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Abstract 

This dissertation describes a novel method for quantifying venous cerebral blood vol

ume (CBV v) changes accompanying normal functional activation and employs quantita

tive functional magnetic resonance imaging (tMRI) methods to study the hemodynamic 

and metabolic changes accompanying neuronal inhibition. An in vivo occipital lobe relax

ometry study was performed first to investigate the dependence of the spin-spin relaxation 

time constant of tissue, T 4issue' on the refocusing interval over the range of interest and 

thus test the basis of the proposed CBVv method. The small decrease of the apparent 

T2tissue with refocusing interval elongation is consistent with blood being the only signifi

cant source of refocusing interval dependence of apparent T2 in grey and white matter of 

the occipital lobe. In ensuing in vitro blood relaxometry studies, ensemble fitting of the 

entire set of T 2blood estimates, obtained over an extensive range of blood oxygenation levels 

and refocusing intervals, was performed using both the fast chemical exchange model and 

the model of diffusion in weak: magnetic field inhomogeneities. The results support the 

application of a diffusion mode1 in describing the deoxyhemoglobin-induced enhancement 

in blood transverse relaxation rate at 1.5 T. Given the uniqueness of T 2blood dependence on 

the refocusing rates over the range of interest, the novel CBV v method - venous refocus

ing for volume estimation (VERVE) - successfully isolates the blood signal by refocusing 

rate variation. A model of functional brain activation was developed and in vitro blood 

relaxometry data used to assess the effect of the intravascular spin-echo blood oxygenation 

level dependent (BOLD) contrast on the activation-induced VERVE signal change, allow

ing robust estimation of venous CBV changes. The method was demonstrated in a visual 
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stimulation study of healthy young adults, where an average venous blood volume in the 

visual cortex increase was estimated at 16±2%. This method provides efficient and contin

uous monitoring of venous cerebral blood volume, thereby enabling further exploration of 

the mechanism underlying BOLD tMRI response to physiological, patho-physiological and 

pharmacological perturbations. Finally, oxygen consumption (CMRo2) and cerebral blood 

flow (CBF) changes following neuronal deactivation were examined. The percent changes 

in CMRo2 and CBF were linearly related, with a slope of O.44±O.04. The coupling ra

tio thus established for both positive and negative CMRo2 and CBF changes is in close 

agreement with the ones observed by earlier studies investigating Ml perfusion and oxy

gen consumption increases. These findings characterize the hemodynamic and metabolic 

downregulation accompanying focal neuronal de activation and thereby establish the sus

tained negative BOLD response as a marker of net decreases in neuronal activity. 



Résumé 

Cette dissertation décrit une nouvelle méthode pour mesurer les changements du volume 

sanguin cérébral veineux (VSCv ) accompagnant l'activation fonctionnelle normale. Elle 

utilise des méthodes quantitatives d'imagerie fonctionnelle par résonance magnétique (ItR

M) pour étudier les changements hémodynamiques et métaboliques accompagnant l'inhibi

tion neuronale. D'abord, pour valider la base de la méthode VSCv proposée, une étude re

laxométrique du lobe occipital a été réalisée in vivo pour étudier la dépendance du temps de 

relaxation transversale tissulaire, T2tissu' de l'intervalle de refocalisation dans une séquence 

Carr-Purcell-Meiboom-Gill. La faible diminution du T2tissu apparente avec l'augmentation 

de l'intervalle de refocalisation est compatible avec le sang comme étant la seule source sig

nificative de dépendance de T2 sur l'intervalle de la refocalisation apparent dans la matière 

grise et blanche du lobe occipital. Dans des études relaxométriques suivantes de sang in vit

ro, l'ajustage simultanné de l'ensemble d'estimations de T 2sang' obtenu sur une large gamme 

des valeurs du niveau intravasculaire d'oxygénation et de l'intervalle de refocalisation, a été 

effectué en utilisant différents modèles: le modèle chimique d'échange rapide et le modèle 

de la diffusion dans des faibles hétérogénéitées de champ magnétique. Les résultats sou

tiennent l'application d'un modèle de diffusion pour décrire, à 1.5 T, l'augmentation du 

taux de relaxation transversale due à la désoxihémoglobine. Etant donné l'unicité de la 

dépendance de T2sang du taux de refocalisation dans la gamme d'intérêt, la nouvelle méthode 

de mesure du VSCv - refocalisation veineux pour l'estimation du volume (VERVE) - isole 

le signal du sang par variation du taux de refocalisation. Un modèle d'activation fonction

nelle du cerveau a été développé et les données de relaxométrie du sang in vitro employées 
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pour déterminer l'effèt du niveau intravasculaire d'oxygénation sur le changement du sig

nal VERVE induit par activation, permettant l'évaluation robuste des changements du VSC 

veineux. La méthode a été appliquée dans une étude de stimulation visuelle de sujets sains. 

En moyenne, un changement du volume sanguin cérébral veineux de 16±2% a été estimé. 

Cette méthode permet donc le contrôle continu et efficace du volume cérébral veineux de 

sang, pour explorer d'avantage le mécanisme fondamental de la réponse BOLD aux per

turbations physiologiques, physiopathologiques et pharmacologiques. En conclusion, la 

consommation de l'oxygène (CMRo2) et les changements du débit sanguin cérébral (D

SC) suivant la désactivation neuronale ont été examinés. Une relation linéaire entre les 

changements relatifs de CMRo2 et de DSC a été trouvée, avec une pente de O.44±O.04. Le 

rapport de couplage établi ainsi dans les régions d'activation et de désactivation neuronales 

est en accord étroit avec ceux observés par des études précédantes étudiant l'augmentation 

de la perfusion et la consommation de l'oxygène. Ces résultats caractérisent la baisse des 

paramètres hémodynamiques et métaboliques accompagnant la désactivation neuronale fo

cale et établissent de ce fait la réponse BOLD négative soutenue comme marqueur d'une 

diminution de l'activité neuronale. 



Original Contributions 

The original contributions to this thesis are: 

1. Observation of the preserved contrast between grey and white matter T2 in the occip

ital lobe of healthy, young adults at 1.5 T. 

2. Finding that a small shortening of the apparent T2 in the occipital lobe with refo

cusing interval elongation is consistent with blood being the only significant source 

of refocusing interval dependence of apparent T2 in grey and white matter of the 

occipital lobe at 1.5 T. 

3. Design of an MR-compatible system allowing the rotation of a set of blood samples 

about their long axes, to prevent the settling of erythrocytes and enable use of human 

blood in in vitro MR blood relaxometry experiments. 

4. Finding that the model of diffusion in weak: magnetic field inhomogeneities is pre

ferred over the fast chemical exchange model in describing the deoxyhemoglobin

induced blood transverse relaxation rate enhancement at 1.5 T. 

5. Development of a novel functional magnetic resonance imaging method for quantifi

cation of changes in venous cerebral blood volume accompanying functional activa

tion. 

6. Development of a functional activation model describing the effect of the intravas

cular spin-echo BOLD effect on the activation-induced signal changes measured via 

the novel method for CBV v monitoring. 
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7. Discovery of a linear O.44±O.04 coupling ratio between ~ CMRo2 and ~ CBF changes 

following both up- and down- regulation of neuronal activity. 

8. Demonstration of the applicability of negative BOLD tMRI response as a marker of 

net decreases in focal neuronal activity. 



Chapter 1 

Introduction 

Brain function exhibits both spatial specialization and complex interactions between dis

tributed areas. Neuronal activity is predicated on continuous adjustments in focal hemody

namic parameters, to meet the local energetic demands. The increase in aerobic metabolism 

that follows a surge of neuronal activity results in an enhanced blood flow to the activat

ed area, to supply nutrients and remove metabolic wastes. Like brain functioning, the 

cerebral vascular tree exhibits both hierarchy and spatial specialization: maps of hemo

dynamic changes thus c10sely fOllow those of neuronal activity. A sustained disruption 

in the local blood supply (due to stroke, for ex ample) leads to a cessation of adenosine 

triphosphate (ATP) production, a breakdown of normal ion concentration gradients across 

the neuronal membrane and, eventually, permanent neurological damage. Therefore, maps 

of hemodynamic and metabolic rates constitute critical measures of both normal functional 

physiology and pathophysiology. 

Functional MRI (!MRI), based on the blood oxygenation level dependent (BOLD) 

effect [200,262], exploits the link between neuronal activity and metabolism to identi

fy brain regions activated by tasks, stimuli, or pathological events (e.g. epileptic spik

ing). While BOLD !MRI has become the predominant tool for examining brain function, 

our understanding of the physiology underlying BOLD !MRI signal remains incomplete. 

Much work has been dedicated to the investigation of neuronal correlates of the BOLD 
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response under normal physiological conditions, at the core of establishing the validity of 

BOLD response as a marker of neuronal activation [11,146,190,221,327]. To facilitate 

quantitative interpretation of BOLD signal changes, in turn, a number of research group

s [49,77,155,158,163,191] have proposed models of the BOLD response dependence on 

key metabolic and hemodynamic parameters: the cerebral metabolic rate of oxygen con

sumption (CMRo2), cerebral blood fiow (CBF) and cerebral blood volume (CBV). While 

CMRo2 and CBF are customarily measured, no attempts have typically been made in these 

studies to quantify CBV directly: instead, a power law relationship between steady-state 

CBV and CBF is assumed based on the findings of PET experiments employing hypercap

nic challenge in rhesus monkeys [135]. However, much is still unclear about the robustness 

and range of applicability of this relationship as weIl as the BOLD signal mechanism in 

general. The broad goals of this research were to develop a noninvasive MR technique 

for direct measurement of blood volume and explore the range of applicability of BOLD 

fMRI response as a marker of neuronal activity. Overall, the studies comprising this thesis 

were aimed at clarifying the origin and behavior of the BOLD fMRI signal and providing 

tools for noninvasive measurement of critical physiological parameters in both healthy and 

diseased brain. 

The MR method developed allows continuous monitoring of the changes in the volume 

of deoxygenated blood and thus aids the investigation of healthy hemodynamic and BOLD 

mechanisms. Moreover, the technique has important clinical applications in the diagnosis 

and treatment of stroke, where both blood volume and fiow are important indicators of the 

extent of penumbra and ischemic core. Furthermore, in view of the potential variability 

in the effect of stroke on the BOLD signal, the fMRI methods described enable correct 

interpretation of BOLD response changes in the course of the functional recovery following 

stroke. The study of sustained BOLD signal decreases critically extends the applicability 

of BOLD fMRI to investigations of neuronal deactivation and provides important evidence 

for the consistency of the coupling between metabolic and hemodynamic parameters in 

regions of increased and decreased neuronal activity. 
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The present thesis is based on four manuscripts. Following this introduction, necessary 

physiological and physical background regarding neuronal activation, BOLD fMRI, and 

existing in vivo CBV measurement techniques are presented in Chapter 2. Manuscripts 

describing our MR relaxometry studies in tissue and blood comprise Chapters 3 and 4 and 

are entitled "Quantitative T2 in the occipital lobe: the role of the CPMG refocusing rate" 

and "Human Whole Blood Relaxometry at 1.5 T: Assessment of Diffusion and Exchange 

Models", respectively. The first of these papers was published in Journal of Magne tic Res

onance Imaging; the second, in Magnetic Resonance in Medicine. These studies provide 

the basis for the blood signal isolation employed in our novel sequence for non-invasive 

venous cerebral blood volume quantification. The details of its implementation are the 

focus of "Venous Refocusing for Volume Estimation: VERVE fMRf' (in press with Mag

netic Resonance in Medicine), the manuscript contained in Chapter 5. The next chapter 

includes the fourth paper, "Hemodynamic and Metabolic Responses to Neuronal Inhibi

tion" (published in Neuroimage), which describes hemodynamic and metabolic changes 

accompanying sustained BOLD decreases in the context of neuronal inhibition. The final 

chapter summarizes all findings and considers the outstanding issues in CBV quantification 

and BOLD response interpretation. 
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Chapter 2 

Background 

2.1 Neuronal activation physiology 

2.1.1 Neuronal Structure and Activity 

The nervous system is composed of nerve cells, or neurons, anatomically the most diverse 

cells of the human body. The prototypical neuron is made up of a cell body (soma), a tree 

of receptive outgrowths, or dendrites, and an axon - a long process (possibly with many 

collaterals) from the soma to the target cell (c.! Figure 2.1). At rest, the intracellular space 

has an excess negative charge relative to the extracellular one, producing a resting neuronal 

membrane potential of about -40 to -75 mV [354]. (The actual charge thus separated is 

very small relative to the total amount of charges in the intra- and extracellular fluids: the 

bulk of each of these fluids is electrically neutral [354].) This magnitude is dictated by the 

ionic concentration gradients and membrane permeability of the various physiological ions, 

preponderantly sodium and potassium ions. Sodium concentration is higher on the outside; 

potassium, on the inside ([Na+]out '" 150 mM; [Na+]in '" 15 mM; [K+]out '" 5 mM; [K+]in 

'" 150 mM; [354]). However, the membrane has a much higher permeability to potassium 

(with 50-75 times as many open potassium as sodium ion channels at rest [354]), so that 

the development of the resting membrane potential is predicated on the passive outward 
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Figure 2.1: Anatomy of a model neuron [7]. 

diffusion of potassium ions. At the same time, passive diffusion of sodium and potassium 

ions down their electrochemical gradients is exactly offset by the active transport of these 

ions by the electrogenic Na,K-ATPase pump: 3 Na+ are expelled for each 2K+ brought 

in, at a cost of one adenosine triphosphate (ATP) molecule. While this pump makes a 

small contribution to the resting potential, its activity critically maintains the concentration 

gradients which give rise to the ion diffusion and hence resting potential generation. (In the 

neurons containing the non-electrogenic active transport systems for expulsion of chloride 

ions, the resting membrane potential is further decreased by the net diffusion of chloride 

ions into the cells [354].) 

At the heart of neuronal activity, and hence brain function, lies the generation and in

tegration of electrical and chemical signals. Electrical signals arise via transient changes 

in the membrane potential. Neuronal firing (or action potential generation) requires a de

crease in the amount of charge separation by at least ",,15 mV [354]. In most instances, 

this depolarization arises from temporal and spatial summation of the graded potentials 

generated by the total synaptic input to the neuron. 
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The signal transmission between neurons occurs at specialized junctions called synaps

es, shown in Figure 2.2. Typically, the synapse is chemical and occurs between the presy

naptic nerve terminal and the dendrite or soma of the postsynaptic neuron. 1 The axonal 

terminal of the presynaptic neuron contains synaptic vesicles, filled with neurotransmitter 

molecules and docked at the active zones of the presynaptic membrane. Action potential 

induced membrane depolarization triggers opening of voltage-gated calcium channels in 

the membrane of the presynaptic neuron, which leads to a rapid influx of calcium ions and 

subsequent fusion of the vesicles with the membrane. Following exocytosis, the neuro

transmitter molecules diffuse across the narrow (10- to 20-nm [354]) space separating the 

two neurons, a fraction of them binding to their receptors on the dense postsynaptic plas

ma membrane. (Most chemical synapses exhibit this asymmetrical structure and are hence 

uni-directional.) The neurotransmitter clearance typically occurs via passive diffusion into 

the neighboring fluids, enzymatic destruction, and/or active transport into the presynaptic 

terminal or nearby glia [139]. This active transport, as weIl as the subsequent regeneration 

of the neurotransmitter precursor (e.g. the conversion of glutamate to glutamine in the as

trocytes [95]) and final neuronal repackaging of the neurotransmitter into the vesicles are 

all energy requiring processes. 

The neurotransmitter binding induces (directly or indirectly, via a second messenger 

chemical system, typically involving a G-protein) opening of chemically-gated ion chan

nels in the postsynaptic plasma membrane, thus changing the local postsynaptic transmem

brane potential. A graded potential is thereby generated about 1 ms following the action 

potential in the presynaptic neuron [65]. It may be excitatory (if the postsynaptic mem

brane gets depolarized; typically resulting from an increase in sodium and potassium con

ductances) or inhibitory (if the postsynaptic membrane gets hyperpolarized or stabilized at 

the resting level, usually caused by increased permeability to potassium and chloride ion

s [65]). In the former case, the likelihood of the postsynaptic neuronal firing is increased; 

in the latter, decreased. In either case, the graded potential propagates passively and hence 

1 Like neuronal anatomy, the structure and organization of synapse exhibit considerable variation across 
the central nervous system: only the most representative scenario will be considered here. 
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(a) (b) 

Figure 2.2: An electron micrograph [292] (a) and a diagram [176] (b) of a chemical synapse 
between two neurons. 

decrementaIly, due to transmembrane ion leakage, dying out within "" 15 ms [139] while 

spreading 1-2 mm from the initiation site [354]. While the stimulus-dependent amplitude of 

a single postsynaptic potential is typically a tenth of the depolarization required for an ac

tion potential generation [65], aIl excitatory and inhibitory postsynaptic potentials undergo 

spatial and temporal (though possibly non-linear) integration. In general, hundreds of the 

thousands of synapses of a typical neuron (c.f. Figure 2.3) activate with sufficient temporal 

coincidence to enable addition [354]. Moreover, the threshold for action potential genera

tion varies across the plasma membrane and is typically lowest at the sodium-channels rich 

initial segment of the axon (or axon hillock), producing a spatially heterogeneous weighting 

of the synaptic effectiveness based on the synapse's proximity to the axon hillock. 

Upon sufficient depolarization of the plasma membrane at the axon hillock, voltage

gated sodium channels of the plasma membrane rapidly open, leading to a rapid influx of 

sodium ions into the cell and further depolarization. The electrical gradient, which opposes 

potassium efflux and promotes sodium influx, thus decreases, so that potassium efflux rises 

while sodium influx wanes. Nevertheless, the depolarization-triggered opening of neigh-
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Figure 2.3: Micrograph of neuronal soma with numerous synapses [176]. 

boring voltage-gated sodium channels eventually produces a net inward movement of posi

tive charges (sodium influx surpassing potassium effiux) , triggering a stimulus-independent 

positive feedback cycle (between opening of voltage-gated sodium channels, sodium in

flux, and membrane depolarization), and generating a local action potential [354]. The 

depolarization phase may be followed by an overshoot (whereby the membrane potential 

rises above 0). The opening of the voltage-gated sodium channels, however, is followed by 

slower opening of voltage-gated potassium channels. Moreover, sodium channels inacti

vate (close) rapidly, with the delayed closing of the additional potassium channels causing 

membrane afterhyperpolarization. While the actual amount of charge transported across 

the membrane in the course of the action potential (lasting about 1 ms [354]) is minuscule 

relative to the total number of cellular ions (intracellular [Na+] increases by rvO.04% with 

each action potential [65]), the long-term preservation of the ionic gradients and hence the 

excitability of the neuron is ensured by the continued operation of the Na,K-ATPase pump. 

