. Even though BOLD amplitude is altered, it is likely that such result is 

partially caused by a susceptibility effect. The trend for baseline EPI signal reduction of 

BOLD images itself does not explain the reduction on BOLD signal amplitude. 

  The combination of four potential mechanisms could be involved in the observed 

results: (i) a reduction of the neuronal population recruited by the visual stimulus; (ii) a 

heterogeneous reduction of oxygen metabolism in certain cortical regions, (iii) unwanted 

contribution of mild hypocapnia induced by the gas paradigm and (iv) a reduction of MR 

techniques sensitivity during mild hypoxia.  

 Mechanisms (i) and (ii): Tuunanen et al. (2006) reported no changes in visual 

evoked potential during mild hypoxia (170), and together with the observed BOLD 

extension reduction and unaltered CBF area extension, the authors suggest a highly 

heterogeneous oxygen extraction fraction (and consequently CMRO2) throughout the 

cortex. Hence, there would be a lesser mismatch between CBF and CMRO2 during mild 

hypoxia. However, previous studies that focused on analyzing the effects of mild hypoxia 

in the brain electrical activity showed both event-related brain potentials and reaction times 

altered during mild hypoxia as compared to normoxia (184–187). In another study, 

Tuunanen et al. (2006) reported a large decrease in both CBF and BOLD activated areas in 

motor cortex (172), which is compatible with our data from the visual cortex. In addition, 

invasive methods able to quantify partial pressure of oxygen in the cerebral tissue and CBF 
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provided findings that suggest a mismatch between metabolic and hemodynamic responses 

in the activated cortex (188). 

 Mechanism (iii): increased respiratory rate could potentially lead mild hypoxia and 

hence alter the vascular response. Mintun et al. (2001) observed a decrease in PETCO2 by 2 

mmHg during a similar degree of hypoxia utilized in this study as compared to normoxia, 

possibly caused by hyperventilation. However, in our study both respiratory rate and 

PETCO2 were not affected by the oxygen availability since a high gas flow was provided to 

subjects. Even though we cannot rule out a small contribution of mild hypocapnia to the 

experiment, both gas conditions lead to similar ventilation responses. Therefore, we 

anticipate similar isocapnic states for both normoxia and mild hypoxia periods. 

 Mechanism (iv): as it pertains to the sensitivity of the techniques, it should be noted 

that the SNR of functional images were not affected by oxygen availability, thus we do not 

expect differences of sensitivity between normoxia and mild hypoxia periods. A higher 

deoxy/oxyhemoglobin ratio during mild hypoxia could potentially shorten baseline 

parenchymal T2*. Using a similar range of SaO2, Tuunanen et al. (2006) observed a 

tendency for parenchymal T2* by 2 ms (170), which was argued to be too small to affect 

GRE-EPI sensitivity between the two different states and hence explain the BOLD related 

results. 

 A limited number of studies evaluated the effect of mild hypoxia in baseline 

CMRO2, mainly due its technical complexity. Gold standard PET measurements are 

limited by the invasiveness, radiation exposure and dependence on complex mathematical 

models, whereas MRI methods involve acquisitions of multiple imaging contrasts and also 

relies on mathematical modeling. Sicard et al. (2005) reported unaffected baseline CMRO2 

in rats when exposed to 12% oxygen, however a large decrease was observed when oxygen 

level was lowered to 9%. In humans, Xu et al. (2012) reported a 5% increase in baseline 

CMRO2 due to mild hypoxia, and decrease of 10 and 17% during hyperoxia with a gas 

mixture containing 50 and 98% of oxygen, respectively. Using a 2-day exposure to mild 

hypoxia, Smith et al. (2012) reported an 18% increase of baseline CMRO2 in humans, 

which was postulated to be driven by a reduction of PETCO2 due to ventilatory 

acclimatization. A trend of decrease in stimulus-induced ΔCMRO2 in the remaining active 

areas was observed during mild hypoxia in our data. Similar trends of reduction were 
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observed during prolonged 2 and 7-day high altitude hypoxia exposure (174,175). 