Similarly, to maintain the transmembrane calcium concentration gradient of the terminal 

button in the long term, calcium ions are pumped out of the cell via two ATP-requiring 

transport systems [27]. 
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The local current, produced by an action potential, depolarizes the neighboring mem

brane to the threshold level and thereby regenerates the action potential in the next segment 

of the axon, allowing for non-decremental action potential propagation, with speeds vary

ing from 0.5 mis in unmyelinated fibers of small diameter to 100 mis in myelinated axons 

of large diameter (the insulating nature of myelin decreasing charge leakage and the re

sistance being inversely proportional to the cross-sectional area of the fiber) [354]. Due 

to the inactivation of voltage-gated sodium channels at the peak of the action potential, an 

interval of no excitability ensues (a.k.a. absolute refractory period); followed by a rela

tive refractory period characterized by limited excitability due to increased action potential 

threshold resulting from partial inactivation of the sodium channels and increased activa

tion of the potassium channels. The action potential frequency of a typical neuron does 

not exceed t'V 100 Hz, though some neurons exhibit much higher firing rates under transient 

conditions [354]. Furthermore, due to the forementioned long duration of excitatory post

synaptic potentials (relative to the action potentials), action potentials typically occur in 

bursts rather than as isolated events [354]. 

2.1.2 Metabolic Response to Neuronal Activation 

Glucose Metabolism 

While the brain accounts for only t'V2% of total body weight, it receives t'V Il % of cardiac 

output and consumes t'V20% of all oxygen and 25% of total glucose expended by the resting 

body [332], figures testifying to the very high energetic demands of biophysical and bio

chemical processes comprising neuronal activity. Cerebral metabolic rates are affected by 

the overall body state (e.g. normal healthy feeding v.s. diabetes, fat-feeding or starvation), 

and vary across the different brain regions (e.g. grey matter v.s. white matter). (Apart from 

being, by far, the most preferred substrate of brain metabolism, glucose is also a precursor 

of neurotransmitters such as glutamate, GABA and acetylcholine; it may be incorporated 

into various lipids and proteins or stored for later use as glycogen [92].) 
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Figure 2.4: Diagram of cellular respiration [7]. 

Under normal steady-state conditions, almost all of the brain's global energetic demand

s (in the form of ATP, the primary energy currency of the body, with 7-12kcal offree energy 

released upon breaking of its high-energy phosphate bond [325]) are supplied by oxidative 

metabolism of glucose (C6H1206), the 02 to glucose ratio being 1'V5.5 moVmol [332]. This 

figure is slightly less than the 6.0 moVmol stoichiometric ratio of 02/C6H1206 predicted 

by complete oxidation of glucose, possibly resulting from accumulation of a number of 

intermediates (e.g. lactate) [227]. The complete oxidation of glucose to carbon dioxide and 

water entails several stages, summarized below and illustrated in Figure 2.4. (A thorough 

discussion of the entire process may be found in Ref. [322].) The first stage is glycoly

sis, an anaerobic breakdown of glucose to pyruvate involving a series of enzyme catalyzed 
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reactions taking place in the cytosol. The overall reaction is given by: 

C6H1206 + 2NAD+ + 2ADP + 2Pi ~ 2CH3(C = O)COO- + 2NADH + 

2H+ + 2ATP + 2H20, (2.1) 

where CH3 (C = O)COO- is pyruvate and Pi is the inorganic phosphate group. Pyruvate 

may then be reduced to lactate by lactate dehydrogenase, while oxidizing NADH: 

CH3(C = O)COO- + NADH + H+ ~ CH3 - CH OH - COO- + NAD+. (2.2) 

The last reaetion is reversible and usually happens under anaerobic conditions, but in 

the brain may occur even in the presence of 02. Overall, the anaerobic breakdown of 

one molecule of glucose provides 2 molecules of ATP in addition to either 2 molecules of 

pyruvate and 2 molecules ofNADH or just 2 molecules oflactate. The rate of glycolysis is 

controlled, to maintain steady ATP levels, through regulation of two glycolytic enzymes. 

The slower, but energetically much more prolific stages, of tricarboxylic acid cycle 

and oxidative phophorylation, take place in the mitochondrion and require the presence 

of oxygen. After transport into the mitochondrion, pyruvate is oxidized to acetyl-CoA 

and C02 by the pyruvate dehydrogenase complex. Next, acetyl-CoA enters the citric acid 

cycle, each tum producing 3NADH, one FADH2 and one ATP molecule while releasing 

two molecules of carbon dioxide. (The cycle rate is tightly controlled, via regulation of the 

pyruvate dehydrogenase complex and 3 enzymes of the citrie acid cycle, inhibited by both 

ATP and NADH.) 

In the electron transport chain, NADH and FADH2 molecules donate two electrons to 

an atom of oxygen (from 02), which combines with hydrogen protons in the mitochon

drial matrix, thus forming water and providing energy for the production of 3 and 2AT

P molecules, respectively. (The two NADH produced in glycolysis of one molecule of 

glucose are transferred from the cytosol into the mitochondrial matrix via the glycerol-3-

phosphate shuttle, yielding energy for the synthesis of 2 ATP molecules from a pair of 
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electrons passed to oxygen.) The rate of this oxidative phosphorylation is limited by the 

availability of ADP. 

The net reaction of the aerobic catabolism of glucose in the brain is thus given by: 

The energy efficiency of the entire process is ",,44-66% under physiological condi

tions [112]. As mentioned above, the individual stages of glucose catabolism are tightly 

regulated, being driven by an increase in the local ADP (over ATP) concentration. Thereby, 

a shortage of energy supply leads to upregulation of glucose metabolism. 

Most importantly, from the standpoint of functional neuroimaging that is sensitive to 

metabolic and hemodynamic parameters, glucose consumption is also tightly correlated to 

local functional activity [188,278,310,330]. The rate of glucose consumption has been 

shown to follow the upregulation in focal neuronal activity in a graded fashion [182], di

minish with decreases in local activity [188], and rise with its increases [278,330]. 

As suggested earlier, the actual rate of glucose consumption varies across the brain 

[333]: glucose consumption is much (3-4 times [50]) higher in grey than in white matter, 

likely areflection ofhigher synaptic density ofGM [138]. Within the cortex, CMRglu peaks 

in layer N [188], known to contain the highest concentration of synapses, yet a low density 

of soma [50]. In the spinal cord of rodents, CMRglu was found to follow the stimulation 

intensity in the region rich in axon terminals while remaining at its baseline level in the 

perikarya of the same pathway [182]. (The paucity of voltage-gated sodium channels may 

result in the predominance of the energetically inexpensive electrotonic conduction over 

action potential propagation through soma membrane [332].) 

In an influential yet controversial (c.f. [59]) theory, Magistretti et al. suggested that 

astrocytes play a key role in the coupling between functional activity and metabolism 

[230,231,275,276,349]. In the astrocyte-neuron lactate shuttle hypothesis, glutamate is 

cleared from the synaptic cleft by an active uptake into astrocytes [23] mediated by Na+

dependent transporters. The accompanying influx of sodium, in tum, stimulates glucose 



38 

Presynaptlc terminai Astrocyte 

Postsynaptic site 

Background 

Capillary 

_II Metabotropic 
~ glutamate 

receptor 

1 JI 1 lonotropic 
MM glutamate 

receptor 

Il NMOAR 

Figure 2.5: Schematic of the proposed coupling between glutamate release and glycolysis 
in astrocytes [229]. 

uptake from the bloodstream by the astrocytes, the finger-like astrocytic endfeet having 

privileged anatomical contacts with individual endothelial ceUs of the capillary waUs [181]. 

The extracted glucose undergoes glycolysis in the astrocytes, with the ATP produced used 

to drive the astrocytic Na,K ATP-ase pump (thereby restoring the ionic gradients across the 

astrocytic membrane) and provide energy for the enzymatic conversion of glutamate to its 

precursor, glutamine. Both the end product of astrocytic glycolysis, lactate, and glutamine 

are then transferred to neurons: lactate entering the tricarboxylic acid cycle; glutamine 

being converted to glutamate, to support ongoing signaling (c.f. Figure 2.5) [229]. This 

theory thus predicts a 1:1 stoichiometry between glutamate cycling and glycolytic glucose 

utilization, a prediction that remains to be validated in the healthy human brain. 

[13q MRS studies in anaesthetized rat cerebral cortex reported al: 1 stoichiometry be

tween glutamate-glutamine cycling and aerobic metabolism of glucose in neurons, suggest

ing that glutamatergic activity dominates the metabolic costs of functional activity [318-
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320]. Given this association between metabolic demands and synaptic activity, it has been 

postulated that an increased local CMRg1u reflects an upregulation in the activity of the 

afferent inputs to the region rather than its output [331]. Nevertheless, the finding of 1:1 

stoichiometry just described has been challenged both in 9.4 T [13q MRS studies of deep 

pentobarbital anesthesia in the rodent brain [61], as well as in 4 T [13q MRS studies of the 

healthy human brain [137]. The latter study found the cycling between neuronal glutamate 

and glial glutamine to account for only ",,41±14% of total oxidative glucose consump

tion [137]. Finally, a very recent study employing two-photon fluorescence imaging and 

confocal microscopy in rat hippocampal slices reported an initial upregulation in the post

synaptic dendritic oxidative phosphorylation followed by a delayed (10 s after stimulus 

onset) rise in the astrocytic glycolysis, the production of NADH by the latter surpassing 

NADH consumption by the former by an average 57% after a 20-s stimulus (and even 

more so with longer stimuli) [183]. 

On the other hand, detailed biochemical and biophysical data have been used in com

bination with a theoretical model to estimate the energy budget of specific processes com

prising functional activity [13]. Reversing the postsynaptic effects of the neurotransmitter 

(specifically, glutamate) has thus been predicted to require 74% of all energy spent on sig

naling [13]. A very limited relative co st of resting potential maintenance and glutamate 

recycling was suggested [13]. While the analysis was based on anatomic and physiologic 

data from the GM of the rodent brain, these primate brain predictions take into account a 

lO-fold decrease in the density of neurons despite the preserved density of synapses [1] in 

human with respect to rodent brain. 

Notwithstanding the above arguments, neuronal signaling is considerably faster than the 

metabolic processes just described. It is, at the moment, not clear how this discrepancy in 

the temporal scales might be resolved to allow tight coupling. Buffering by the extracellular 

space has, however, been suggested [229]. Overall, the relationship between functional 

activity and metabolism is still an area of active research. 



40 Background 

Glucose is delivered to the brain by the blood, with rv30% [265] of glucose in the cap

illaries being extracted by the tissue via facilitated diffusion, likely using a high-affinity, 

but low capacity transporter system [123,293]. Only rv50% of the extracted glucose is 

actually catabolized by neurons and glia (the rest being cleared, with C02 by venous out

flow) [124]. In other words, an excess of glucose is delivered to the "resting" brain, so 

that CMRglu could in principle double without any flow increases. (Typically, below 50% 

focal CMRglu increases following normal functional activation in healthy adults have been 

measured via 18p-Fluorodeoxyglucose PET, with larger or equal CBP increases quantified 

via [150]H20 PET [107,122].) Moreover, no effect of mild or moderate hypoglycemia has 

been observed on the CBP response to normal physiological stimulation [283]. Similarly, 

hyperglycemia produced no changes in the blood flow response to functional activation 

in anesthetized rats [373]. At the same time, CMRglu increase was found unperturbed 

by inhibition of neuronal nitric oxide synthase, which abolished the blood flow increase 

following whisker stimulation in alpha-chloralose anaesthetized rats [64]. Nevertheless, 

recent concomitant measurements of plasma glucose and blood flow in combination with a 

reversible Michaelis-Menten model for prediction of brain glucose reported a sharp rise in 

CBP following a drop of brain glucose to zero in alpha-chloralose anesthetized rats [62]. 

It is thus surmised that under normal physiological conditions blood flow upregulation 

following functional activation is not subserving the increased demand for glucose [50], 

though the CBP increase under extreme hypoglycemic conditions likely occurs to enhance 

glucose delivery to the brain, accompanied by gradual utilization of brain glycogen s

tores [62,63,161]. 

Oxygen Consumption 

Whether focal, transient surges in energetic requirements following functional activation 

are met by oxidative or non-oxidative glucose metabolism has been a subject of intense 

debate since the early PET studies reporting very small CM Roz rise following visual stim

ulation, much smaller than either CMRglu or CBP increases [106,107]. There is a very 
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limited (if any) oxygen buffer available to the tissue [212], so that any upregulation in glu

cose oxidation requires an increased extraction of 02 from the bloodstream. (The nature 

and efficiency of oxygen extraction across the blood-brain barrier differ significantly from 

those of glucose [126] and are intricately connected to the properties of blood vessel walls 

and overall hemodynamics: they will be described in the section 2.1.3.) A disturbingly 

wide range of CMRo2 increases (especially relative to concomitant CBF changes) follow

ing functional activation has been reported in various PET studies [107, 127, 166,237,295, 

296,312,351,352]. This large variability has been ascribed to a number of methodolog

ical confounds: a strong dependence of the estimates on the poorly described and likely 

spatially varying blood-tissue partition coefficient; bias due to a sizable partial volume 

effect resulting from a rather low spatial resolution of the method; temporal instability 

when using several PET scans employing different tracers (e.g. to determine the oxygen 

extraction function); a frequent failure to account for the remaining radioactivity of the 

vascular bed in the analysis [165,167]. Accounting for such effects in one study produced 

estimates of ,,-,6% CMRo2 (and 24% CBF) increase in healthy volunteers in response to 

visual stimulation [165]. This ,,-,1:4 CMRo2 to CBF coupling ratio is still smaller, though 

comparable to the ones measured using functional magnetic resonance imaging and hy

percapnic calibration (to be described in Chapter 6), where 1:2 to 1:3 coupling between 

~CMRo2 and ~CBF have been reported in visual and motor cortices following functional 

activation [12,77,155,185,191]. 

The findings of magnetic resonance spectroscopy studies have also varied. Consisten

t with a significant anaerobic glucose metabolism, an accumulation of lactate following 

functional activation has been reported [285,307]. Nevertheless, lactate production could 

not fully account for the disproportionately large CMRglu v.s. CMRo2 upregulation fol

lowing sens ory stimulation in awake rats [227]. Moreover, the 1:1 stoichiometry between 

glutamate cyc1ing and oxidative glucose metabolism reported in a range of [13e] MRS s

tudies of anaesthetized rodent brain [318] has been challenged [61]. A much lower (,,-,0.4) 

stoichiometry between the se two processes has recently been recorded in in vivo human 
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studies (consistent with rv90% of astrocytic ATP production occurring via glucose oxida

tion, but with the flux from neuronal Glutamate to glial Glutamine comprising only rv40% 

of glucose oxidation) [137]. 

Several hypothesis have been put forth to explain relative contributions of anaerobic v.s. 

aerobic glucose metabolism, taking into account the sharp contrast in energetic efficiency 

and duration of the two processes. It has thus been suggested that glycolysis does increase 

more than oxidative glucose catabolism during the initial response to functional activation, 

the accumulated intermediary products being subsequently aerobically metabolized [227]. 

Alternatively, it has been proposed that the relative contribution of glycolytic v.s. oxida

tive breakdown of glucose actually varies with the complexity of the stimulus, Krebs cycle 

ramping up only for more complex stimuli that require a greater level of postsynaptic ac

tivity [125]. In any event, the temporal evolution of the upregulation of the two processes 

willlikely not be resolved by the aforementioned techniques, due to their intrinsic limits 

on spatial and temporal resolution. 

The frequently quoted reason (among the subscribers to aerobic metabolism of glucose 

as a means of supplying energy for heightened focal functional activity) for a dispropor

tionately large activation-induced increase in flow, relative to that in oxygen consumption is 

that the efficiency of oxygen extraction from the capillary network (i.e. oxygen extraction 

fraction (OEF)) decreases with increases in flow [48]. The CMRo2 , given by the product of 

arterial oxygen saturation, blood flow and OEF, thus decreases. This theory, known as the 

oxygen limitation model, assumes limited diffusibility of oxygen across the capillary wall 

(as observed in the microcirculation of the canine brain [184]) and constant surface area of 

the capillary network (blood flow increase thus being mediated by a rise in capillary blood 

velocity rather than capillary recruitment, as described in the next section). Given these 

assumptions, an increase in flow leads to a drop in the capillary transit time which in turn 

causes a decrease in the oxygen extraction function [48], so that a much larger (rv6-fold) 

CBF increase is required to support a given rise in CMRo2 • In other words, given low 

tissue PCh yet constant parenchymal geometry, the 02 concentration gradient and hence 
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02 diffusion are increased through a rise in the capillary P02' achieved by a drop in the 

02 extraction [50]. Nonetheless, some contribution to the increase in oxygen diffusion is 

likely afforded by a flow-dependent adjustment in capillary 02 diffusivity [163], capillary 

dilatation (causing a reduction in the diffusion distance), and a decrease in small, but likely 

non-zero mitochondrial 02 concentration (increasing the 02 concentration gradient) [50]. 

The relative contributions of these mechanisms are still being researched. 

2.1.3 Hemodynamic Response to Neuronal Activation 

Cerebral Vasculature 

The brain is supplied by blood and thus oxygen and glucose via a pair of internal carotid 

arteries and a pair of vertebral arteries. The internal carotids bifurcate, supraclinoidally into 

the anterior and middle cerebral arteries. The anterior cerebral artery supplies the medial 

surface of the cerebral cortex, frontal pole, and anterior portions of the corpus callosum; 

as well as the anterior limb of the internaI capsule, the inferior portions of the head of the 

caudate and anterior globus pallidus via perforating branches. The middle cerebral artery, in 

turn, supplies the temporal lobe, anterolateral frontal lobe, and parietal lobe; its perforating 

branches supply the posterior limb of the internal capsule, part of the head and body of the 

caudate as well as globus pallidus. The vertebral arteries unite within the cranium to form 

the basilar artery, which bifurcates into posterior cerebral arteries that supply the occipital 

and inferior temporal lobes, with a branch supplying the choroid plexus. The arterial circ1e 

of Willis is formed in front by the anterior cerebral arteries, interconnected by the anterior 

communicating; and behind by the two posterior cerebral arteries, connected on either side 

with the internal carotid by the posterior communicating artery (with little mixing ofblood 

occurring between the major arteries under normal conditions) [53,306]. 

The drainage of blood and hence removal of such metabolic by-products as carbon 

dioxide and hydrogen ions from the tissue is achieved by the deep and superficial groups 

of veins. The deep cerebral veins drain the choroid plexus, periventricular regions, di-
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encephalon, basal ganglia and deep white matter. They empty into the internal cerebral 

and the great cerebral veins. In turn, the superficial veins drain the cortex and subcortical 

white matter and empty into the superior sagittal or basal sinuses [53]. In toto, cerebral 

vasculature comprises only about ",,4% of brain volume [50]. 