Interestingly, a more pronounced reduction was observed in the 2-day period, whereas 

acclimatization mechanisms might have played an important role in the longer 7-day 

period. Assuming the exact same increase in energy consumption due to stimulation from 

normoxia, the increased baseline CMRO2 alone does not explain the reduced ΔCMRO2 

during mild hypoxia. Using 19F in anesthetized rats, Duong et al. (2001) confirmed that 

mild hypoxia reduces the oxygen availability not only in the vascular compartments, but 

also in the cerebral tissue. In addition, a hypercapnia induced CBF increase of 100% 

increased pO2 in the tissue by 50%. The authors suggest that a neuronal induced CBF 

increase would elevate cerebral tissue pO2 by 25% or more, since the increased oxygen 

consumption would facilitate diffusion. This finding supports the notion that a robust CBF 

increase is capable of promoting a large increase in oxygen concentration in the cerebral 

tissue. Our results indicate that during mild hypoxia, the similarly intense CBF response in 

the recruited areas would be capable of compensate for the reduced oxygen availability, 

despite the observed decrease in ΔCMRO2.  

 It remains unclear whether smaller neuronal populations are recruited during 

hypoxia, in which case the energetic cost of activation is expected to be also reduced, or 

whether mild-hypoxia results in a different neurovascular coupling, in which case the 

functional energy demands should remain unchanged. Additional studies will be necessary 

to evaluate if the results herein presented are caused only by an altered vascular response or 

there are underlying neuronal and metabolic alterations. 

5.4 Conclusion 

Mild hypoxia did not augment the vascular response as if oxygen availability had become a 

critical limitation. In fact, mild hypoxia during visual stimulation produced substantial 

reductions in the activated volumes detected by BOLD, ASL and VASO images. However, 

active common areas to all three imaging contrasts showed unaltered CBF and CBV 

responses, but smaller BOLD signal. The source of BOLD signal decrease during mild 

hypoxia is possibly related to susceptibility effects generated by an increase in 

deoxy/oxyhemoglobin ratio and a lesser mismatch between oxygen delivery and oxygen 

consumption. In addition, stimulus-induced ΔCMRO2 was smaller as compared to 
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normoxia in the remaining active areas. Yet, it remains unclear whether changes in the 

extension of vascular response are directly linked to reduced neuronal recruitment or to a 

new neurovascular coupling with similar neuronal recruitment but altered vascular 

response. The data presented herein suggest that a transitory ischemic event, which could 

potentially generate short term mild hypoxia, does not have a critical effect on the vascular 

response and oxygen metabolism of the core activated areas in healthy young adult 

subjects. 
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CHAPTER 6 - CHARACTERIZATION OF THE METABOLIC 

RESPONSE DURING HYPOXIA USING FMRS EXPERIMENTS 

6.1 Methodology 

6.1.1 Participants 

Sixteen male subjects with perfect vision and no history of neurological and respiratory 

abnormalities were enrolled in this study. Four subjects did not feel comfortable in the 

scanner during mild hypoxia and the acquisitions were not complete. The data from twelve 

subjects (mean age 26±6 years) was utilized in this study. The inclusion of only male 

subjects was a condition imposed by the Institutional Review Board in order to avoid the 

potential risk of exposing unaware pregnant women to mild hypoxia. All subjects involved 

in this study were also young adults in order to avoid potential age depend variability 

similarly to the study described in the previous chapter. All subjects gave informed consent 

using procedures, which followed the Code of Federal Regulations, approved by the 

Institutional Review Board: Human Subjects Committee of the University of Minnesota. 

6.1.2 Experimental design 

A tight regulation of O2 and CO2 levels was achieved by using a feed-forward gas delivery 

system (RespirActTM, Thornhill, Research Inc., Canada) that allows independent control of 

PETCO2 and end-tidal partial pressure of O2 (PETO2) by manipulating the gas input on a 

breath-by-breath basis. Prior to entering the scanner room, subjects were fitted with a 

specialized rebreathing circuit and facemask (Thornhill, Research Inc., Toronto, Can.). The 

contact between mask and skin was sealed using adhesive dressing (Tegaderm 3M 

Healthcare, St. Paul, MN, USA) in order to prevent gas leakage. Subjects were familiarized 

with the experimental setup and had their initial baseline PETCO2 measured before entering 

the scanner room. Participants respiratory rate (RR) was cued at 10 breaths/min using an 

auditory metronome played at the scanner room. Two gas conditions were defined based on 

the targeted PETO2: normoxia (100 mmHg) and hypoxia (40-45 mmHg). The defined 

PETO2 target for normoxia was selected to simulate room air oxygen concentration, 
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whereas the target for hypoxia was selected to generate arterial blood oxygen saturations in 

the range of 80 to 85%, similarly to the previous study. During both conditions PETCO2 

was held constant to each individual initial baseline value previously, and a 5 min 

adaptation period was performed during the transition from normoxia to hypoxia. Subject’s 

heart rate (HR) and arterial blood oxygen saturation (SaO2) were monitored using Magnetic 

Resonance (MR) compatible pulse oximeter (Nonin 7500 FO, Nonin Medical Inc., 

Minnesota, USA). The respiratory rate, PETCO2 and PETO2 data were recorded by 

RespirAct. One run of data acquisition was performed for each of the two oxygenation 

states, and MR data was acquired as described in the section below. 

 For the visual stimulation periods (STIM), subjects visualized a black and red 

checkerboard flickering at 7.5 Hz, presented with use of a LCD projector and a screen 

fixated in the head coil visible to the subject through an adjustable mirror. During rest 

conditions (REST), a black screen was utilized. Subjects were instructed to look to a 

fixation point at the center of the stimulus and the compliance to the research protocol was 

verified by asking the subject to press a button every time the fixation point rotated 45 

degrees, present both at rest and stimulation periods.  

6.1.3 Data acquisition 

MR experiments were performed using a 7 T/90 cm magnet (Agilent/Magnex Scientific, 

Abington, UK) equipped with a gradient/shim coil (SC72, maximum gradient strength of 

70 mT/m; maximum 2nd-order shim strength of 7 mT/m2; Siemens Medical Systems, 

Erlangen, Germany) that was interfaced to a Siemens Syngo console (Siemens Medical 

Systems). A half-volume quadrature transceiver RF coil combined with an 8-kW RF 

amplifier provided the transmit B1+ field just above 40 μT in the center of the occipital 

lobe. 

 High-resolution three dimensional Magnetiation-Prepared Rapid Gradient Echo 

images (TR=2500 ms, TE=2.42 ms, 7.0 ms echo spacing, 1500 ms inversion time, and 

isotropic resolution of 1 mm3) were obtained to visualize the anatomical structure of the 

occipital cortex. The functional 1H-MRS data were acquired using the full signal-intensity 

semi-LASER localization sequence (149) optimized for 7 T (TE=26ms and TR=5 seconds), 

combined with outer volume saturation and VAPOR water suppression (141). A VOI of 
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2×2×2 cm3 was carefully positioned in the primary visual cortex based on the anatomic 

landmarks discernible on high resolution anatomical images (Fig. 6.1). 

 
Fig. 6.1. Representation of VOI positioning in the occipital lobe. 