The biophysical properties of the blood vessels change considerably in moving from 

arteries over to veins, a reflection of the progressive changes in the composition of the vas

cular wall. With the high concentration of elastin in their endotheliallining, large arteries 

(with diameter on the order of a few mm's and a ",,1-mm wall [306]) serve as "pressure 

storers" of the circulation (c.f. Figure 2.6): they stretch during ventricular systolic ejection 

and then contract in the following diastole, thereby propelling the blood. Small arteries and 

arterioles (with diameters as small as a few tenths of microns) are regarded as "resistance 

vessels" due to the abundance of circular smooth muscle fibers in their walls. The conse

quent contractile capacity ensures smooth, continuous flow through the capillary network 

and allows dynamic adjustments to match the local blood flow demands. The overall struc

ture of the arterial network is fractal [288,368]. The point where the arterioles branch into 

capillaries is frequently encircled by a smooth muscle fiber, the precapillary sphincter that 

may open or close the capillary entrance. Fine control of microvascular blood flow is also 

enabled by vascular pericytes, found on the abluminal surface of the capillary wall at or 

close to the capillary branching points [145]. The distribution of these control structures 

varies considerably across the cortex [145,206]. Highly spatially specific hemodynamic 

regulation (on the scale of cortical columns, i.e. over 0.3-0.5 mm [71]), albeit in the hor

izontal cortical direction, has been observed in optical imaging studies [72,220,232] as 

well as by high-field tMRI [90]. A considerably lower hemodynamic specificity has been 

reported in the cerebellar cortex [207]. 

The capillaries are but a few microns in diameter (spaced, on average, by ",,24,um [306]) 

and contain very little of either elastin or smooth muscle in their walls [306]. Significant 

dilation of the capillaries is precluded by the glial endfeet, which typically wrap around 

the capillary walls [139]. The endotheliallining of most cerebral capillaries (barring sorne 



2.1 Neuronal activation physiology 45 

Total bIood volume ('MI) 
ero .. -Mdional oroo (cm') 

vtlocity (an/sec) 

30 45 

Aooo 80 

35 

20 3000 60 

25 

2000 40 

10 15 

1000 20 

5 

0 0 0 

Figure 2.6: The hemodynamic parameters across the vascular tree [306]. AO: aorta; LA: 
large arteries; SA: small arteries; ART: arterioles; CAP: capillaries; VEN: venules; SV: 
small veins; LV: large veins; VC: venae cavae. 

regions of the hypothalamus, pineal gland and area postrema [139]) is characterized by 

tight intracellular junctions, forming the so called "blood brain barrier." The capillary wall 

is thus permeable to water, carbon dioxide, oxygen and most lipid-soluble substances; only 

slightly permeable to small ions, and impermeable to plasma proteins and large, non-lipid 

soluble molecules [139]. Due to the very large surface-to-volume ratio of the capillary 

network, most of the exchange of substances between blood and tissue occurs across the 

capillary walls. In view of their short length (of rvlO-300J.llll [306]) and a high degree 

of tortuousity, the distribution of cerebral capillaries is usually modeled as random [306]. 

However, capillary density varies considerably across the brain, as reflected by the 2-3:1 

ratio between grey and white matter capillary densities [287] and the higher concentration 

of capillaries in primary sensory areas, motor cortex and possibly speech-related regions 

[145]. 

Capillaries unite to form venules (of rv20J.llll diameter [306]), which combine at roughly 

90° angles to form larger venules [350]. The principal intracortical veins (rv75 J.llll diame-
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ter, ",400 J1ITl apart) traverse the cortex andjoin at the cortical surface into pial veins [350]. 

The veins, a few mm in diameter, contain ",45-65% [273,353] of the resting cerebral blood 

volume and have rather thin (",500J1ITl [306]), elastin-poor walls, containing very little s

mooth muscle [329]. They are thus as much as 8-fold more distensible than arterles [139] 

and are known as "volume storers" of the circulation. (As much as 90% of any systemic 

fluid increase is taken up by the veins, their blood storlng capacity being 12-18 times that 

of arterles [329].) Veins are innervated by sympathetic nerve fibers, whose basal stimula

tion produces a slight contraction of the smooth muscles in the venous walls, reducing the 

venous volume by about 20% [177]. 

Cerebral Blood Flow 

Brain tissue survival depends on continual blood flow, to brlng oxygen and nutrients (e.g. 

glucose, amino and fatty acids), remove the waste products of the metabolism (e.g. carbon 

dioxide and hydrogen ions), cool down the tissue and maintain its fluid content as well as 

transport hormones [139,306]. Formally, cerebral blood flow (CBF) is defined as the rate 

of delivery of arterlal blood to the capillary bed of a given mass (or volume) of parenchyma 

[50]. It is thus given by the ratio of cerebral blood volume (CBV) and the vascular transit 

time, a relationship known for over a century as the central volume prlnciple [344]. 

The mean basal CBF in a healthy adult is ",60 ml/100g min (or about 0.01 s-1 as

suming tissue density of 1 g/ml) [50], for a cumulative 750-900 ml/min or ",15% of total 

blood flow of the the body [139]. Predictably, cerebral blood flow exhibits pronounced het

erogeneity, changing both with functional state (CBF being increasing during an epileptic 

seizure [147] but decreasing under anesthesia [204]) and across different areas. The region

al blood flow varies as much as 18-fold between the different regions of a rat brain [100], 

likely resulting from regional differences in capillary density [102] as well as from transit 

times variation (with 0.3 to 0.6 s capillary transit time in GM, and 0.6-0.9 s in WM [297]). 

There is thus a four-fold larger CBF but only two-fold bigger CBV in grey, as compared to 

white matter [306] (blood volume fraction being ",6% in GM and ",3% in WM [353]). A 
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significantly lower (by 25-55% [102]) microvascular, compared to macrovascular, hema

tocrit (Hct) is caused by the preferential flow of erythrocytes through the central part of 

the vessels (a.k.a. axial streaming) and a greater plasmatic than erythrocytic velocity. This 

phenomenon is known as the Fahraeus effect [98,286]. The cerebral-to-Iarge-vessel Hct 

ratio decreases with vasodilatation [305] and varies both across subjects and with absolute 

Hct value [314]. Red blood cells' deformation during the passage through the capillary net

work likely explains the reported irregularities of the capillary flow [50,356]. (Intermittent 

flow has traditionally been associated with transient increases in local metabolic demands, 

with smoother flow typical of resting conditions [177,273].) 

Due to the very high sensitivity of the brain to disruptions in its homeostasis, an elab

orate system of CBF control operates on a global scale. Autoregulation maintains a con

stant blood flow despite arterial pressure fluctuations, over the mean arterial blood pressure 

range of 60 to 140 mmHg [139]. Autoregulation is likely achieved through a combination 

of mechanisms: myogenic activity, whereby the cerebrovascular resistance changes (via 

adjustments in arteriolar diameters through smooth muscle contractions in the vessel wall); 

and metabolic influence, whereby increased metabolism leads to the production of a range 

of vasodilatory substances such as adenosine, carbon dioxide, lactic acid, histamine, potas

sium and hydrogen ions [139]. Autoregulation is further modulated by the vasoconstricting 

effects of the renin-angiotensin system as weIl as autonomic nervous control: sympathetic 

and parasympathetic nerve fibers innervate large superficial and sorne penetrating arter

ies, their maximum stimulation inducing global CBF decreases and increases, respectively, 

on the order of f'V 1 0% [196, 205, 247]. The vasoconstriction produced by the sympathetic 

activity becomes very significant during acute hypertension [147]. 

The regulation of transient increases in the focal blood flow, following functional acti

vation, is still incompletely understood, though speculations about its existence had been 

made over a century ago [302]. In view of the earlier discussion of low resting oxygen 

buffer yet activation-induced oxygen consumption increases, it is tempting to assume that 

the tissue oxygen concentration is involved in the local flow regulation, at least when it 
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comes to normal focal functional activation (as discussed earlier, CBF serves a variety of 

functions, so that versatility in its overall control mechanisms is to be expected). While it 

was once postulated that oxygen depletion following heightened activity causes relaxation 

of the smooth muscle in the vessel wall (its contraction requiring energy from oxidative 

glucose metabolism) [139], it appears that oxygen is not directly involved in CBF regu

lation. Just like hyperglycemia, hyperoxia produces no effect on the stimulation-induced 

blood flow changes [373]. Moreover, partial pressure of oxygen in the tissue increases fol

lowing activation (due to the disproportionately large CBF, relative to CMRo2 increase, as 

described in subsection 2.1.2) [212]. 

Although the mechanism causing local arteriolar smooth muscle relaxation is still un

der investigation, a number of different agents have been implicated, most notably: H+, 

C02, K+, Ca++, adenosine and nitric oxide [50]. A local increase in the concentration of 

hydrogen protons has been shown to cause dilatation of the brain arterioles, with alkalosis 

producing the opposite effect [50]. Localized acidosis may come about due to increases 

in C02 (following upregulation in aerobic glucose catabolism), as carbon dioxide readi

ly diffuses across both neuronal membranes and capillary wall, forming bicarbonate and 

hydrogen ions in water. (Unlike oxygen, carbon dioxide is a somewhat counter-intuitive 

primary agent of local blood flow control since PC02' and hence the accompanying va

sodilatatory effects, passively follow the rate of local oxygen consumption [306].) At any 

rate, the temporal evolutions of pH and CBF changes during functional activation are not 

entirely concordant [207]. 

According to the cation hypothesis of local CBF regulation [203], the forementioned 

(c.f section 2.1.1) activation-induced rise in extracellular potassium and drop in extra

cellular calcium ion concentrations lead to local flow increases (potassium inhibiting and 

calcium stimulating smooth muscle contraction [139]). Astrocytic release of potassium in 

response to potassium buildup in the synaptic cleft may further enhance the rapidity of 

the vasodilatory effect of this ion [271]. Nevertheless, large discrepancies in the temporal 

evolution of extracellular potassium concentration and CBF have been reported in the cere-
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bellar cortex and thus only a secondary role in CBF control assigned to potassium [207]. 

Increased dephosphorylation of adenosine phosphates (ATP, ADP, and AMP) following 

neuronal activation [81,371] as weIl as a transient drop in oxygen tension [303] increase 

the amount of extracellular adenosine, another vasodilatory agent [360], though this control 

pathway may be stimulus-dependent [207]. 

Perhaps the most pro minent CUITent theory emphasizes the role of nitric oxide (NO) 

in local CBF control as well as modulation of all forementioned potential mediators [84, 

164,363]. The glutamate released from the presynaptic terminal interacts with NMDA re

cep tors on the postsynaptic membrane, increasing the concentration of calcium ions in the 

postsynaptic neuron and thereby enhancing the activity of neuronal nitric oxide synthase 

(nNOS) [73]. At the same time, the interaction of glutamate with AMPA and kainate re

cep tors on the astrocytic membrane engenders the release of arginine into the synaptic cleft 

by the astrocyte. This arginine is then taken up by the postsynaptic neuron and converted to 

NO and L-citrulline by nNOS. Nitric oxide is then released from the postsynaptic neuron; it 

rapidly diffuses through the tissue and causes local arteriolar dilatation, hence commencing 

the hemodynamic response (c.f. Figure 2.7) [73]. The contribution of nitric oxide to CBF 

regulation has, however, been found to vary across different brain regions [64]. Overall, it 

is likely that a number of vasodilators are involved in the local CBF control, this set possi

bly varying both across brain regions and with the type of stimulation (i.e., the stimulated 

afferent inputs) of a single area [132,207]. 

In line with the preceding comments on the structure and properties of the cerebral 

vasculature, one or more of the forementioned vasodilatory substances act on the smooth 

muscle in the arteriolar wall, causing a drop in the arteriolar vascular resistance within 

1-2 s [71] following functional activation. (In the simplest model of laminar fiow in a 

cylindrical vessel, fiow is inversely proportional to the resistance, which in turn varies 

with the fourth power of the vessel diameter [50].) Despite a large relative increase in 

the arteriolar volume, the contribution of this volume change to the total CBV increase 

is likely limited due to a rather small resting volume residing in the arterioles [50]. On 
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Figure 2.7: Diagram of the proposed coupling mechanism between glutamate release and 
nitric oxide production [73]. 
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the level of capillaries, the focal rise in CBP is predominantly mediated by an increase in 

capillary blood velocity rather than capillary dilatation or recruitment [101] (though sorne 

dilatation of capillaries [86] and functional recruitment [3] may take place). Pollowing 

considerable controversy [129], a very limited capillary recruitment (either opening of new 

capillaries or perfusion with RBCs of capillaries previously containing only plasma) is 

now believed to accompany blood flow increases under normal physiological condition

s [22,128,195,355,356]. The ensuing rise in the pressure seen at the veins causes their 

passive dilatation and results in a significant increase in the total blood volume (in view of 

the aforementioned large resting volume contribution of the veins). The total blood volume 

increase is customarily assumed to be related to total blood flow increases through a simple 

power-Iaw relationship (CBV=0.8 CBpO.38), obtained through hypecapnic perturbations in 

anesthetized rhesus monkeys [135] and recently reproduced in humans both under hyper

capnic conditions and in response to visual stimulation [169,171]. Consistent with this 

view of CBV changes being a result rather than the cause of the blood flow increase, is 

the observation of delayed CBV relative to CBP response in rodent somatosensory cortex 

following forepaw stimulation [235]. 

Over the normal operating range, absolute increase in CBP with functional activation 

is believed to be independent of the baseline blood flow or oxygen availability (i.e. the 

additive model of CBP changes is thought to apply) [50,68,153,154,321]. Therefore, va

sodilators (e.g. carbon dioxide or acetazolomide) decrease [16,45], while vasoconstrictors 

(e.g. caffeine) increase [250] activation-induced percent flow increases. (Such observa

tions, of preserved absolute blood flow response despite baseline rises in CBP, do not sup

port the oxygen limitation mode!. To explain this discrepancy, the maintenance of ratio 

of oxygen to carbon dioxide tension in the mitochondria has recently been suggested as 

the purpose of cerebral blood flow changes [51].) Despite the reported strong correlations 

between CBP and different measures of functional activity [52,147,168,272] (CBP like

ly primarily reflecting the level of synaptic activity [207]), the actual relationship of flow 

and neuronal activity is probably nonlinear, as evidenced by recent studies of the roden-
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t barrel cortex [80,180]. An inverse sigmoid function has thus been used to model this 

relationship [180]. 

2.1.4 Summary of physiological correlates of neuronal activity 

A neuron's ability to generate synaptic and action potentials depends on the existence of an 

electrochemical gradient across the cell membrane, arising from differences in the concen

trations ofvarious ions (most notably Na+ and K+) on the intra- and extracellular sides. In 

the long term, this ionic charge separation is maintained by an active transport mechanism 

(via the Na,K-ATPase pump), which requires turnover of ATP to transfer cations across the 

cell membrane [294]. The propagation ofboth postsynaptic potentials and action potentials 

is mediated by the opening of ion channels in the cell membrane. Therefore, both ion

pumping burden and ATP requirements of a cell are modulated by synaptic activity as weIl 

as the rate of neuronal firing. Increases in the functional activity thus result in heightened 

energy requirements and a greater demand for glucose and oxygen, the basic substrates of 

efficient ATP production in the brain. This surge in demand (manifested through increased 

CMRo2 and CMRglu) is met through increased tissue perfusion (CBF) [108,113,302] by 

dilation of the arterioles feeding a tissue domain. This induces an increase in the capillary 

blood velocity [306] and possibly some expansion of capillaries. Thereby, the venous blood 

pressure is elevated, resulting in the stress relaxation of smooth muscles in venous walls 

and thus a delayed passive swelling of veins and a rise in the total cerebral blood volume. 

2.2 Blood oxygenation level dependent (BOLD) fMRI 

2.2.1 Blood oxygen saturation 

The supply of oxygen to tissues, via blood, is the principal function of red blood ceIls, 

which occupy 37-54% [325] of blood volume in an adult. (Most of the remaining blood 

volume is made up of plasma, an aqueous solution of proteins, glucose, amino acids, lipids, 
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gases and inorganic ions, with 90% of plasma composed of water [364].) Highlyefficien

t transport of oxygen is achieved via a globular protein hemoglobin (Hb), Hb molecules 

comprising 90% of a dessicated red blood cell [364]. Hemoglobin consists of 4 protein 

sub-units (2 a and 2 ~ peptide chains), each surrounding a heme group. Each heme group, 

in tum, is composed of a porphyrin ring coordinated with a ferrous ion, Fe(In. There are 

4 coordinate-covalent bonds between the central Fe(II) and the nitrogen atoms of the por

phyrin ring as weIl as one coordinate-covalent bond between Fe(II) and a nitrogen atom of 

a histidine residue of a polypeptide chain. The sixth coordination site of the heme's iron 

ion is available for bonding with 02. 

In the deoxygenated state, the valence electron clouds surrounding the heme iron and 

the histidine residue of the polypeptide chain repel each other so that the porphyrin ring 

assumes a domed configuration and Fe(II) is pushed out of the plane of the porphyrin 

ring. Upon oxygen binding to the heme iron, the heme group undergoes a conformational 

change, the porphyrin ring adopting a planar configuration, with FeCIn now pulled into 

this plane. Consequently, the histidine residue to which Fe(In is bonded is also pulled 

into the plane of the porphyrin ring, which in tum causes a change in the tertiary structure 

of the subunit, in tum changing its interactions (e.g. salt bridges, hydrogen bonds, and 

hydrophobie interactions) with the adjacent subunits. In the end the quatemary structure of 

the entire hemoglobin molecule is altered so that the access and thus binding of an oxygen 

molecule to the second heme iron is facilitated. Such allosteric interactions between the 

subunits, leading to incremental strengthening of the oxygen binding, arise from the unique 

quatemary structure of hemoglobin. The resulting phenomenon, known as cooperative 

binding, is critical to the effectiveness of oxygen transport in the body. Hemoglobin thus 

exhibits a sigmoidal oxygen binding curve with respect to the local partial pressure of 

oxygen, as shown in Figure 2.8 [192]. 

The ratio of oxyhemoglobin concentration to the sum of deoxy- and oxyhemoglobin 

concentrations (i.e. 02 combined with Hb as a fraction of 02 capacity of Hb) is termed 

"blood oxygen saturation" or "blood oxygenation level," customarily symbolized by Y 
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Figure 2.8: Oxyhemoglobin dissociation curve [8]. 
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and expressed in percent. The venous blood oxygen saturation is determined by the fo

cal parenchymal CMRo2, in combination with CBF and total hemoglobin concentration in 

the local vasculature as well as the arterial oxygenation level. Under baseline condition

s, CMRo2 and CBF are very slowly varying [260], producing an average oxygen satura

tion of about 98% in arterial, rv80% in capillary and rv60% in venous blood [157,365]. 

N otwithstanding the temporal variations, due to the variability and complexity of vascular 

architecture, baseline blood oxygenation level also varies across the brain. Upon activa

tion, changes in each of the three physiological parameters affect local blood oxygenation 

level. (Moreover, Y may also be influenced by any activation-induced decreases in hemat

ocrit [22, 189,305].) While an increase in CMRo2 acts to decrease Y, the disproportionately 

large rise in blood flow, as discussed earlier, produces a net focal increase in blood oxygen 

saturation during heightened functional activity. In view of the oxygen extraction occurring 

predominantly at the level of capillaries, the arterial blood oxygenation level remains the 

same, while the capillary and venous oxygenations rise by rv6% and rv 12%, respectively, 

following a typical functional activation [365]. 



2.2 Blood oxygenation level dependent (BOLD) fMRI 55 

2.2.2 Biophysics and modeling of BOLD fMRI signal 

In addition to the conformational changes in hemoglobin's structure, magnetic properties of 

the heme iron of a hemoglobin molecule also change following oxygenation [270]. Specif

icaIly, the deoxygenated heme iron ion is in the high-spin ferrous state. Its four unpaired 

electrons aligned parallel to the magnetic field, the deoxygenated heme Fe(IO is param

agnetic (i.e. has a small positive magnetic susceptibility, X> 0) [50,60]. Upon binding 

with oxygen, however, the iron ion changes to low-spin state. In the absence of unpaired 

electrons, the net magnetic dipole moment is determined by the effect of the magnetic field 

on the orbital motions of the electrons. The oxygenated heme Fe(ll) is thus diamagnetic, 

exhibiting a very smaIl, yet negative magnetic susceptibility [50,60]. OveraIl, the magnetic 

susceptibility of blood changes linearly with its oxygen saturation [366]. 

Due to the compartmentalization of deoxygenated hemoglobin iron atoms to erythro

cytes and the diamagnetic nature of parenchyma (the magnetic susceptibility of tissue be

ing rv-9 ppm [336]), there is a small (typically <1 ppm [336]) bulk magnetic susceptibility 

(BMS) difference between the erythrocytic cytoplasm and plasma (which is diamagnetic) 

as weIl as between blood on the whole and tissue. (Notably, under physiological conditions, 

venous blood is still diamagnetic on the whole [336].) The latter difference is demonstrated 

in the middle panel of Figure 2.9, showing a cartoon profile of the magnetic field offsets 

(w.r.t. the static magnetic field) inside and outside of the venules containing partly deoxy

genated blood (average offset being on the order of few J-lT [336]). 

Furthermore, the se BMS differences change with alterations in blood oxygen satura

tion and hence, following focal changes in functional activity. Upon an increase in local 

neuronal activity, the blood oxygenation level rises ( i.e., assuming normal conditions, the 

fraction of deoxygenated heme iron atoms decreases), so that the erythrocytic susceptibility 

drops and hence the BMS differences just described decrease. In other words, the magnetic 

field profile across a vascularized tissue element becomes more homogeneous, as illustrat

ed in the bottom panel of Fig. 2.9 for the same venular network, now filled with blood of 

higher oxygen saturation. 
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Figure 2.9: A schematic of a venular network (top) and the corresponding magnetic field 
profile, along the dotted line, when the venular blood is largely deoxygenated (middle) or 
oxygenated (bottom). [71]. 
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The signal measured in a typical BOLD !MRI study reflects a non-equilibrium value 

of coherent transverse water magnetization, generated by RF excitation. In particular, the 

timing parameters of BOLD !MRI experiments are chosen to produce a weighting of the 

signal that emphasizes the activation-induced changes in the time constant of the roughly 

exponential decay of spin phase coherence in the plane orthogonal to the direction of the ex

ternal static magnetic field. Such activation-induced differences in the apparent transverse 

relaxation rate (R~) arise from the changes in the magnetic flux density (B) experienced by 

a spin ensemble under investigation following focal functional activation. The more homo

geneous magnetic field profile during focal functional activation (w.r.t. resting conditions, 

as illustrated in Fig. 2.9) corresponds to a narrower distribution of B values; therefore less 

variability in the precessional frequencies (f) of the individual proton spins (fbeing directly 

proportional to B, in line with the Larmor equation) and hence slower overall dispersion of 

the phase coherence within the ensemble. In other words, a higher BOLD !MRI signal will 

be measured at activation, relative to baseline, as a result of the slower decay (smaller R~) 

produced by the increased homogeneity in the focal miscroscopic magnetic field profile, 

arising from the activation-induced increase in the capillary and venous blood oxygenation 

levels. 

This inhomogeneous BMS effect arises for both intra- and extravascular spins and is in

fluenced by the transcytolemmal and transendotheilial magnetic susceptibility differences, 

respectively, the geometry of the vascular compartment (its shape, size, and wall curva

ture), and the overall geometry of the set-up (the vessel's orientation relative to Bo and its 

proximity to other compartments of differing magnetic susceptibility) [336]. An additional, 

homogeneous BMS effect arises for the proton spins inside the blood vessels and is affected 

by the transcytolemmal .::lX, the shape of the vascular compartment and its orientation with 

respect to Bo. 

Both intravascular and extravascular spins are undergoing constant anisotropic diffu

sion, with the water exchange time being short (0.6 to 10 ms [42,46, 130, 131, 148,246, 

346,379]) across the erythrocytic membrane, but long (1"V0.65 s [201]) across the capillary 
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wall. (The intravascular spins are, of course, also flowing, at speeds varying both across the 

vascular tree and with the local metabolic demands, as described earlier.) This diffusion 

has a moderating effect on the BOLD signal [50]. As the spins move around randomly, 

they experience a range of field offsets, so that over a given interval between the RF exci

tation and readout (a.k.a. echo time) the histories of field offsets experienced by the proton 

spins comprising the spin ensemble become more concordant. In other words, the rate 

of phase dispersion is reduced and a higher signal is measured. The longer the effective 

diffusion distance in the direction of the maximal spatial field gradient caused by the per

turbers (RBCs in the case of intravascular spins; and vessels in the case of extravascular 

spins), the more pronounced this effect. Previously described factors will dictate the field 

inhomogeneities profile, while the nature and speed of diffusion (i.e., the shape of the d

iffusion displacement distribution and mean diffusivity) will be determined by the tissue 

microstructure. (A simple corollary is that the diffusion will be more effective in reducing 

the extravascular BOLD effect surrounding capillaries as opposed to venules due to a much 

smaller capillary radius, the spatial extent of the inhomogeneities varying in proportion to 

the perturber's radius [50].) 

Despite the small blood volume fraction of the brain (rv4% on average [50D, the 

stronger intravascular relative to extravascular BOLD effect described above results in a 

very significant intravascular contribution to the total BOLD response, especially at 1.5 T, 

with about 70% of the BOLD response being eliminated through strong flow-weighting 

gradients [33]. (The decreased intravascular contribution at higher fields results from a 

rapid rise in the absolute transverse relaxation rate of blood with increasing field strength 

[50].) In view of the subtleties of the BMS effect in combination with the complexities 

of the vascular tree architecture, a detailed mathematical description of the BOLD phe

nomenon is exceedingly complex: so much so that analytical approaches have almost en

tirely given way to numerical methods [336]. Following numerous other investigators, we 

have employed empirical techniques to study the BOLD fMRI mechanism in the present 

project. 
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This empirical approach to BOLD mechanism analysis typically involves only the ex

travascular BOLD signal modeling [49,77,155,158,163,191], though largely analogous 

expressions may be written for the intravascular BOLD response. In the deoxyhemoglobin 

dilution model [155], for instance, the transverse relaxation rate of tissue is assumed to 

follow linear dependence on venous blood volume and supra-linear dependence on venous 

deoxyhemoglobin concentration [155]. (In turn, a quadratic dependence of intravascular 

Ri on deoxyhemoglobin concentration is expected [130,347,378].) The constant of pro

portionality is a sample- and field strength-dependent lump constant; the exponent of the 

supralinear (but subquadratic) dependence reflects the average blood volume within the 

sample [155]. Given an exponential decay of transverse magnetization, the activation

induced BOLD signal change is then related to the activation-induced change in Ri. For 

small change in Ri, BOLD response is further expressed as a function of echo time, the 

forementioned proportionality constant, and the baseline and activation values of venous 

CBV and venous dHb concentration [155]. Invoking the previously described relationship 

between blood flow and volume, as weIl as the coupling between blood flow and oxygen 

consumption, BOLD response may also be expressed as a function of CBF and CMRo2 

values at baseline and activation [155]. 

Clearly, validation of such top level BOLD models requires independent measures of 

the underlying physiological parameters, namely blood flow, oxygen consumption and ve

nous blood volume. In view of the existence of non-invasive MR techniques for the mea

surement of CBF and CMRo2 (elaborated upon in Chapter 6), the first three studies of 

this thesis focus on the development of a non-invasive method for cerebral blood volume 

measurement. 

2.3 Cerebral blood volume measurements 

An ideal method for measurement of cerebral blood volume in vivo in humans would be ac

curate, precise, reproducible, non-invasive, inexpensive, robust to a wide range of hemody-
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namic perturbations and easily integrated into clinical protocols. At the same time, it would 

afford high temporal and spatial resolution and provide high functional specificity [256]. 

In practice, methods for blood volume measurements provide various trade-offs between 

these characteristics, as dictated by their primary applications. Indeed, the long-standing 

motivation for measuring cerebral blood volume is the assessment of the cerebrovascular 

reserve (CVR), typically performed via a vasodilatory challenge involving an increase in 

the inspired C02 levels [214] or an administration of acetazolomide [358]. A markedly 

decreased response is customarily interpreted as an indication of an already vasodilated 

vasculature (CBV increasing in the autoregulatory phase immediately following a drop in 

cerebral perfusion pressure (CPP), resulting from an arterial obstruction) and used to as

sess which, if any, surgical procedure is indicated (e.g., revascularization through carotid 

endarterectomy, arterial hypertension management; antiedema therapy, or a neuroprotec

tive trial) [17]. 

In stroke, monitoring of CBV (in combination with CBF and CMRo2 , or, OEF, if 

available) is crucial for identification of the ischemic core, the penumbra and the regions 

of reperfused tissue [17,78,236]. Following a drop in CPP, a progressive change in the 

coupling between flow and volume occurs distal to the arterial obstruction [74,309,334], 

with an elevated compensatory CBV taken as an indicator of viability of hypoperfused 

tissue [249]. Furthermore, measurement of blood volume is critical to distinguishing a va

sogenic or cytotoxic edema from elevated CBV with vasoparalysis in cases of increased 

intracranial pressure [249]. Blood volume measurements have also been employed in car

cinomas, to evaluate tumor grade [9,299] and assess response to treatment [10,269]. The 

quantification of CBV is also of interest in the se conditions for tracking of angiogenesis, or 

the generation of capillaries from preexisting blood vessels [89]. In epilepsy, relative CBV 

maps have been employed to localize the ictal and interictal epileptogenic foci and study 

tissue damage [97,280,362,380]. Cerebral blood volume has been evaluated in the study 

of vascular and metabolic impairments in patients with Alzheimer's disease and vascular 
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dementia [254]. In neuropharmacological MRI, CBV measurements have been used in the 

study of the location and temporal evolution of the hemodynamic response to drugs [57]. 

Predictably, given such a wide range of applications, numerous methods have been de

veloped to provide quantitative measurements of blood volume. Over a decade prior to 

the advent of fMRI, positron emission tomography has been used to provide quantitative 

maps of cerebral blood volume, first using CUO inhalation and, thereafter, the shorter half

lived C150 administration [136,281,377]. (Carbon monoxide, containing the radioactively 

labeled oxygen, binds to hemoglobin molecules in red blood cells and thus serves as an in

travascular tracer to quantify blood volume [281].) More recently developed methods have 

allowed estimates of arterial blood volume via PET [170,263] and have employed simpli

fied bolus strategies, allowing more flexible and versatile paradigms [263]. While many 

important findings on blood volume distribution under physiological and various patholog

ical conditions have been and are still made using PET [169,210,236,239,254,277], these 

methods provide limited spatial and temporal resolution, are expensive, invasive, and often 

unavailable. Moreover, with respect to brain function applications, the paradigm design 

is restricted, both in terms of the acquisition time (typical C150 study requiring 10 min

utes of continuous tracer inhalation [244]) and repeatability, in view of radiation exposure 

regulations. Notwithstanding, PET studies allow measurements of various hemodynam

ic and metabolic parameters - CBV, CBF, CMRo2 , OEF, CMRglu- as well as a variety 

of neurotransmission parameters [244]. PET has largely superseded single photon emis

sion computed tomography (SPECT) techniques [305], following the development of short 

half-lived tracers and models for generation of quantitative parametric images [244]. De

spite their lower spatial and temporal resolution and decreased sensitivity [244], SPECT 

methods for measuring CBV (using e.g. 99mTc-labeled RBCs) are still occasionally em

ployed [226,304, 357] due to their wider availability. 

Cerebral blood volume is frequently evaluated via dynamic computed tomography (D

CT) by administering an intravenous bolus injection of an iodinated contrast material and 

applying the standard indicator dilution analysis to the data on the first pass of the contrast 
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agent through the cerebral circulation [14,15,30,105,141,152,219,252,253,259,343]. 

However, the accuracy of this technique and some of its methodological aspects (e.g., the 

selection of the arterial input vessels and venous function region of interest [187]) are still 

under investigation [152]. Altematively, following the central volume principle, CBV may 

be estimated as a product of 133Xe inhalation CT CBF measurement and dynamic CT mean 

transit time estimate [249,313]. Clearly, these techniques raise issues surrounding patien

t discomfort and safety risks from radiation exposure [256] in addition to partial volume 

effect issues in generation of quantitative maps [243]. 

On the other hand, most of the existing MR data on CBV comes from contrast enhanced 

MRI (ceMRn studies. Indeed, the first human fMRI brain maps, obtained by Belliveau et 

al. in 1991 [20], were of CBV changes accompanying visual stimulation. The passage of 

a bolus of gadolinium-DTPA (Gd-DTPA, an intravascular MR contrast agent) was rapidly 

imaged using Ti -weighted acquisitions [20,298]. The effect of Gd-DTPA is to produce 

microscopic magnetic field inhomogeneities, thus enhancing the rate of spin-spin relax

ation. As before, the analysis relies on the application of the indicator dilution theory to 

establish the relationship between the contrast agent and CBV in addition to the observed 

linear dependence of the tissue transverse relaxation rate on the contrast agent concentra

tion [20,21]. Specifically, as the contrast agent passes through the brain, a signal attenua

tion directly proportional to the concentration of the contrast agent is observed. Integrating 

the area under the concentration time curve provides a measure of CBV. By repeating this 

experiment in baseline and activation conditions and subtracting the calculated CBV im

ages, a functional activation map can be produced. The major shortcomings of the method, 

however, are poor temporal resolution and limited number of functional measurements that 

can be performed, due to the administration of the contrast agent. 

Unlike dynamic bolus methods, steady-state techniques require a contrast agent with a 

long intravascular half-life (e.g. ultra small superparamagnetic particles) which alleviates 

the requirement for a bolus injection and affords continuous monitoring of CBV changes. 

One such agent is MION (monocrystalline iron oxide nanocolloid), which has been used in 
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anaesthetized rats to provide a five-fold increase in SNR over BOLD contrast at 2 T [235] 

and in awake, behaving macaques, resulting in a three-fold increase in sensitivity over 

BOLD at 3 T [211]. While MION concentrations used in these experiments are consid

erably higher than those approved for humans, initial testing of stable blood-pool contrast 

agents in humans has begun [308]. This approach provides high SNR and temporal res

olution, though, as with Gd-DTPA bolus methods, toxicity issues limit the number and 

frequency of studies that can be performed on an individual. 

Overall, the ceMRI methods are still costly and restrict the paradigm design [93,289]. 

(Absolute CBV measurement also remains difficult since it requires reliable quantifica

tion of the arterial input function [93,289].) Due to their limited temporal resolution and 

repeatability, they are ill-suited for BOLD mechanism investigations. Notably, while the 

BOLD response is affected by changes in the venous blood volume, as discussed earlier, 

the data obtained in all of these studies reflect total cerebral blood volume changes. 

More recently, noninvasive imaging of cerebral blood volume in humans has been done 

using diffuse optical tomography (DOT) [28,29,88,109,345], with focal CBV estimates 

available by near-infrared spectroscopy (NIRS) [94,301,372,384]. In the se methods, two 

or more optodes are applied to the scalp and the measured changes in nearinfrared light ab

sorption at multiple wavelengths converted into changes of concentration in the dominant 

chromophores (typically using a modified Beer-Lambert law), namely oxy- and deoxyhe

moglobin. (Altematively, a much higher signal-to-noise ratio may be realized by admin

istering a highly absorbing intravascular chromophore, such as indocyanine green [160].) 

Cerebral blood volume is then estimated from the total hemoglobin concentration, while 

assuming a value for the hemoglobin concentration in blood. Quantification, however, re

quires quantification of the differential pathlength factor, to account for the differences in 

the actual distances traveled by light at each wavelength in view of the scattering and ab

sorption properties of tissue. Due to the heterogeneity in optical properties of tissue [58], 

the ensuing modeling is predictably very complex. Moreover, in the noninvasive DOT 

applications, the effect of the initial and final passage of light through the extracerebral 
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tissue must also be accounted for. N otwithstanding the partial volume and penetration 

effects, DOT may afford very high temporal resolution measurements of hemodynamic 

parameters, especially if the partial volume effect is constrained by concurrent tMRI mea

surements [156]. 



Chapter 3 

Susceptibility-induced Spin-echo Signal 

Dephasing in Tissue 

3.1 Preface 

The overall goal of the methodological work undertaken in this thesis is the development 

of a noninvasive tMRI method for measuring venous blood volume changes. To isolate the 

blood signal, this method (described in Chapter 5) relies on the difference in the transverse 

relaxation behaviour of tissue v.s. deoxygenated blood with respect to refocusing interval 

variation. Therefore, we first investigated the dependence of spin-spin relaxation rate in 

tissue on the refocusing rate. In general, the transverse relaxation of tissue is affected by 

the refocusing interval. The range of the refocusing rates that produces a significant change 

in the T2tissue' however, depends on a number of tissue parameters that have been only partly 

described: namely, the magnitude of the microscopic field inhomogeneities, their spatial 

profile and the "nature and speed" of water diffusion in the tissue (i.e., the shape of the 

diffusion displacement distribution and mean diffusivity). A complete analytical theory of 

susceptibility induced tissue signal dephasing in a cerebrovascular network is lacking, the 

authors typically calling for more elaborate models of vascular network and largely relying 

on simulations for partial validation [173,193,194]. Moreover, there is no data available 
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on T2 as a function of the Carr-Purcell-Meiboom-Gill (CPMG) refocusing interval and 

oxygenation level. To investigate the possible dependence of tissue T2 on the refocusing 

intervals of interest for our CBV quantification method, we undertook a T2 relaxometry 

study of the occipital lobe in a large group of healthy young adults. The small decreases in 

the apparent T2'S observed (of 3.3±1.5 ms in GM and 3.0±1.5 ms in WM for 't180 increase 

from 8 to 22ms) were consistent with blood being the only source of refocusing interval 

dependence of apparent T2 in grey and white matter of the occipital lobe. These empirical 

results established a negligible effect of the refocusing interval on the transverse relaxation 

time of tissue for the refocusing intervals of interest here. 
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3.2 Abstract 

Purpose: To investigate the dependence of occipital gray and white matter T2 on the Carr

Purcell-Meiboom-Gill (CPMG) refocusing interval, thereby testing the basis of a novel 

tMRI method for blood volume quantification, and addressing recent questions surround

ing T2 contrast in the occipital lobe. 