The B0 field homogeneities were adjusted at the beginning of the experimental session 

using an echo-planar version of FASTMAP shimming method (189). In order to assess the 

BOLD effect on the water signal, a series of unsuppressed water spectra was acquired with 

the same semi-LASER sequence during a short visual stimulation session consisting of 

REST–STIM paradigm. The duration of each block was 30 s, and 6 scans were acquired 

per block. Finally, the metabolite spectra were collected during a 10 min fMRS visual 

stimulation paradigm, also consisting of a REST–STIM paradigm. The duration of each 

block was 5 min and 64 scans were acquired per block. In addition, four unsuppressed 

water signals were acquired and used as internal reference for absolute metabolite 

quantification and correction for effects of residual eddy currents. The acquisition of 

unsuppressed water signals for BOLD assessment, the metabolite spectra and the internal 

references were acquired under normoxia and hypoxia conditions. The timeline of main 

events from an experimental session of this study is shown in Fig. 6.2. 
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Fig. 6.2. Timeline diagram of events during an experimental session. 

6.1.4 Data analysis 

Acquired single scan FIDs were first corrected for small frequency and phase fluctuations, 

then summed (over 32 scans for each subject) and finally corrected for residual eddy 

currents (155) using in-house developed Matlab (MathWorks, Natick, MA) scripts. The 

intensity of the residual water signals was consistently below the level of metabolite 

resonances, hence the water signal removal was not necessary and potential baseline 

distortions were avoided. In order to avoid bias during quantification due to linewidth 

differences caused by susceptibility effects, all REST and STIM spectra from both gas 

conditions had linewidths matched to hypoxia REST (hypREST) spectrum linewidth by 

applying the necessary linewidth broadening estimated by calculating the linewidth 

difference between the two conditions. Linewidth estimation and broadening were 

performing using the same methodology previously described (154) that aimed at 

correcting the BOLD effect in spectra. 

Metabolites were quantified from 32 scans spectra using LCModel (http://www.s-

provencher.com/pages/lcmodel.shtml) with a basis set of 19 brain metabolite spectra 

simulated using a density-matrix approach plus a spectrum of fast relaxing macromolecules 

previously acquired (154). The unsuppressed water signal was used as an internal reference 

assuming 80% brain water content and 9% CSF fraction within the VOI (190). The 

metabolite concentrations were also corrected for transverse relaxation using simplified 

approximations (water T2 = 64 ms, metabolites T2 = 107 ms). For all metabolites except 

glucose (Glc), only concentration values quantified with Cramèr-Rao lower bounds 

(CRLB) below 50% were included into further analysis. Since the quantification of glucose 

at 7T is particularly challenging (145), we used slightly different selection criteria: an 
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average CRLB < 50% among the 4 representative spectra was utilized. From all 

metabolites included in the basis set, alanine and glycine were excluded entirely from the 

analysis following the CRLB criteria.   

 Finally, similarly to previous visual stimulation studies (151,154,191), all fMRS 

data acquired during the second halves of STIM and following REST periods from all 

subjects were summed accordingly, resulting in two spectra, STIM and REST, with 352 

averages each (thus combined over 32 scans x 11 subjects) for both normoxia and hypoxia 

(group-level spectra). These spectra were used to generate activation-induced difference 

spectra. In order to eliminate the BOLD line-narrowing effect, an exponential 

multiplication was applied to the STIM FID data set to match the linewidth of the REST 

spectrum prior to the calculation of the difference spectrum. To confirm possible baseline 

metabolic concentration changes between normoxia and hypoxia, a baseline difference 

spectrum between normREST and hypoxia REST (hypREST) was calculated similarly to 

the activation-induced difference spectra previously described. Due to the line-broadening 

effect of hypoxia, normREST had its linewidth broadened and matched to hypREST, 

similarly to the BOLD line-narrowing effect correction. Metabolite quantification from the 

activation-induced difference spectra was performed by LCModel analysis with the basis 

set reduced to 4 metabolites (Aspartate (Asp), Glutamate (Glu), Lactate (Lac) and Glc), 

where two of them (Asp and Glc) were inverted. For the baselines difference spectrum 

quantification, a basis set with Asp, inverted Glu and glutamine (Gln) was utilized. The 

choice of metabolites to fit the difference spectra previously described was based on single 

subject analysis results and by the visual inspection of the difference spectra. 