Materials and Methods: A CPMG sequence with 1x1x5 mm3 resolution was used to 

quantify T2 in a single axial slice at the mid-Ievel of the occipital lobe in 23 healthy adult 

volunteers. Refocusing intervals of 8, Il and 22 ms were compared. A Bayesian classifier 

was used to classify a 1x1x1 mm3 Tl-weighted 3D data set into gray matter, white matter 

and cerebrospinal fluid, with an average 95% a posteriori probability used as threshold for 

inclusion into a tissue specifie ROI. 

Results: The usual T2 contrast between the gray and white matter (i.e., T2GM > T2WM) was 

observed, with a highly significant effect of tissue type on the estimated T2 (p < 10-5). 

The observed T2 gradually decreased with increasing refocusing interval, for a drop of 

3.3±1.5 ms in gray and 3.0±1.5 ms in white matter between the 8 and 22 ms refocusing 

interval acquisitions. 

Conclusion: The observed T2 shortening is consistent with the effect of the dramatic de

crease in T2 of partly deoxygenated blood on this range of refocusing rates. 

Key words: T2 relaxation; occipital lobe; refocusing rate 
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3.3 Introduction 

The difference in the rates of transverse relaxation between various tissues represents a 

fundamental source of contrast in MRI. Quantification of T2 is important for optimization of 

acquisition parameters, longitudinal examinations, direct comparisons between studies, and 

enhancement of pathological specificity. Furthermore, T2 relaxometry has recently been 

used to measure hemodynamic and metabolic parameters fundamental to brain function 

investigations [353]. 

A plethora of T2 quantification studies established slower transverse decay in the gray 

vs. white matter ofhealthy adult brain [36,119,361]. This common T2 ordering is thought 

to primarily reflect the rapid decay of the myelin-associated water in combination with 

the preponderance of myelin sheath in the white matter [369]. However, a significan

t amount of regional heterogeneity within each tissue has been documented [117,369]. 

Moreover, dramatic age specific variations have been reported: most notably, an inversion 

of the common gray-white matter T2 contrast in the newborn, hypothesized to result from 

incomplete myelination [104]. A shortening of T2 has been observed in the deep gray mat

ter structures of the extrapyramidal system [116,359,382], as well as in the cerebral cor

tices [140,149,383]. While this enhanced transverse decay is very frequently postulated 

to arise from progressive accumulation of ferritin with age, a number of rigorous quanti

tative relaxometry studies showed no correlation between tissue iron concentration and T2 

across different brain regions [41,54,55]. In particular, having quantified T2 via both MRI 

and MRS in a set of cadaveric brains, Chen et al. [54] performed quantitative assays for 

iron and ferritin of the same specimens, but found no consistent correlation between either 

ferritin or iron concentration and T2 values. Recently, an inversion of T2 contrast between 

gray matter (GM) and white matter (WM) in the occipital lobe of healthy adults has been 

reported at 1.5T at 1x1.3x2 mm3 resolution and hypothesized to result from larger ferritin 

deposits in the occipital gray (vs. white) matter [386]. Another recent study also document

ed shorter T2 in gray than in white matter of the occipital lobe at both 4 and 7T [19]. 
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In addition to T2 shortening, the presence of an agent of high magnetic susceptibil

ity (such as ferritin in oligodendrocytes [174]) may give rise to a dependence of T2 on 

the interval between the refocusing pulses ('t180) in a Carr-Purcell-Meiboom-Gill (CPMG) 

experiment. Specifically, T2 is expected to decrease with refocusing interval elongation 

due to increased extent to which water molecules sample the magnetically inhomoge

neous environment surrounding the agent within an inter-echo interval [143]. This phe

nomenon has been extensively studied both in iron-rich gray matter [54, 174,359,382] and 

in blood, where partial deoxygenation leads to the production of paramagnetic deoxyhe

moglobin [130,347,379]. Indeed, in the context of fMRI, we have developed a technique 

for measurement of activation-induced blood volume changes that achieves blood signal 

isolation at 1.5T by assuming that only the T2 of blood (vs. those of tissues) changes with 

the refocusing interval [339]. Contrary to this assumption, albeit at higher fields, a recent 

study reported very pronounced occipital gray and white matter T2 dependencies on the 

refocusing rate at both 4T and 7T, the estimated T2 decreasing by 30-40% between a short 

(6-7 ms) and a set of long (above 10 ms) refocusing interval acquisitions [19]. While a 

greater decrease of the blood T2 with refocusing interval elongation is expected at higher 

fields, the overall shortening of blood T2 in combination with low tissue blood content, 

makes it unlikely that the blood T2 dependence on the refocusing interval alone fully ex

plains these findings. 

In view of the reported magnitude of tissue T2 shortening with increasing refocusing 

interval at 4 and 7T suggesting an extra-vascular source of this dependency, we set out to 

explore this phenomenon at 1.5T. We thus investigate the refocusing rate dependence of 

T2 in gray and white matter in the occipital lobe of a large group of healthy human vol

unteers at 1.5T. We have hypothesized that the variation of the refocusing intervals in the 

range of interest produces no effect on the extravascular brain tissue T2. The measurements 

were obtained using a 32-echo CPMG sequence with three different refocusing intervals, 

namely 8, Il, and 22 ms. Due to the potential of voxels partially filled by cerebrospinal 

fluid (CSF) to confound the tissue T2 relaxometry, we sought to define regions of interest 
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(ROIs) with minimal partial volume contamination. At the same time, we aimed to in

clude as many voxels in our ROIs as possible, maximizing both SNR and the robustness of 

our T2 estimates. Therefore, we used a manually-trained Bayesian classifier, supplied with 

high resolution (lx1x1 mm3) Tl-weighted volumes, to identify gray, white and CSF regions 

having a smalilikelihood of contamination by other tissues. Non-linear least squares min

imization was performed to fit the echoes to a mono-exponential model. We present the 

estimated T2 values in each region of interest along with the ROI description. The results 

of a multi-factor analysis of variance of the T2 estimates as well as direct comparisons are 

provided, illustrating the effects of tissue type and refocusing interval on T2 values, while 

controlling for inter-subject variability. 

3.4 Materials and methods 

3.4.1 Measurements 

The experimental protocol consisted of a 3D RF-spoiled Tl-weighted gradient echo (1x1x1 

mm3) sequence for tissue classification purposes; followed by three versions of a 32-echo 

single-slice CPMG (lx1x5 mm3) sequence for T2 quantification. The single slice for the 

CPMG acquisitions was located axially, at the mid-line of the occipital lobe and positioned 

to exactly span five 1-mm slices of the Tl-weighted volumetric acquisition. The head of 

the subject was immobilized using a vacuum bag and all acquisitions were obtained in a 

single session to minimize the probability of misregistration. Twenty three healthy adult 

volunteers were studied (10 females and 13 males), with an age distribution of 29±5 years 

(mean±standard deviation), and a range of 24 to 42 years. In view of a very slow increase 

in occipital cortex iron levels following the first two decades of life [140], this age range 

ensured minimal differences between iron levels in the occipital cortices of the subject

s. Informed consent was obtained prior to each session in accordance with institutional 

guidelines. The first four subjects were examined on a Siemens 1.5T Magnetom Vision 

system, and the remaining 19 on a Siemens 1.5T Magnetom Sonata system (following 
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upgrade). The high resolution gradient echo sequence employed a 256 mm field of view, 

256x256 matrix, TRffE of 22/10 ms, and non-selective 30° RF-spoiled excitation. The CP

MG sequence is illustrated schematically in Figure 3.1. The inter-echo intervals in the three 

CPMG sequence versions were 8, Il, and 22 ms, this choice being driven by the range em

ployed in our cerebral blood volume (CBV) methodology, optimal sensitivity to potential 

ferritin-induced T2 shortening (based on the T2 relaxometry data from the extrapyramidal 

system [359]) in combination with hardware limitations, power deposition considerations, 

gradient performance, spatial encoding, and SNR requirements [99]. Indeed, the sequence 

parameters were optimized to provide robust T2 measurements with the shortest achiev

able inter-echo intervals, given the primary motivation of investigating the T2 dependence 

on a range of refocusing intervals of interest for our CBV methodology. The three CP

MG variants were played out in randomized order. To minimize the confounding effects 

of imperfect slice profiles and sensitivity to BI inhomogeneities, non-selective composite 

90~-180~-90~ pulses were used for refocusing. To suppress stimulated echoes, flow effects, 

and signal contributions outside of the slice of interest, the refocusing pulses were flanked 

by spoiling gradients, altemating in sign and decreasing in magnitude [282]. The total d

iffusion weighting due to these gradients was small, with b-value less than 1 slmm2 in the 

last echo. Identical crusher gradient amplitudes and timing with respect to the refocusing 

pulses in all three versions of the CPMG sequence ensured identieal b-values. A 256 mm 

field of view, with a 256x256 matrix, and a 2 s repetition time were used in eaeh CPMG 

acquisition. The total scan time per subjeet was approximately 40 minutes. 

3.4.2 Data Analysis 

Masks of the occipital lobe were manually defined on the volumetrie Tl-weighted data. 

Tissue segmentation within these masks was then performed using a parametric Bayesian 

approaeh that assumes the voxel intensities are drawn from a mixed population of three 

statistical distributions (GM, WM, and CSF) [25]. Only voxel intensities from the Tl

weighted 1 mm isotropie resolution scans were considered in the segmentation process. 
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Figure 3.1: Schematic of the CPMG sequence used for T2 quantification. The spoiler 
gradients in the slice select direction altemate in sign and decrease in magnitude with each 
echo. The refocusing interval ('t180) is respectively set to 8, Il, and 22 ms in the three 
CPMG sequence variants employed. 
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AIl class conditional probability distributions were assumed to be Gaussian; and the class 

prior probabilities were equal for the three classes. For each subject, three sets of 100 

manually selected voxels belonging to each of GM, WM, or CSF were used to compute 

mean intensity and standard deviation for each class. This training data set aIlowed an 

explicit calculation of the parametric estimates of the a posteriori probabilities as scaled 

likelihoods of voxel intensity value given that the voxel belongs to a class, in accordance 

with the Bayes 's theorem [85]. 

The Bayes classification produced three normalized a posteriori probability maps, re

spectively specifying the probabilities of voxels belonging to GM, WM, or CSF. From 

each of these probability maps, we selected the 51-mm axial slices contained in the 5-mm 

transverse slice of the CPMG acquisitions. Thereafter, a careful visual inspection of multi

modal overlaid data, on a subject-by-subject basis, was performed to check for intra-scan 

movement and ensure the spatial alignment of the 3D Tl-weighted scan and the CPMG 

data set. The threshold for inclusion of a lxlx5mm3 voxel from the CPMG slice into a 

tissue specific ROI was a 95% average of normalized a posteriori probabilities of the five 

corresponding 1xlxlmm3 voxels from the 3D Tl-weighted data. The resulting gray matter 

ROI, for example, was composed only of voxels having at least 95% probability of be

ing gray matter, with average normalized a posteriori probability of CSF of 0.6±0.4%. 

This analysis approach thus afforded rigorous minimization of partial volume errors while 

maximizing the SNR and hence T2 estimation accuracy. 

For each echo time, the CPMG data from aIl voxels within each ROI were averaged. 

The first two echoes of the 8-ms acquisition, the first echo of the Il-ms acquisition; as weIl 

as the last 9 echoes of the Il-ms acquisition and the last 20 echoes of the 22-ms acquisition 

were discarded to ensure comparable temporal sampling windows (namely, 24-256 ms, 22-

253 ms, and 22-264 ms for 8-, 11-, and 22-ms acquisitions, respectively). Non-linear least 

squares minimization (via the Nelder-Mead Simplex method) was used for fitting of the 

resulting decay curves to a mono-exponential decay model. Multi-exponential fitting was 

explored, but afforded no additional information and was hence discontinued. This result 
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was expected, since the sampling time window, from rv20 to rv260 ms, used for fitting 

resulted in a much reduced myelin water contribution [369] and was insufficient for robust 

detection of the CSF peak (with the CSF contribution expected to be minimal, anyhow, 

given the stringent ROI selection procedure). Three-factor analysis of variance was used to 

investigate the effects of tissue type, refocusing interval, and inter-subject variability on the 

estimated transverse relaxation time constant. Tukey's procedure was employed post hoc 

to identify significant pairwise differences. 

3.5 Results 

Sample regions of interest produced by Bayesian classification of a subject's Tl data, fol

lowed by averaging and thresholding at the 95% level (as described above) are shown in 

Figure 3.2a and 3.2b. The corresponding plots (Figure 3.2c and 3.2d) show the logarithm of 

averaged ROI signal intensities from the last 30 echoes of the 8 ms echo spacing acquisition 

and the logarithm of the corresponding fitted values in the same subject. 

The T2 data for the 23 subjects are listed and summarized in Tables 3.1 and 3.2, for white 

and gray matter, respectively. The average normalized Bayesian a posteriori probabilities 

for the white matter ROIs were 99±0, 1.0±0.4 and O.O±O.O% for WM, GM, and CSF, 

respectively. For the gray matter ROIs, the average a posteriori probabilities were 99±1, 

0.7±0.4 and 0.6±0.4% for GM, WM, and CSF, respectively. The errors in T2 estimates 

quoted in the Tables are based on 95% confidence intervals derived from the residual errors 

in the mono-exponential fits. Finally, the mean T2 data across subjects, summarized in the 

last rows of Tables 3.1 and 3.2, are plotted in Figure 3.3, showing the average estimated 

gray and white matter T2 values, respectively, from 8-, 11- and 22-ms refocusing interval 

acquisitions. 

To investigate the effects of inter-subject variability, tissue type and refocusing rate, a 

three-factor ANOVA was performed. At ex. = 0.05, the inter-subject variability in estimated 

T2 was not significant (p=0.97). In contrast, there was a very strong effect of the tissue 



76 Susceptibility-induced Spin-echo Signal Dephasing in Tissue 

(a) (b) 

7.S 

6.S 
7 

6.S 
6 

î î 6 
èWS.5 

co 
èll 

"ai fs.s .!! 

4.S 4.S 

40 SO 100 1S0 200 2S0 300 40 SO 100 1S0 200 2S0 300 
Echo time [ms] Echo time [ms] 

(c) (d) 

Figure 3.2: The WM (a) and GM (b) regions of interest in the occipital lobe of a subject 
obtained by Bayesian classification followed by thresholding of the average estimated a 
posteriori probabilities at the 95% level. The logarithm of averaged ROI signal intensities 
at each echo time (shown as 'x') and the logarithm of the corresponding nonlinear fits 
(shown as solid line) for the 8-ms refocusing interval acquisition for WM (c) and GM (d), 
respectively. Note the leveling off in the last few echoes due to Rician distributed noise. 



3.5 ResuUs 77 

Table 3.1: The occipital WM T2 estimates from CPMG acquisitions with varied refocusing 
intervals. 

WMROI ]:8 
2WM 

]:11 
2WM 

]:22 
2WM 

(cc) (ms) (ms) (ms) 
4.2 89±1 87±2 85±3 
5.4 85±1 84±2 83±2 
4.0 88±2 87±2 86±3 
7.4 80±1 78±1 80±2 
4.9 91±2 90±2 87±4 
5.4 90±1 88±1 85±3 
4.4 91±2 89±3 86±4 
7.4 87±2 85±2 84±3 
7.2 89±2 87±2 86±3 
4.2 82±2 83±2 81±2 
7.0 97±2 96±3 92±4 
3.6 93±3 94±3 91±5 
4.2 86±1 83±2 81±2 
6.1 85±1 84±1 82±2 
3.8 83±1 83±1 81±2 
2.4 83±2 83±2 80±2 
6.4 81±1 81±1 80±2 
1.5 86±2 86±2 84±3 
4.9 92±2 91±2 88±3 
3.5 91±2 89±2 86±3 
5.0 83±1 82±2 83±2 
4.4 92±2 91±2 87±4 
3.4 83±2 84±2 82±2 

4.8±1.6 87±4 86±4 84±3 
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Table 3.2: The occipital GM T2 estimates from CPMG acquisitions with varied refocusing 
intervals. 

GMROI 
(cc) 
8.2 
7.8 
6.4 
6.7 
6.4 
7.8 
4.7 
8.0 
5.4 
2.9 
3.6 
6.6 
5.1 
8.3 
8.7 
4.0 
6.7 
3.2 
6.3 
7.8 
6.0 
5.8 
4.4 

6.1±1.7 

'7'8 
.l2GM 
(ms) 
94±2 
89±2 
91±2 
87±2 
94±2 
100±2 
94±2 
91±2 
89±2 
87±2 
102±3 
94±2 
95±2 
94±2 
95±2 
91±2 
86±2 
87±2 
98±2 
92±1 
89±2 
95±2 
94±3 
93±4 

'7'11 
.l2GM 
(ms) 
92±2 
88±2 
89±2 
85±2 
92±2 
99±3 
93±3 
91±2 
88±2 
88±2 
lOO±3 
95±3 
94±3 
92±2 
93±3 
90±2 
87±2 
88±2 
96±3 
91±2 
87±2 
92±2 
93±3 
91±4 

'7'22 
.l2GM 
(ms) 
89±4 
87±3 
89±4 
87±3 
89±3 
95±4 
89±4 
89±3 
87±3 
85±3 
97±4 
92±4 
91±3 
90±3 
92±4 
87±3 
86±2 
85±3 
93±4 
88±3 
87±3 
90±4 
90±5 
89±3 
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Figure 3.3: Average occipital GM and WM T2 estimates from CPMG acquisitions with 8, 
Il and 22 ms refocusing intervals. The error bars represent the standard deviation of T2 
estimates across subjects. 

type on the T2 estimate (p < 10-5). The effect of the refocusing interval was also statis

tically significant (p < 10-3), with the post-hoc Tukey's analysis revealing a significantly 

different T2 estimate from 22-ms acquisition as opposed to those from either 11- or 8-ms 

acquisitions. Specifically, the estimated T2 decreased by an average of 3.3±1.5 ms in gray 

and 3.0±1.5 ms in white matter between the 8- and 22-ms acquisitions. In both tissues, the 

T2 dropped by 2.1±1.4 ms between the 11- and 22-ms acquisitions. 

Within subject two-factor analysis of variance, considering the effects of tissue type 

and refocusing rate, detected no statistically significant effect of the refocusing interval in 

any subject (p>O.34). In 14 out of 23 subjects, the effect of tissue type was statistically 
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significant at a = 0.05 (p<0.024), with the gray matter T2 being longer than that of white 

matter for all subjects at all refocusing intervals. 

3.6 Discussion 

The first finding of this study is the preservation of the common gray-white matter T2 

contrast in the occipital lobe of healthy adults. The results show a consistently longer T2 

in gray than in white matter. While the estimated T2 values certainly lie in the expected 

range for the respective tissues observed in numerous other studies [32,35,119,202,369], 

a different choice of region of interest and/or averaging among a variety of areas, combined 

with the known heterogeneity of T2 values hinders direct comparisons. The same contrast 

was also reported for an occipital lobe ROI at 3T by Wansapura et al. [361]. However, at 

1.5T and with lx 1.3x2 mm3 resolution, Zhou et al. observed an inversion of T2 contrast 

between gray and white matter [386]. Bartha et al., also reported shorter GM than WM T2 

values in the occipital lobe at both 4 and 7T [19]. 

It is important to consider the methodological differences between these two studies 

[19,386] and the present work. Both studies had significantly different echo sampling 

than that used here: 6 echoes, 25 ms apart in the former [386]; and 4 echoes for the short 

refocusing interval (6-7 ms) or 3 echoes for the long refocusing interval (10-26 ms) in 

the latter [19]. The issues arising from few echoes in combination with mono-exponential 

analysis have been weIl documented [370]. Most notably, spurious statistically significant 

differences, of 5%-15%, were reported in estimated T2 values depending on the number of 

echoes, echo spacing and the timing of the first echo [370]. On the other hand, a 32-echo 

10-ms inter-echo interval CPMG sequence constitutes the de facto standard for in vivo 

T2 relaxometry [282,369,370]. Regarding the difference in the extent of the sampling, 

we have reanalyzed our data with sampling windows aligned to those of Zhou et al. (thus 

truncating the data at 152 ms for the 8-ms refocusing data set, and at 154 ms for the 11- and 

22-ms refocusing interval data sets). Notably, while the absolute values of all T2 estimates 
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decreased, all the conclusions still held: i.e., the usual T2 tissue contrast was preserved for 

all subjects, at all refocusing intervals; there was a small but statistically significant effect 

of the refocusing interval, whereby the estimated T2 decreased by an average 3± 1 ms in 

GM and 3±2 ms in WM between 8- and 22-ms acquisitions. 

We also noted that the subject age distribution in the study by Zhou et al. (32±8 yrs) 

was different than the one in our investigation (29±5 yrs), whereas the actual age ranges 

were quite similar (22 to 44 yrs in the former and 24 to 42 yrs in the latter). Although 

a very slow ferritin accumulation for either age range is expected in the occipital cortex 

based on the literature [140], we explored the effect of age on our T2 estimates (both in 

terms of tissue T2 contrast and the T2 dependency on the refocusing interval) post hoc 

by looking at differences between the groups composed of the four youngest (24±0 yrs) 

and the four oldest (38±4 yrs) subjects in this study. We found a preserved, statistically 

significant (p < 10-5) ordering of tissue T2S (i.e., T2GM > T2WM); a trend of decreasing T2 

with increasing refocusing interval (p > 0.4); and no statistically significant effect of age 

(p > 0.7). 

The difference in the ROI definition may also account for the differences in the findings. 

Specifically, the volumes of interest (for both GM and WM) in the study by Zhou et al. 

were much smaller than the ones used here. The authors employed two occipital ROIs of 

1-4 voxels each, i.e., a volume of 0.0052-0.021 cc per tissue in each of the 8 volunteers, 

with GM ROIs apparently located in the area of the primary visual cortex. The regions of 

interest considered in this study, on the other hand, have an average (across the 23 subjects) 

volume of 4.8±1.6 cc and 6.1±1.7 cc in WM and GM, respectively (cf. Tables 3.1 and 3.2) 

and come from across the occipital lobe section enclosed in the axial CPMG slice. We thus 

expect our GM T2 values to reflect an average across the occipital cortex and note that the 

variability in the occipital cortex cytoarchitecture, particularly the high density of granular 

cells and high degree of myelination of the primary visual cortex may underlie the different 

T2 GM vs. T2 WM ordering. 
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Finally, while the T2 data in the studyby Zhou etai. was ofhigherresolution (1x1.3x2mm3) 

than that obtained with our CPMG acquisition (1x1x5 mm3), it is important to note that the 

careful analysis was undertaken to ensure minimal partial volume errors in our ROIs. The 

segmentation was thus based on Bayesian classification of a 1xlx1 mm3 3D Tl-weighted 

acquisition. A very careful selection of the training data - namely, the selection of voxels 

within a very limited occipital VOl with separate training sets for each subject - is expected 

to provide very good Bayesian segmentation [25]. Indeed, a validation of the paramet-

ric Bayesian classification showed robust performance with respect to noise, RF inhomo

geneities and slice thickness [197]. Moreover, minimal intensity nonuniformities arise in 

our, very limited, occipital VOL We thus expect excellent performance of the Bayesian 

segmentation and, based on visual inspection, very good spatial coincidence between the 

high resolution 3D Tl-weighted scan and the 2D CPMG data, thereby ensuring a very low 

CSF contamination of our ROIs (with average normalized a posteriori probability of CSF 

in the GM ROI of O.6±0.4%) and a correspondingly high sensitivity to the intrinsic con

trast between GM and WM (that might otherwise be obscured by partial voluming between 

GM and CSF). Overall, given our substantial subject pool, large number of echoes, ex

tensive ROIs and very low partial voluming, we feel confident of the presented occipital 

T2 estimates. We also note that our experimental results agree weIl with the preliminary 

theoretical predictions of tissue T2 (of 92 ms for T2GM and 87 ms for T2W M) presented by 

Zhou et al. and based on the water content, myelin water fraction and blood volume of 

gray and white matter, respectively [386]. 

The second major finding of the present work is the statistically significant effect, after 

controlling for inter-subject variability, of the CPMG refocusing interval on the occipital 

tissue T2 estimates at 1.5T. The small decrease, of 3±2 %, in the T2 values of either tis

sue can be accounted for by the effect of blood. (It is worth noting that the very small 

blood content of either tissue as well as proximity of T2 of blood to those of tissue at 1.5T 

precludes bi-exponential modeling of in vivo data: the mono-exponential decay model is 

thus applied to ROIs composed of both tissue and blood.) Specifically, the confinemen-
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t of paramagnetic deoxyhemoglobin (dHb) to red blood cells gives rise to two vascular 

compartments with distinct magnetic properties: the intra-erythrocytic and the plasmatic. 

The exchange of water spins between these two environments (with exchange time of 6 to 

8 ms [40,67]) causes a Larmor frequency shift which, in tum, results in enhancement of 

the blood R2 [46]. Following Luz and Meiboom's model of chemical exchange between 

multiple sites at different frequencies [225] to describe this dependency, the R2 of blood 

(R2b) is given by [379]: 

2 2'tex 't180 
R2b =R20+Hct(1-Hct)(t::,ro) 'tex(l- -tanh-

2 
), 

't180 'tex 
(3.1) 

where R20 is the intrinsic R2 of blood; Hct is the hematocrit; 'tex is the average exchange 

time; and 't180 is the refocusing interval. The frequency shift resulting from the different 

susceptibilities of the two compartments, t::,ro, depends on the level of blood oxygenation 

[379]: 

(3.2) 

where roo is the Larmor frequency; 11 is a dimensionless constant determined by the shape 

and spacing of dHb-containing erythrocytes as well as the susceptibility of dHb; and Y 

is the blood percent oxygenation. Parametrizing these equations with physiological values 

from the literature [353], the T2 ofvenous blood (having oxygen saturation of rv60% [353]) 

decreases by rv 45% between the 8- and 22-ms refocusing interval acquisitions, in accor

dance with the published values from in vitro experiments [379]. Thus, even with the small 

blood content of the tissue (rv6% for GM and rv4% for WM [353]), a change in the ob

served T2 is expected. Assuming a slow exchange across the capillary wall, the normalized 

signal from a voxel composed of either white or gray matter and blood is: 

(3.3) 



84 Susceptibility-induced Spin-echo Signal Dephasing in Tissue 

where Xt and Xb are tissue and blood water volume fractions, respectively. Furthermore, 

the blood component is composed of arteriolar, capillary and venous contributions, with 

respective volume fractions and oxygen saturation levels set to literature values [353]. Fit

ting the signal values predicted by this bi-exponential equation to the mono-exponential 

decay model, the T2 estimate decreases by 3 ms in gray and 2 ms in white matter between 

the 8- and 22-ms refocusing interval acquisitions, in excellent agreement with our observed 

in vivo drop of 3.3± 1.5 ms in gray and 3.0± 1.5 ms in white matter. The presence of para

magnetic deoxyhemoglobin attenuates the extra-vascular signal as weIl, due to diffusion 

of tissue spins in the local magnetic field gradients surrounding the partially deoxygenated 

blood vessels. However, the extravascular effect of deoxyhemoglobin is minimized [353] 

by the employment of the train of refocusing pulses in the CPMG acquisitions used here. 

On the other hand, there are potential extravascular sources of tissue T2 dependence 

on the refocusing interval. Notably, the heterogeneously distributed ferritin, with its anti

ferromagnetic core [43], is expected to induce local magnetic field perturbations, thereby 

shortening the T2. Indeed, pronounced T2 decreases have been observed in the extrapyra

midal system in a number of brain iron studies [116,359,382]. However, the importance 

of the ferritin's relaxivity effect relative to other in vivo transverse relaxation mechanisms 

remains disputed [54,55]. Finally, the occipital cortex has a low non-heme iron content 

(an average 4.55±0.67 mg of iron per 100g of fresh weight [140]) compared to that of the 

extrapyramidal system (with a mean of 15.36±4.86 mg of iron/100g fresh weight [140]). 

In spite of an expected increase in ferritin's relaxivity at higher fields, it is questionable 

whether ferritin accumulation alone can account for the dramatic (30-40%) refocusing in

terval dependent variation of occipital tissue T2 estimates, observed by Bartha et al. at 4 

and 7T, between the short ('t 180 < 10 ms) and long ('t 180 > 10 ms) refocusing interval acqui

sitions [19]. In particular, they reported strong refocusing rate dependence of occipital WM 

T2 despite the extremely low concentration of ferritin in the occipital WM [83, 151]; as weIl 

as similar WM and GM T2 drops despite a large difference in the tissues' ferritin contents. 

Both of these propound a source of magnetic inhomogeneities other than ferritin. Irrespec-
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tive of the origin of the observed relaxation enhancement, however, the degree of the T2 

shortening and the range of refocusing intervals over which it occurs depend on the nature 

of the underlying transverse relaxation enhancement mechanism as well as the strength of 

the extemal magnetic field. Rence, due to the lack of definitive knowledge about the under

lying mechanism(s), an extrapolation of the 4 and 7T data to 1.5T is not available. While 

the limited T2 shortening with increasing refocusing interval observed here at 1.5T most 

likely arises from the changes in the T2 of the partly deoxygenated blood in the regions of 

interest, we cannot role out more pronounced occipital tissue T2 shortening at higher fields, 

possibly due to a combination of relaxation mechanisms. Nevertheless, the small observed 

magnitude of the T2 shortening at 1.5T for the refocusing intervals of interest provides sup

port for our CBV methodology [339]. Specifically, the isolation of the blood signal in that 

method, allowing for quantification of CBV changes accompanying functional activation, 

is achieved through variation of the refocusing interval, at constant echo time, in neighbor

ing measurements, thus relying on the uniqueness of T2blood dependency on the refocusing 

interval in the range of refocusing intervals explored here. 

In conclusion, we have observed the common gray-white matter T2 contrast (i. e., T2GM > 

T2WM) in the occipital lobe and a small, but a statistically significant (p < 10-3) decrease 

of tissue transverse relaxation time with increasing CPMG refocusing interval (3.3± 1.5 ms 

drop in T2 of gray and 3.0± 1.5 ms drop in T2 of white matter for refocusing interval elonga

tion from 8 to 22 ms). The estimated T2 values lie in the expected range based on the earlier 

T2 relaxometry studies and are in close agreement with theoretical GM and WM tissue T2 

calculated from estimates of the water content, myelin water fraction and blood volume of 

each tissue [386]. The observed shortening of the estimated T2 can be accounted for by the 

known effect of refocusing interval on the T2 of partly deoxygenated blood. The results al

so lend support to the hypothesis of a refocusing rate independent T2 of extravascular brain 

tissue at 1.5T. 
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Chapter 4 

Susceptibility -induced Spin -echo Signal 

Dephasing in Blood 

4.1 Preface 

Having established that the refocusing interval variation employed in our venous CBV 

measurement technique has a negligible effect on the tissue relaxation time, we proceeded 

to carefully quantify the effect of the refocusing interval ('t180) on the spin-spin relaxation 

time in blood, at various levels of oxygen saturation (Y). The findings of in vitro human 

whole blood relaxometry studies described in the following manuscript allow estimation 

of venous CBV changes via our novel technique and are also of interest for signal mod

eling in spin-echo blood oxygenation level dependent (BOLD) experiments. A range of 

blood oxygenation levels, pertinent to normal functional physiology, was achieved through 

an exercise paradigm. The multi-echo data for T2 estimation was collected in vitro, while 

probing an extensive range of refocusing intervals. Ensemble fitting of the entire set of 

T2 estimates was performed using both the fast chemical exchange model and the model of 

diffusion in weak magnetic field inhomogeneities. A large reduction in the residual sum-of

squares was found in the diffusion modeling (when compared to fast exchange modeling) 

and led to its selection in describing the spin-spin relaxation rate enhancement by deoxyhe-



88 Susceptibility-induced Spin-echo Signal Dephasing in Blood 

moglobin compartmentalization. The longitudinal relaxation rate decreased linearly with 

y and increased with hematocrit. These parametrizations of the dependence of transverse 

and longitudinal relaxation rates on oxygen saturation allow the prediction of the blood 

signal at any oxygenation level and refocusing interval. Furthermore, the results support 

the application of the recent diffusion model in describing the deoxyhemoglobin-induced 

blood transverse relaxation rate enhancement at 1.5 T. Finally, the data collected allow s

election of the sequence parameters in our CBV method to minimize the sensitivity of the 

recorded activation-induced signal change on the intravascular spin-echo BOLD effect and 

hence provide robust estimation of venous CBV changes accompanying normal functional 

activation. 
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4.2 Abstract 

Ruman whole blood relaxometry experiments were performed to allow the prediction of 

blood signal changes with blood oxygen saturation (Y) and refocusing interval ('t180), of 

particular interest in spin-echo blood oxygenation level dependent experiments and in a 

recently proposed non-invasive fMRI method for cerebral blood volume measurements. 

Ensemble fitting of the entire set of T2 estimates, obtained over an extensive range of Y 

and 't180 values, was performed using both the fast chemical exchange model and the mod

el of diffusion in weak magnetic field inhomogeneities. Diffusion modeling resulted in 

a large reduction in the residual sum-of-squares when compared to fast exchange model

ing. The longitudinal relaxation rate decreased linearly with Y and increased with hema

tocrit. The results support the application of the recent diffusion model in describing the 

deoxyhemoglobin-induced blood transverse relaxation rate enhancement at 1.5 T. 

Key words: blood, relaxation, diffusion, exchange 
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4.3 Introduction 

Due to the paramagnetic nature of deoxyhemoglobin (dHb), partial deoxygenation ofblood 

leads to the establishment of microscopic magnetic field gradients and, consequently, an 

enhanced rate of spin dephasing - an effect widely exploited in the blood oxygenation level 

dependent (BOLD) tMRI. Both extra- and intravascular compartments contribute to the 

total BOLD response, with the relatively long exchange time of water across the capillary 

wall (on the order of 0.5 s [306]) rendering the two compartments separate on the time sc ale 

of an MRI experiment. Despite a very small cerebral blood volume fraction, the increase 

in the T2 of blood with oxygenation is so much greater than that of tissue that almost aIl 

of the spin echo BOLD response at 1.5 T originates in the vasculature [353]. This strong 

dependency of blood T2 on the degree of oxygen saturation (Y) has been used for venous 

blood oximetry [379] as weIl as oxygen extraction measurements [130]. The associated 

sensitivity ofblood T2 on the refocusing interval [346] has recently been exploited to isolate 

the blood signal and afford non-invasive measurements of cerebral blood volume (CBV) 

changes [339]. Accurate quantification of the physiological parameters of interest via these 

techniques is contingent on the robust quantitative prediction of spin-spin relaxation in 

blood over the physiological range of Y and for the refocusing intervals employed in a given 

acquisition. In this study, we set out to characterize the effect of blood oxygenation and 

refocusing interval on T2 of human whole blood, in the context of normal brain physiology. 

Although numerous studies have been performed on red blood cell suspensions, whole 

bovine blood, and human whole blood to investigate the dependence of blood T2 on var

ious physiological parameters, a complete understanding of the underlying mechanism is 

stilliacking. Invariably, the studies reported a pronounced shortening of T2 with deoxy

genation and refocusing interval elongation. Qualitatively, this phenomenon clearly results 

from sequestration of paramagnetic deoxyhemoglobin (dHb) in red blood cells of partly 

deoxygenated blood [346]. Quantitatively, however, much controversy remains, with var

ious models having been proposed to exp Iain the effect, including fast chemical exchange 

of water protons between the two compartments [46,130,131,379] and/or diffusion in the 
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intra- and/or extracellular magnetic gradients [42,120,346]. In view of the complexity of 

diffusion modeling [246], a number of researchers in the past have used the exchange mod

el as a convenient analytical approximation [42]. Recently, Jensen and Chandra described a 

detailed theoretical model of the transverse relaxation rate enhancement in the presence of 

weak microscopic field inhomogeneities [172] and applied it to the published Carr-Purcell

Meiboom-Gill (CPMG) data for isotonic and hypotonic red blood cell suspensions using 

canine as well as human blood. Brooks et al., in turn, showed the equivalence between the 

chemical exchange model and the diffusion model in the short- and long-echo limits [44]. 

Nevertheless, a considerable variability in the parameter estimates has been reported in 

practice across different studies employing either exchange or diffusion models [130,246]. 

In addition to consideration of spin-spin relaxation, an effect of deoxygenation on the 

spin-Iattice relaxation time is also of interest, since the typical repetition time in an !MRI 

experiment (chosen to maximize temporal resolution) makes the resulting BOLD signal 

sensitive to Tl variations. Moreover, a dependency of Tl on Y (and hence the extent of 

Tl variation across the vasculature) would affect perfusion quantification via arterial spin 

labeling [324], techniques dependent on blood signal isolationas well as the aforementioned 

technique for CBV quantification [339]. In contrast to a number of earlier studies [18,335, 

346], a recent report [324] documented a sensitivity of Tl in blood on hematocrit as well 

as oxygen saturation. The dHb-induced changes in Tl, of much smaller relative magnitude 

than those of transverse relaxation time, have been postulated to result from direct dipolar 

interactions of water protons with the paramagnetic deoxyhemoglobin [324]. 