6.1.5 Statistical analysis 

To determine whether physiological and metabolite changes between STIM and REST 

conditions were significant, paired two-tailed t-test (α = 0.05) was utilized. In order to 

avoid possible transient effects in the metabolic responses, we averaged metabolite levels 

quantified only from the second half of the two STIM or following REST conditions (32 

scans each) during the functional paradigm. 
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6.2 Results 

6.2.1 Physiological variables 

The mean difference between PETCO2 during normoxia and hypoxia was 0.6±1.9 mmHg, 

which demonstrates an excellent control of CO2 levels in the gas mixture achieved by the 

computer-controlled gas blender. Average PETO2 decreased from 106.0±5.4 mmHg during 

normoxia to 44.2±3.5 mmHg during hypoxia, which yielded on a SaO2 reduction from 

98.4±0.8% to 82.1±1.4% (p<10-5), similarly to the results obtained in the fMRI experiment. 

HR was significantly higher during hypoxia, varying from 69±12 bpm during normoxia to 

83±17 bpm (p=0.002) in hypoxia, whereas the respiratory rate was not affected by the gas 

condition (10.7±1.4 bpm and 10.8±1.1 bpm for normoxia and hypoxia, respectively). The 

mean baseline PETCO2 was measured the scanner was 41.3±3.0 mmHg. An increase in 

respiratory and heart rates are normal physiological responses to decreased SaO2 during 

mild hypoxia, although only the second was observed in this study since subjects 

respiratory rate were cued by a metronome at 10 bpm in both gas conditions. 

6.2.2 MRS findings 

The data set from one subject was excluded from analysis due to lipid contamination that 

spoiled the spectra quantification quality. Effects of both stimulus-induced BOLD and 

susceptibility effects caused by hypoxia itself (i.e. higher deoxy/oxyhemoglobin ratio) were 

observed in spectra linewidths, as shown in Fig. 6.3. Linewidths of water peaks utilized for 

BOLD assessment were consistently larger in hypoxia as compared to normoxia during rest 

periods (p<10-4), with mean values of 13.9±1.0 Hz and 15.3±0.8 Hz, respectively. 

Concomitant creatine methyl signal linewidths were also increased during hypoxia 

(11.4±0.8 Hz versus 12.5±0.8 H, p<10-4). The BOLD effect on water peaks produced 

significant activation-induced linewidth changes during both gas conditions, although 

changes during hypoxia were significantly smaller than the observed in normoxia 

(0.45±0.30 Hz and 0.21±0.19 Hz, respectively, p=0.002). 
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Fig. 6.3. Example of mean water peaks from a single subject exhibiting different linewidths due to 
BOLD and susceptibility effects generated by mild hypoxia during normoxia at rest (normREST), 
normoxia during visual stimulation (normSTIM), mild hypoxia at rest (hypREST) and mild hypoxia 
during visual stimulation (hypSTIM) 

 Fig. 6.4. shows the absolute metabolic concentrations and associated CRLB 

obtained from the LCModel quantification of a typical representative spectra from 

normoxia. The metabolite spectra presented excellent signal to noise and spectral resolution 

in both gas condition, as shown by Fig 6.5. 

62 
 



 
Fig. 6.4. LCModel quantification of a typical representative spectra from normoxia 

 Spectra quantification in the subject level revealed baseline concentrations of Asp 

and Gln reduced during hypoxia as compared to normoxia, as shown in Table 6.1. 

Table 6.1. Absolute metabolic concentrations during baseline 
 Aspartate (mM) Glutamine (mM) Glutamate (mM) 

Normoxia 2.84±0.47 2.57±0.29 7.25±0.25 
Hypoxia 2.54±0.45 * 2.38±0.26 * 7.35±0.24 

*p<0.05, normoxia vs hypoxia, paired t-test. Mean ± SD. 

 Despite not exhibiting a significant trend at the subject level analysis (p=0.12), a 

negative residue at approximately 2.35 ppm was fitted as an inverted signal of Glu (Fig. 