To investigate the relaxation mechanisms in human whole blood, particularly as they 

pertain to the brain activation physiology, we tested the CUITent models of spin-spin relax

ation in blood and provided in vitro estimates of each model's parameters while spanning 

the !MRI relevant range of blood oxygenation levels and an extensive set of refocusing 

intervals. To complete the blood signal characterization, the dependence of Tlblood on Y and 

hematocrit was examined. Beyond providing insight into blood relaxation behavior, we 

strove to arrive at a robust parametrization of the best performing model, thereby enabling 
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precise quantification of intravascular spin-echo signal changes following brain activation 

and facilitating accurate measurements of the physiological parameters of interest in the 

acquisition strategies relying on the dHb-induced blood T2 shortening phenomenon. 

4.4 Theory 

The confinement of the paramagnetic deoxyhemoglobin to red blood cells gives rise to 

two vascular compartments of distinct magnetic properties: the intra-erythrocytic and the 

plasmatic. The exact mechanism of the deoxygenation induced shortening of the T2 of 

blood has been variably ascribed to the transmembrane exchange of water spins between the 

two environments [40,46,67] and/or diffusion in the local intracellular [121], extracellular 

[37] or combination of intra- and extracellular magnetic field gradients [120,346]. 

In the exchange model, the spins experience effectively instantaneous jumps between 

the two compartments [46]. Following Luz and Meiboom's model of fast chemical ex

change between two sites at different frequencies [225], the dependency of blood T2 (T2b) 

on the refocusing interval ('tI80) is given by: 

1 1 ~2 2'tex 'tI80 - = -+r Ko'tex(1- -tanh-), 
T2b T20 'tI80 2'tex 

(4.1) 

where T20 is the intrinsic T2 of blood (here indicating the limiting T2 of blood as the re

focusing interval tends to zero); 'Y is the gyromagnetic ratio (2.675x108 rad/s/T); Ko is 

the variance of microscopic spatial field inhomogeneities [172]; and 'tex is the average ex

change time of a spin between the two compartments. 

Altematively, Jensen and Chandra have recently described the effect of weak micro

scopic field inhomogeneities on the spin-spin relaxation in the presence of diffusion of 

significant magnitude relative to the length scale of the field inhomogeneities [172]. The 



94 Susceptibility-induced Spin-echo Signal Dephasing in Blood 

dependence of blood T2 on the refocusing interval was described as [172]: 

(4.2) 

where Go is the mean squared magnitude of the field inhomogeneities; rc is the characteris

tic length scale for the spatial variations of the field inhomogeneities; and D is the diffusion 

coefficient. The function Fis given by [172]: 

00 

1 ! e-Y 1 F(x) = Vi y'Y(1- xytanh(xy))dy. 
o 

(4.3) 

4.5 Methods 

4.5.1 Blood Collection and Handling 

Whole blood specimens were obtained by venipuncture from four healthy adults on two 

separate occasions. The blood was drawn from the superficial veins of the non-dominant 

forearm into 15 mm diameter, 3 mL, draw dry heparanized syringes (Becton Dickinson 

Vacutainer Systems, Franklin Lakes, New Jersey), with special care being taken to avoid 

any air bubble formation in the vacutainer. The oxygen saturation was modified in vivo 

via exercise. Specifically, forearm occlusion was achieved by inflation - to rv50 % above 

the subject's systolic pressure - of a blood pressure cuff, positioned rv4 cm superior to the 

olecranon process. The first sample was drawn with the arm at rest. The subject was then 

instructed to lift a 5 lbs hand weight repeatedly by altemating elbow flexion and extension 

(with the non-dominant arm) for about 4 minutes. Another two blood samples were drawn 

in the course of the exercise. Finally, the forearm cuff was released and the last blood 

sample drawn during the ensuing hyperoxymic stage. Informed consent was obtained prior 

to each session in accordance with institutional guidelines. 

Immediately following the phlebotomy, the filled vacutainers were placed in a custom

built gear made of LEGO (The Lego Group, Billund, Denmark). They were secured in a 
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wooden frame, custom built to fit into the transmitlreceive CP Extremity Coil (Siemens, 

Erlangen, Germany), with the long axes of vacutainers parallel to the applied static mag

netic field. A long wooden rod connected the frame to a veristaltic pump (Manostat, New 

York), allowing rotation of the vacutainers about their long axes, at fV20 rpm. The pump 

was connected to a custom built switch, which received triggers from the scanner and pro

vided the pump with power (hence enabling the gear rotation) only during the delay period 

at the end of each repetition (with the pump switched off 1 s prior to the readout). The 

chosen rotation frequency prevented the settling of erythrocytes, known to significantly af

fect the lineshape within 2-3 min [114,241,335], while minimizing the inertial motion of 

blood during readout. The rotation rate employed corresponds to an average linear velocity 

below 1 cm/s and is hence representative ofblood flow in the microvasculature [306]. 

Within five minutes following the completion of the MR relaxometry measurements, 

the blood samples were analyzed using a Bayer 800 series blood analyzer and co-oximeter 

system (Bayer AG, Leverkusen, Germany). The measurements of the blood gases and 

oxygen status were corrected for the scanner room temperature (22°C). The co-oximetry 

was done on each sample to establish the content of hemoglobin and its derivatives as weIl 

as estimate the hematocrit (Hct). 

4.5.2 Blood Relaxometry 

Two single slice sequences were used for in vitro blood T2 relaxometry: a T2 prepared seg

mented EPI sequence [38] (2.3x2.3x5 mm3) on the first set of blood samples, and a 32 echo 

CPMG sequence (2x2x5 mm3) on the second set of blood samples. The former sequence 

contained a non-selective T2-weighted preparation composed of a non-selective 90° exci

tation, followed by a train of hard refocusing pulses with subsequent non-selective tip-up, 

slice-selective excitation and segmented EPI readout. This scheme is particularly suited to 

the application at hand because it allows very short refocusing intervals to be probed, a crit

ical issue in view of the time scale of the exchange/diffusion processes being investigated. 

The refocusing intervals employed were 2,2.5,3,3.74,4,4.5,5, 7, 10, 12, 14, 17,20,30, 
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and 40 ms. This sampling was motivated by a number of considerations: the expected high 

rate of change of T2 blood with respect to the refocusing interval for 't180 below 10 ms; the 

comparison between the T2 blood estimates from the T2 prepared EPI data with those of 

the CPMG acquisition; and the refocusing intervals employed in our CBV technique [339]. 

The order of acquisitions with different refocusing intervals was randomized. To investi

gate the reproducibility of the blood T2 estimates over the scanning window, at least two 

randomly selected refocusing intervals were probed twice in the course of a scanning ses

sion. To minimize the confounding effects of imperfect slice profiles and sensitivity to BI 

inhomogeneities, non-selective composite 90~-180;-90~ pulses were used for refocusing, 

with their phases following the MLEV pattern [215]. Finally, a large spoiling gradient was 

applied following the slice-selective tip-up to dephase any remaining transverse magnetiza

tion. For each refocusing interval, six different T2 preparation durations were ron, providing 

six effective echo times, equally spaced over the sampling window, which extended from 

20 to 120 ms for the shortest, and from 80 to 480 ms for the longest refocusing interval 

acquisitions, respectively. The acquisition parameters included a 150 by 112.5 mm FOV, 

with a 64x48 matrix, EPI factor of 3 (i.e., 3 k-space lines per readout), readout bandwidth 

of 616 Hz/pixel, and a 3 s repetition time. 

The purpose of the 32 echo CPMG acquisition, the de facto standard for T2 relaxome

try [282], was to test the robustness of the T2 prepared segmented EPI sequence in quan

tifying the T2 of blood in vitro. The inter-echo intervals in the various CPMG sequence 

versions were 7.5, 8, 8.5, 9, 9.5, 10, 11, 12.5, 15, 17.5,20, 25, 30, 35, and 40 ms. The 

sequence parameters were optimized to provide robust T2 measurements with the shortest 

achievable inter-echo intervals. The CPMG variants were played out in randomized or

der. As before, non-selective composite 90~-180~-90~ pulses were used for refocusing. To 

suppress stimulated echoes, flow effects, and signal contributions outside of the slice of 

interest, the refocusing pulses were flanked by spoiling gradients, alternating in sign and 

decreasing in magnitude [282]. The total diffusion weighting due to these gradients was 

small, with b< 1 s/mm2 in the last echo. Identical crosher gradient amplitudes and timing 
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with respect to the refocusing pulses in all versions of the CPMG sequence ensured identi

cal b values. A 256 by 128 mm field of view, with a 128x64 matrix, readout bandwidth of 

315 Hz/pixel, and a 4 s repetition time were used in each CPMG acquisition. 

The spin-Iattice time constant ofblood was quantified using a single slice Look-Locker 

sequence [186] with a segmentedEPI readout (2.3x2.3x5 mm). A composite 90~-180;-90~ 

pulse was used for non-selective inversion, with TI set to 15 ms. Each of the four 200 

excitation pulses, applied every 495 ms, was followed by a readout with a TE of 10 ms. 

The readout bandwidth was set to 140 Hz/pixel, with 150 mm readout FOV, 75 % phase 

FOV, and a 4 s repetition time. The total scan time per set of four blood samples was 

approximately 80 minutes. In each case, the imaging slice was 5 mm thick, perpendicular 

to the long axes of the vacutainers, and positioned at the center of the 20 mm long blood 

filled compartment. Localized shimming was done on the imaging slice at the beginning 

of the experimental protocol. AlI studies were performed on a Siemens 1.5 T Magnetom 

Sonata system (Siemens, Erlangen, Germany). 

4.5.3 Data Analysis 

Non-linear least squares minimizationwas used for fitting of the multi-echo data from both 

T2 prepared segmented EPI and CPMG acquisitions in the region of interest at the center 

of each vacutainer (hence avoiding any partial volume effect) to a mono-exponential decay 

model. Subsequently, the repeatability quotient [26] within each method was calculated 

to assess the repeatability of the measures across time, thereby testing the effects of the 

erythrocytic metabolism over the course of the experiment on the T2 estimates. The limits 

of agreement [26] between the two methods were computed to test the validity of using the 

T2 prepared segmented EPI acquisition for T2 relaxometry. Both exchange and diffusion 

models were then fitted to the T2 estimates derived from the T2 prepared EPI data. In 

each case, the nonlinear model fitting was performed using a trust region method. For 

both model structures, two model orders were investigated: a constrained model, in which 

T20 was fixed across oxygen saturation levels; and an unconstrained one, in which the T20 
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was allowed to vary with Y. In all cases, a single common 'tex for exchange or ?ë/2D for 

diffusion was imposed on all T2 vs. 't180 curves, while Ko (in exchange) or Go (in diffusion) 

varied with Y. An F-test was employed to select the optimal model order within each model 

structure. The dependence of the variance of microscopic spatial field inhomogeneities on 

blood oxygen saturation level was also investigated. Non-linear least squares minimization 

was used for fitting the mono-exponential recovery model to the Look-Locker data. The 

dependence of the resulting Tl estimates on Y was explored via non-linear least squares 

minimization and two-way analysis of variance employed to assess the effect ofhematocrit 

on the Tl estimates. 

4.6 Results 

4.6.1 T2 Relaxometry 

The mean difference across time for the repeated T2 estimates (N=20) using the T2 prepared 

multi-shot EPI acquisition was O.1±1.7 ms (mean±standard error). The corresponding re

peatability coefficient was 15 ms, so that an absolute difference in the repeated T2 estimates 

of less than 15 ms is expected in 95 % of the cases given an approximately normal distri

bution of the differences [26]. A higher repeatability was observed for the CPMG based 

T2 estimates (N=8), as expected, with mean difference across time of O.O±1.8 ms and the 

repeatability coefficient of 10 ms. The limits of agreement (i.e. two standard deviations of 

the differences) for T2 estimates (N=5) from acquisitions with matched refocusing interval, 

blood oxygen saturation, and hematocrit using T2 prepared segmented EPI and 32 echo 

CPMG acquisitions were -7.8 ms to 2.7 ms (95 % confidence interval of -13 ms to -2.1 ms 

for lower; and -2.9 ms to 804 ms for the upper bound). The mean difference between the T2 

estimates of the two measurement techniques was -2.5 ms, with zero included in the 95 % 

confidence intervals on this bias. 

The set of T2 estimates (N=120), obtained from mono-exponential modeling of T2 pre

pared EPI data from blood samples with matched hematocrit (51.2±OA %, mean±standard 
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Table 4.1: Exchange and diffusion model parameter estimates. The exchange time ('tex) 

estimate was 3.0±0.2 ms, with the intrinsic spin-spin relaxation time (T20 ha ) and the ,exc nge 

curvature term (Ko) shown in columns 2 and 3 below. For the diffusion model, the char-
acteristic length scale of spatial variations of field inhomogeneities (re) was 4.3±0.2 J.lIT1 
(assuming a D of 2.0 J.lIT12/ms); and the intrinsic spin-spin relaxation time (T2o,diffusion)' 
203±3 ms, with the curvature term (Go) listed in column 4. 

y T 2o,exchange Ko Go 
[%] [ms] [10- 14 T2] [10- 14 T2] 
93 198±5 0.5±0.1 0.8±0.1 
87 197±5 1.4±0.2 1.9±0.2 
72 200±6 2.9±0.4 3.7±0.4 
66 183±7 3.7±0.5 5.5±0.6 
62 184±7 4.6±0.6 6.6±0.8 
48 179±9 7.3±1.0 1O.1±1.2 
43 169±1O 9.3±1.3 13.2±1.7 
42 166±1O 9.4±1.3 13.6±1.8 

error), was fitted using Eqs. 4.1 and 5.1. Allowing for variation of the intrinsic T2 of blood 

with oxygenation level produced a better fit (at 0.011evel of significance) in the exchange 

but not in the diffusion modeling, as established by the F-test of the reduction in the sum 

of squared residuals (SSR), in going from constrained to unconstrained models within each 

model structure (p values of 4.7x1O-8 and 1.3x1O-2 for exchange and diffusion models, 

respectively). Furthermore, the comparison of the sum of squared residuals for the selected 

model order within each model structure led to the selection of the diffusion model (in view 

of the constrained diffusion model producing a lower SSR than the unconstrained exchange 

model: SS~iffusion ",,1.85 ms2 and SSRexchange ",,2.49 ms2). The estimated blood T2 values 

at different levels of oxygen saturation as well as the fits of the unconstrained exchange and 

constrained diffusion models to these data are shown in Figure 4.1. Table 4.1 summarizes 

the results of this modeling. 

Given the selection of the higher order model within the fast exchange formulation, the 

intrinsic blood spin-spin relaxation time estimates from this modeling (T2o,exchang) were re-
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Figure 4.1: The T2 blood estimates and the fits of the constrained (a) and unconstrained 
(b) exchange; and constrained (c) and unconstrained (d) diffusion models. The hematocrit 
of the blood samples employed was 51.2±0.4 % (mean±standard error). Note the near 
coincidence of the bottom two curves, as expected in view of the corresponding blood 
samples having very similar oxygen saturation, with Y of 42 and 43 %, respectively. 



4.6 Results 101 

6.5 100 

90 

80 
6 

70 

~ 
60 

~~ 
5.5 50 

rr.
Na 

40 

30 
5 

20 

10 

50 60 70 80 90 100 Y[%) 0 
Y[%] 

Figure 4.2: The intrinsic blood spin-spin relaxation rate estimates from fast exchange mod
eling fitted against oxygen saturation. The intercept estimate was 1/(157±6) ms-1 and 
the slope, dR20/dY, (-0.0150±0.0037)xl0-3 ms-1/%. The SSR was 0.687xlO-3 ms2 and 
normalized mean squared error (NME), 2.33xlO-3. 

gressed against the blood oxygen saturation, for comparison with literature (cf. Figure 4.2). 

A significant correlation was found: ? ",0.83 and p"'4.8xlO-1O• Following the expected 

dependencies [268], the estimates of the mean squared magnitude of the field inhomo

geneities (Ko and Go) were fitted as quadratic functions of the blood oxygen saturation 

using weighted least-squares. These fits are shown in Figure 4.3, and the corresponding 

parameter estimates and fits quality assessment listed in Table 4.2. 

Table 4.2: The fits of mean squared magnitude of the field inhomogeneities estimated from 
the exchange (Ko, first row) and diffusion (Go, second row) models against (1- Y /100)2. 

3.1±0.2 
4.5±0.5 

SSR 
[10-27 ~] 

1.37 
1.07 

1.74 
2.73 
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Figure 4.3: The Ko estimates from the exchange (a) and Go estimates from the diffusion 
(b) model fitted as quadratic functions of the oxygen saturation level. 

Combining the above results, the dependence of blood T2 on the oxygen saturation, Y, 

and refocusing interval, 't180, at 1.5 T, for the physiologically relevant hematocrit is best 

modeled by Eq. 5.1 with T20 of 203±3 ms, ~ /2D of 4.60±OA2 ms and Go given by: 

Go = (4.50±O.51)1O-13 [T2
] (1- 1~)' (4.4) 

4.6.2 Tl Relaxometry 

The Look -Locker data, obtained from the same set of blood samples (hematocrit of 51.2±OA 

%, mean±standard error), were fitted to a mono-exponential recovery model via the non

linear least squares minimization. The dependence of the resulting Tl estimates on Y was 

obtained by linear fitting of the spin-Iattice relaxation rates. The results are shown in Fig

ure 4.4. The linear dependence of RIon Y is thus described as: 

1 1 [-1] ( ) -6 [ms-l] 
Tl - 996±36 ms - 1.22±0.54 10 ~ Y. (4.5) 
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Figure 4.4: The spin-lattice relaxation time ofblood fitted against oxygen saturation for the 
blood samples employed with Hct of 51.2±0.4 % (mean±standard error). The intercept es
timate was 1/(996±36) ms-l, and the slope, dRt!dY, (-0.00122±0.00054)xlO-3 ms- l/%. 
The SSR was 1.05xlO-3 ms2 andNME, 4.22xlO-3• 

The effect of hematocrit on Tl was investigated by using the above fit to compare the 

Tl estimates based on the samples with Hct of 51 % to those obtained for a set of blood 

samples with Hct of 45 %. Two-way analysis of variance reported a statistically significant 

effect (F = 123 and p < 10-9) ofhematocrit on the Tl estimates when controlling for oxygen 

saturation, the Tl increasing with decreasing hematocrit. 

4.7 Discussion and Conclusions 

The current findings strongly support the diffusion over the fast chemical exchange model 

for describing the dependency of the spin-spin relaxation time in blood on oxygen sat

uration and refocusing interval at 1.5 T. In line with earlier studies [130,323,379], the 

dependence of the transverse relaxation rate shift on blood oxygen saturation was well 

modeled by a quadratic function. The model order optimization led to the selection of 

the constrained diffusion model, with a constant intrinsic transverse relaxation time. Even 

when T20 was allowed to vary with Y, we found no significant correlation of the result-
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ing T20,diffusion estimates with oxygen saturation (data not shown): the slight variation in 

the se estimates for different Y may have derived from small differences in the hematocrit 

of individual blood samples, in addition to noise. 