6.5), corroborated by the quantification of the group-level spectra, which showed a small 

negative difference (normREST-hypREST) of 0.15 mM between Glu at baselines. The 

findings at the subject level were confirmed by the LCModel quantification of the 

difference spectrum (normREST - hypREST). Based on visual inspection of the corrected 

difference spectrum, a linewidth broadening of 1.2 Hz was utilized to minimize linewidth 

differences between the two spectra, similarly to the BOLD line-narrowing effect 

correction previously described. However, it was not possible to entirely remove the large 
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resonances residue (n-acetylaspartate, creatine and choline) as it was performed during 

STIM-REST subtraction of normoxia or hypoxia, possibly due to a non-pure line shape 

caused by hypoxia.   

 

 
Fig. 6.5. Example of spectra acquired at normoxia during rest (normREST, in blue) and during mild 
hypoxia at rest (hypREST, in red) from a single subject. LCModel analysis of the difference 
spectrum (N=10, normREST – hypREST, in cyan), LCModel fit components: aspartate (Asp, red), 
glutamine (Gln, orange) and glutamate (Glu, black). Fit residue (green). Concentrations are given as 
mean ± CRLB. Gaussian filter (σ=0.15 Hz) was applied on the difference spectrum and fit residue 
for display purposes. 
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 Stimulus-induced metabolic changes measured in normoxia were in excellent 

agreement with previously reports from fMRS studies in the visual cortex using 7T 

scanners (151,153,154), with significant changes of Asp (p=0.03) (151,152,154), Glu 

(p=0.001) (151–154), Lac (p=0.03) (151–154), as shown in Table 6.2. Glucose has also 

been reported to decrease with stimulation (153,154), but the observed trend in our data 

was not statistically significant. During hypoxia, only stimulus-induced changes of Glu and 

Lac were significant (p<0.001 and p=0.01, respectively), being these the most common 

findings from fMRS studies in normoxia using 7T scanners (151–154).  

Table 6.2. Absolute metabolic concentration differences (STIM-REST) due to stimulation 
 Aspartate (mM) Glutamate (mM) Lactate (mM) Glucose (mM) 

Normoxia -0.25±0.23 * 0.29±0.16 * 0.19±0.23 * -0.15±0.33 
Hypoxia -0.12±0.29 0.24±0.10 * 0.16±0.13 * -0.09±0.33 

*p<0.05, STIM vs REST, paired t-test. Mean ± SD. Glucose at normoxia exhibited a trend with 
p=0.07. 

 Average quantified concentrations over all subjects for both gas and stimulus 

conditions of significantly altered metabolites are summarized in Fig. 6.6. Other 

metabolites were not affected by oxygen reduction or visual stimulation. Stimulus-induced 

metabolic changes of Glu and Lac in normoxia were not significantly different from those 

induced during hypoxia. 
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Fig. 6.6. Average metabolic concentrations during fMRS paradigm over subjects (N=11). P-values 
were calculated using paired two-tailed t-test. Error bars represent the standard deviation. Asp, 
aspartate; Glc, glucose; Glu, glutamate; Gln, glutamine; Lac, lactate. NormREST, mild hypoxia 
during normoxia at rest; NormSTIM, normoxia during visual stimulation; HypREST, mild hypoxia 
at rest; HypSTIM, mild hypoxia during visual stimulation. 

 The difference spectrum (STIM - REST) for both gas conditions confirmed findings 

observed at the subject level for both normoxia and hypoxia conditions, as shown by Fig. 

6.7. A line broadening of 0.41 Hz in normSTIM was necessary to make the difference 

spectrum BOLD-free, whereas a 0.19 Hz line broadening was used at hypSTIM spectrum.  
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Fig. 6.7. LCModel analysis of the difference spectrum (STIM - REST) from normoxia (A) and mild 
hypoxia (B). From top to bottom: difference spectrum (blue) to be fitted in LCModel. LCModel 
fitted components: aspartate (red), glucose (green), glutamate (black), lactate (magenta) and the fit 
residue (cyan). Concentrations given as mean ± CRLB. Gaussian filter (σ=0.15 Hz) was applied on 
the difference spectrum and the residue for display purposes. 

6.3 Discussion 

Oxygen and carbon dioxide play important roles in the energetic metabolism and regulation 

of the evoked vascular response, respectively. In this study we utilized a tight manipulation 

of O2 levels to induce mild hypoxia without the bias of possible effects caused by CO2 

variation.  

 A lower partial pressure of oxygen in the gas mixture was utilized to reduce oxygen 

availability in the blood, hence increasing the deoxy/oxyhemoglobin ratio. Due to the 

strong paramagnetic properties of deoxyhemoglobin, a consistent linewidth increase of both 

water and metabolic peaks was observed in mild hypoxia as compared to normoxia, 

through shortening of T2 that is reflected at the full width at half maximum of peaks. Even 

though linewidth differences in the range of 1 to 1.5 Hz might be comparable to the inter-

subject variability range, it has been shown that metabolite quantifications can be 

differently affected by linewidth changes of up to 0.5 Hz (144). Therefore, the linewidth 

matching procedure performed in this study aimed at reducing bias of estimated absolute 

67 
 



concentrations from different linewidth spectra. Importantly, the stimulus and mild hypoxia 

induced differences in absolute concentration were very similar with or without linewidth 

matching.  

 The smaller BOLD effect on linewidth changes of water peaks during mild hypoxia 

is in excellent agreement with imaging results that showed reduced BOLD signal amplitude 

during mild hypoxia as compared to normoxia, possibly due to the lesser mismatch 

between oxygen delivery and extraction (6,176). These studies have also shown that the 

area displaying BOLD activation during mild hypoxia was smaller than the area activated 

in normoxia (6,170,171,176), which could also have contribute to a smaller linewidth 

change (i.e. less active tissue within the VOI). 

 Stimulus-induced metabolic changes in Asp, Glu and Lac measured in normoxia 

were in good agreement with recent reports of fMRS at 7T (151–154). Such findings were 

attributed to a new steady state of increased oxidative metabolism during sustained 

neuronal activation (151). During mild hypoxia, stimulus-induced significant changes were 

observed in only Glu and Lac, with similar amplitude as compared to normoxia. The STIM-

REST difference spectrum (Fig. 6.7) shows reduced Asp and Glc components during mild 

hypoxia, but yet those are not significant findings at the subject level (hypREST vs 

hypSTIM), possibly due to the reduced amplitude change associated with inter-subject 

variability. No stimulus-induced metabolic changes in normoxia were significantly 

different from mild hypoxia. In front of these findings, we do not see strong evidence that 

suggests altered stimulus-induced metabolic changes during mild hypoxia as compared to 

normoxia, and hence it is likely that the oxidative metabolism increase capacity remains 

unaltered despite the reduced oxygen availability. Previous fMRI studies have reported 

reduced active areas during mild hypoxia as compared to normoxia (6,170–172), which 

could be interpreted as red uced neuronal recruitment. However, our spectroscopy data 

acquired during hypoxia indicate similar stimulus-induced Glu and Lac changes during 

hypoxia, which are known to be robust markers of increased oxidative metabolism and 

hence neuronal activation (154). Thus, we do not expect different neuronal recruitment 

during stimulation in mild hypoxia. 

 Despite unchanged stimulus-induced metabolic concentrations, changes in Asp, Glu 

and Gln were observed between baseline conditions (Fig 6.2), suggesting altered baseline 
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metabolism between normoxia and mild hypoxia. The concentration differences had a 

similar magnitude to those detected due to visual stimulation. Glutamine is the most 

abundant amino acid in blood and the second carbon source of energy production and 

anabolic processes. It plays an essential role as part of the Glu-Gln cycle, which prevents 

extracellular Glu reaching toxic levels, and also interconnects TCA cycles from both 

neurons and astrocytes. The link between TCA cycles is critical, since the amount of TCA 

intermediates is relatively low as compared to the carbon flux in the TCA cycle and the 

cytosolic pools of Glu, Gln and Asp (192). Thereby, the removal of TCA cycle 

intermediates (e.g. biosynthesis of biomolecules, net conversion of α-ketoglutarate to Glu) 

must be closely matched by the introduction of intermediates by other means. The link 

between TCA cycles through Glu-Gln cycle allows the loss of neuronal intermediates to be 

compensated by astrocytic metabolism. Therefore, the Gln concentration change observed 

in our study during mild hypoxia could be potentially related to the maintenance of 

neuronal TCA cycle intermediates, by adjusting concentrations to a new steady state. It is 

unlikely that the level of mild hypoxia utilized in this study was capable of triggering 

adaptive reactions observed in acute hypoxia, such as stimulation of hypoxia-inducible 

factors (193), especially when considering that stimulus-induced metabolic changes were 

preserved during mild hypoxia. 

6.4 Conclusion 

We conclude that mild hypoxia did not affect stimulus-induced glutamate and lactate 

metabolic responses commonly observed at 7T fMRS studies, which are robust markers of 

increased oxidative metabolism and hence neuronal activation. Therefore, we do not see 

evidence that supports altered neuronal recruitment during mild hypoxia. Analysis of the 

neurochemical profiles during rest periods revealed significant changes in aspartate, 

glutamate and glutamine during hypoxia. Further analysis will be necessary to elucidate the 

role played by these metabolic changes in the new steady state achieved during mild 

hypoxia. 
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CHAPTER 7 - CONCLUSIONS AND OUTLOOK 
In this thesis we focused on evaluating the impact of reduced oxygen availability on the 

neurovascular and metabolic coupling of the healthy human brain. Multimodal fMRI 

combined with improved sensitivity of MRS at 7T were used on two different studies to 

characterize the vascular and metabolic responses, respectively. Obtaining new insights of 

the in vivo human brain about the role played by oxygen on the functional brain 

metabolism is crucial for understanding the basics aspects of cerebral energetics and its 

relationship with the neurovascular system. Mild hypoxic hypoxia was safely utilized in 

this study through the control of the inspired gas mixture, by a simple flow balance between 

O2 and N2 as in the fMRI study, or by a computer-controlled gas blender as in the fMRS 

study. Despite the relative low level of induced mild hypoxia (equivalent to approximately 

4000 m altitude, which yielded in arterial blood oxygen saturation of 80%) for a period of 

time inferior to 30 minutes, changes in both vascular variables and baseline metabolic 

concentrations were observed. From our fMRI study, mild hypoxia produced substantial 

reductions in the common activated volumes detected by BOLD, ASL and VASO images. 

However, these areas showed unaltered CBF and CBV responses, but smaller BOLD 

signal. In addition, a trend for stimulus-induced ΔCMRO2 reduction was observed in mild 

hypoxia. These findings potentially suggest smaller neuronal recruitment, but yet it remains 

unclear whether mild-hypoxia could result in a different neurovascular coupling. From the 

fMRS study, stimulus-induced metabolic changes of glutamate and lactate during mild 

hypoxia were not significantly different from normoxia, suggesting unaltered oxidative 

metabolism and hence neuronal recruitment. Finally, the combination of the data from the 

two studies herein presented suggests that mild hypoxia does not result in reduced neuronal 

recruitment to visual stimulation despite the altered vascular evoked response. Therefore, 

an heterogeneity in the neurovascular coupling is observed during mild hypoxia. 

Additionally, our spectroscopy data also reveals the existence of baseline metabolism 

changes between normoxia and mild hypoxia. Further analysis will be necessary to 

elucidate how the new steady state concentrations of aspartate, glutamate and glutamine 

could be linked to physiological mechanism that potentially alters the neurovascular 

response. 
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