In contrast, the quality of the exchange model fit significantly improved when the in

trinsic transverse relaxation time was allowed to vary with oxygen saturation, with the 

T20,exchange estimates increasing linearly with Y, as reported earlier [130]. This preference 

for the Y-dependent T20,exchange possibly attests to the limitations of using the fast exchange 

formulation, the "rapid" exchange limit being just achieved at 1.5 T [242]. While our 

exchange time estimate of 3.0±0.2 ms lies well within the literature range of 0.6 to 10 m

s [42,46,130,131,148,246,346,379], the limited applicability of the fast chemical ex

change model to the present circumstances hinders the exact interpretation of this parame

ter [120, 130]. 

The parametrizations obtained agree very well with those estimated by Jensen and 

Chandra for the human whole blood data published by Brooks et al. Specifically, for ful

ly deoxygenated blood, the model of uniformly magnetized, randomly distributed spheres 

(i.e., Eq. 53 in [172], with (4npR3/3) set to Hct) produced a Go estimate of 6.32x1O-13 T2, 

compared to (4.50±0.51)x1O-13 T2 predicted here (cf. Bq. 5.2). The latter Go value corre

sponds to a susceptibility difference between plasma and fully deoxygenated erythrocytes 

of (1.69 ± 0.38)x1O-7 cgs emu/cm3 De, or (21.2 ± 4.8)x1O-3 in SI, the corresponding lit

erature range being 1x1O-7 to 3.5x1O-7 cgs emu/cm3 De [40,242,335,347,353,366,378]. 

In view of the limitations of the random spheres model [172], this agreement is reasonable. 

For Brooks's data with Y of2 % [42], Jensen's fit produced a Go estimate of 4. 16x1O-13 T2 

(scaled to 1.5 T) which is in excellent agreement with Go of (4.32±0.49)x1O-13 T2 ob

tained from the Eq. 5.2 here. The characteristic length scale for the spatial variations of 

the field inhomogeneities of 4.3±0.2 J1IT1 obtained is also in line with Jensen's estimate 

of 4.2 J1IT1 [172]. For the same data set, the present exchange model parametrization pre

dicts a Ko of (3.01±0.15)x1O-13 T2 and an exchange time of 3.0±0.2 ms, compared to 
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the corresponding Jensen's estimates of2.60xlO-13 T2 (again scaled to 1.5 T) and 3.6 ms, 

respectivel y. 

It is important to stress that while our results support the use of Jensen and Chandra's 

diffusion model of spin-spin relaxation enhancement in partially deoxygenated blood over 

fast exchange at 1.5 T, they do not role out sorne contribution of chemical exchange to 

R2 enhancement. Furthermore, at fields above 1.5 T, a regime change, from rapid to in

termediate exchange, occurs so that the chemical exchange contribution, in contrast to the 

diffusion one, does not scale with B5 [209,242,378]. As expected from the theoretical 

work of Brooks et al. [44] and clearly seen from the similarity of panels in Fig. 4.1, the 

chemical exchange model has the ability to reproduce the essential characteristics of the 

diffusion model: all that the present results demonstrate is that the diffusion model fits the 

data better. The quantification of the relative contributions of the two mechanisms is not 

achievable through the present comparison of the rather simplified descriptions of exchange 

and diffusion phenomena afforded by models under investigation and is beyond the scope 

of this study, the primary objective here being robust blood signal characterization in SE 

functional brain activation experiments using the best performing model. 

The parametrization of the diffusion model obtained allows ready evaluation of in

travascular SE signal changes upon functional activation. Specifically, for a venous blood 

oxygen saturation change from 65 to 75 % and with the typical spin echo BOLD TE of 

100 ms, venous blood transverse relaxation time elongation from 62 to 94 ms is predicted, 

for a corresponding venous blood signal change of 74%. (The total intravascular SE BOLD 

response, however, will be deterrnined by the relative volume contributions of the different 

vascular compartments and the changes in their respective oxygenation levels, dictated by 

activation-induced perfusion and oxygen consumption changes [353].) 

With respect to spin-Iattice relaxation, the observed increase of Tl with decreasing Hct 

is in agreement with an earlier report [324]. This phenomenon has been attributed to a 

higher protein content of red blood cells with respect to plasma [175]. Moreover, the rise 

in Tl with the oxygenation level, postulated to arise from direct (though limited) proton-
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dHb dipolar interactions [324], agrees with the reports at 4.7 and 0.19-1.4 T [131,324] but 

not with a study at 1.5 T [18]. A significantly smaller effect of Y on RI at 1.5 T with respect 

to that reported at 4.7 Tin combination with limited sampling (only 2 oxygenation levels 

having been probed in [18]) may have precluded the detection of this dependency in the 

earlier 1.5 T study [18]. 

Two methodological notes, on temperature and hematocrit, should be made. Based 

on the published value of the ex vivo erythrocyte metabolism rate at 37°C [134], the ex

pected drops in Y and pH over the course of the relaxometry measurements undertaken 

( ",,80 minutes) are 3±1 % and 0.08±0.03 pH units and thus within the standard error of 

the blood gas analyzer (as attested by repeated measurements on the same blood samples 

performed for repeatability assessment). The temperature of 22°C reduces the red blood 

cell metabolism even further, while the corresponding T2 shortening is expected to be lim

ited at 1.5 T over this range of temperatures (",,5% decrease in T2 from 37 to 22°C [338]). 

On the other hand, the spin-Iattice relaxation time is known to significantly decrease with 

decreasing temperature, by ",,12 % between 37 and 22°C [223]. This study did not inves

tigate the dependence of T2 on the hematocrit, the application to normal brain physiology 

being a primary motivation for the experiment. The blood samples presently employed 

for spin-spin relaxometry were drawn from healthy, young adult males; the T2 estimates 

derived from samples obtained from female volunteers, with Hct of 45-48%, showing the 

same functional dependence on Y and 'tI80 (data not shown). Over the physiological range 

of Hct (quoted as 30-50% [346]), a ±15 % variation in T2 has been reported [346]. The 

mean squared magnitude of the field inhomogeneities, Go, in the diffusion model varies 

linearly with hematocrit (c.! Eqn. 53 of [172]. 

To ensure robust prediction of blood relaxation rates, the experimental procedure in

cluded relaxation rates estimation on samples with same Hct and Y derived from different 

subjects, repeated refocusing interval measurements, and different acquisition strategies. A 

comparison of the relaxation times thus estimated with the literature values, nevertheless, 

requires normalization for a series of experimental conditions, as frequently emphasized. 
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Notably, extrapolating the Eqs. for R2 (for long echo time) by Spees et al. to our Hct val

ues yields very good agreement. Our T2 values (cf. Fig. 4.1c) are, however, somewhat 

higher than the ones reported by Wright et al. [379]. The venous T2 range obtained here 

for very fast refocusing is also somewhat higher than the one reported by Stadelmann et al. 

(T2 t'V 146 ms for venous blood at 't180 of 3 ms). On the other hand, higher corresponding T2 

values have been measured by both Golay et al. [130] and Silvennoinen et al. [324], likely 

reflective of these measurements having been made at higher temperature (37°) and lower 

hematoerit (44%). 

In summary, current findings provide support for the application of the recently reported 

model of diffusion in weak microscopie field inhomogeneities in describing the spin-spin 

relaxation rate enhancement in human whole blood at 1.5 T. The parametrization of this 

model in combination with the described linear decrease of spin-Iattice relaxation rate with 

blood oxygen saturation allow ready evaluation of intravascular blood signal changes for 

a given change in blood oxygen saturation at the seleeted refocusing interval. Moreover, 

an accurate quantification of physiological parameters of interest in methods relying on 

dHb-induced T2 shortening phenomenon is afforded. 
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Chapter 5 

Quantitative Dynamic fMRI 

Measurement of CBV 

5.1 Preface 

In the following chapter, a new, non-invasive fMRI technique for direct quantification of 

venous cerebral blood volume changes is presented, providing a means to measure changes 

in the key hemodynamic parameter underlying the widely employed BOLD response and 

test the frequently assumed flow-volume relationship. Venous refocusing for volume esti

mation (VERVE) isolates the deoxygenated blood signal by exploiting the dependence of 

transverse relaxation rate in deoxygenated blood on the refocusing interval, while assuming 

negligible effect of the currently employed refocusing rate variation on the extravascular 

signal, as supported by the findings of the occipital lobe relaxometry study presented in 

Chapter 3. This technique was applied in a visual stimulation study of healthy human vol

unteers. In vitro human whole blood T2 relaxometry data, described in Chapter 4, were 

used in simulations of a functional activation model to account for the intravascular BOLD 

effect and hence estimate the venous cerebral blood volume changes. The average venous 

blood volume change in the visual cortex region of interest, upon a robust visual stimu

lation, was estimated at 16±2%. The method allows noninvasive dynamic monitoring of 
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venous cerebral blood volume, thereby enabling further investigation of the physiological 

parameters determining the BOLD fMRI response. 
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5.2 Abstract 

A novel, noninvasive MRI-based method for measuring changes in venous cerebral blood 

volume (CBVy ) is presented. Venous refocusing for volume estimation (VERVE) exploits 

the dependency of the spin-spin relaxation rate of deoxygenated blood on the refocusing 

interval. Interleaved CPMG EPI acquisitions following a train of either tightly or sparsely 

spaced hard refocusing pulses (every 3.7 or 30 ms, respectively), at matched echo time 

were used to isolate the blood signal while minimizing the intravascular blood oxygenation 

level dependent (BOLD) signal contribution. The technique was employed to determine 

the steady-state increase in the CBV y in the visual cortex (VC) in seven healthy adult vol

unteers, during flickering checkerboard photic stimulation. A functional activation model 

and a set of previously collected in vitro human whole blood relaxometry data were used 

to evaluate the intravascular BOLD effect on the VERVE signal. The average VC venous 

blood volume change was estimated at 16±2%. This method has the potential to provide 

efficient and continuous monitoring of venous cerebral blood volume, thereby enabling fur

ther exploration of the mechanism underlying BOLD signal changes upon physiological, 

patho-physiological and pharmacological perturbations. 

Key words: venous cerebral blood volume; refocusing rate; BOLD; fMRI; 
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5.3 Introduction 

While blood oxygenation level dependent (BOLD) functional magnetic resonance imaging 

(tMRI) has become a major tool for examining brain function, the understanding of the 

mechanism underlying BOLD signal remains incomplete. Much work has been dedieated 

to the investigation of neuronal correlates of the BOLD response under normal physio

logical conditions, at the core of establishing its validity as a marker of neuronal activa

tion.To facilitate quantitative interpretation of BOLD signal changes, in tum, a number 

of research groups [49,77,155, 163]have proposed models of the BOLD response depen

dence on key metabolic and hemodynamic parameters: the cerebral metabolic rate of oxy

gen consumption (CMRo2), cerebral blood flow (CBF) and cerebral blood volume (CBV). 

Typically, no attempts were made in these studies to quantify CBV directly: instead, CBF 

was measured and a power-Iaw relationship (CBV=O.8 CBFo.38) assumed based on the 

PET experiments by Grubb et al. involving P aC02 manipulations in anesthetized rhesus 

monkeys [135]. While recent PET studies in humans have reproduced this dependence 

both during P aC02 perturbations and upon visual stimulation [171] ,a systematic underes

timation by the power-Iaw based CBV estimates has been reported in bolus tracking tMRI 

studies in humans [216]. Furthermore, the assumption that the flow-volume coupling is 

maintained between focal functional activations and transient, mild, global PaC02 pertur

bations, employed in the hypercapnie calibration of the BOLD response for purposes of 

CMRo2 quantification [77,155,185], has recently been questioned [162]. Similarly, in 

pharmacological MRI studies employing vasodilatatory agents (e.g. ethanol, cocaine, and 

nicotine), concems have been raised about the affected vascular compartment as well as 

the resulting CBF-CBV coupling [311]. A disrupted flow-volume coupling has been re

ported in a number of diseased states, e.g. increased volume in spite of decreased flow 

in oligernic and truly ischernic stages of "rnisery perfusion" [17]. Finally, irrespective of 

the steady state CBV-CBF link following physiological or pathological perturbations, an 

even greater uncertainty surrounds the flow-volume coupling under transient conditions in 

humans. Notably, a number of transient features in the BOLD response (typically the post-
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stimulus undershoot, but, tentatively, the initial dip as well) have been suggested to result 

from differences in the temporal evolution between CBV and CBF [50,233]. 

The traditional Ti-weighted dynamic bolus tracking methods for measuring CBV, fre

quently applied in humans [20, 111,216,248,274], have provided limited temporal res

olution and repeatability, thus being ill-suited for BOLD mechanism investigations. To 

address the quantification challenge with these methods, a Look Locker based Tl relaxom

etry with Gd-DTPA injection has recently been used to measure total CBV increase upon 

visual stimulation in humans [110]. In both rodents and non-human primates, important 

information on CBV changes and flow-volume coupling has been afforded by experiments 

employing superparamagnetic nanoparticles [233, 326].Beyond issues surrounding species 

differences, however, the data obtained in all of these studies reflect total cerebral blood 

volume changes. In contrast, the BOLD response is affected by changes in the venous 

blood volume (CBVy ) [49]. While CBVy change is typically equated to total CBV change, 

a substantial arterial contribution (",,36%) to total volume change has recently been re

ported in perfiuorocarbon studies of anesthetized rats undergoing hypercapnia [91, 208]. If 

representative of functional activation in humans, such pronounced arterial CBV contribu

tion to total CBV change translates into an underestimation of the increase in the rate of 

oxygen consumption for a given BOLD response (CBV y and CMRo2 both attenuating the 

BOLD response) when equating venous CBV increases to measures of total volume in

creases. Dynamic and independent quantification of venous CBV changes under a variety 

of conditions is thus essential for our understanding of normal brain physiology, mechanis

m underlying transient and steady-state BOLD responses, as well as clinical applications 

of BOLD fMRI. 

In the present study, we de scribe a new, noninvasive fMRI technique for direct quantifi

cation of venous cerebral blood volume changes. Venous refocusing for volume estimation 

(VERVE) isolates the deoxygenated blood signal by exploiting the dependence of trans

verse relaxation rate in deoxygenated blood on the refocusing interval. We employed this 

technique in a visual stimulation study ofhealthy adult volunteers. Independently collected, 



5.4 Theory 115 

in vitro human whole blood T2 relaxometry data were used for functional activation mod

eling to account for the intravascular BOLD effect and hence estimate the venous cerebral 

blood volume changes. The potential of the method to provide accurate dynamic monitor

ing of the stimulation-induced changes in the volume of the partly deoxygenated blood is 

discussed. 

5.4 Theory 

The relatively slow exchange of water across the capillary wall ('tex> 0.5 s [llO])renders 

the extra- and intravascular compartments effectively separateover the echo time interval of 

a typical MRI experiment. The confinement of the paramagnetic deoxyhemoglobin (dHb) 

to red blood cells gives rise to two intra-vascular compartments of distinct magnetic prop

erties: the intra-erythrocytic and the plasmatic. The transcytolemmal exchange of water 

spins between these two environmentsand/or diffusion in the local intra- and/or extracellu

lar magnetic gradients result in the shortening of T2 in blood (T2b) with decreasing blood 

oxygenation (Y) and refocusing interval ('t180) elongation, as described in a number of in 

vitro and in vivo blood spin-spin relaxometry studies [130, 379].We have recently report

ed [340] on a series of blood relaxometry experiments, providing parametrization of the 

best performing model. At 1.5 T and for the physiologically relevant hematocrit, the model 

of diffusion in weak microscopic field inhomogeneities, described of Jensen and Chan-

dra [172]: 

(5.1) 

was parameterized with Yf:/2D of 4.60±0.42 ms (where rc is the characteristic length scale 

for the spatial variations of the field inhomogeneities and D fV 2.0 J1IT12/ms, the diffusion 

coefficient in blood); and T2o' the intrinsic spin-spin relaxation time in blood, of 203±3 ms. 

With Fas defined in [172], the mean squared magnitude of field inhomogeneities, Go (in 
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Figure 5.1: The variation in the spin-spin relaxation time ofblood (T2b ) (a) and normalized 
blood signal (Sb)at a TE of 240 ms (b) for physiologically relevant blood oxygen satu
rations and refocusing intervals of 3.7 and 30 ms. The plots are based on the diffusion 
model parametrization derived in an earlier in vitro T2 relaxometry study ofhuman whole 
blood [340]. 

units of T2), followed a quadratic dependence on the blood oxygenation, Y (in percent): 

-13 Y 
( )

2 

Go = (4.50±0.5l)1O 1- 100 (5.2) 

Briefly, no dependence of T2b on the refocusing rate is expected for fully oxygenated 

blood. As blood oxygenation level decreases, however, the sensitivity of T2b on 't180 in

creases, a shorter refocusing interval resulting in longer spin-spin relaxation time due to 

increased effectiveness of the refocusing pulses. Following the above parametrization, the 

variation in the transverse relaxation rate of blood at the presently selected refocusing in

tervals, of 3.7 and 30 ms, is displayed in Figure 5.la for Yon the physiologically relevant 

range. The corresponding normalized blood signal, at a TE of 240 ms (used in our CUITent 

implementation of VERVE sequence), is shown in Figure 5.1 b. 

In principle, the transverse relaxation time in tissue may also change with the refocus

ing interval. While a number of mechanisms may be involved in such a dependence, the 

diffusion and/or proton exchange in the presence of the anti-ferromagnetic ferritin are the 
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most frequently postulated sources [174]. To investigate the dependence of tissue T2 on the 

refocusing interval, we undertook a T2 relaxometry study of the occipital lobe (in view of 

the present visual stimulation paradigm) in a large group ofhealthy young adults [341]. In 

summary, the small decreases in the apparent T2S (of 3.3±1.5 ms in GM and 3.0±1.5 ms 

in WM for 't180 increase from 8 to 22ms) were consistent with blood being the only signif

icant source of refocusing interval dependence of apparent T2 in grey and white matter of 

the occipital lobe. In the following, we therefore assume a negligible effect of refocusing 

interval- over the presently employed range and at 1.5 T - on the transverse relaxation time 

of tissue (T2t ). 

Given the slow exchange of water across the capillary wall with respect to the TE inter

val, the total signal, coming from a voxel composed of tissue and blood and measured in a 

Carr-Purcell-Meiboom-Gill (CPMG) acquisition, is given by: 

where ft and lb are tissue and blood water volume fractions; while MOt and MOb are the lon

gitudinal magnetizations of tissue and blood immediately preceding the excitation. In light 

of the ab ove discussion, only T2b is expected to change between two interleaved measure

ments employing the refocusing intervals on the present range (but matched echo times) 

at a given Y. In other words, negligible effect of the fast v.s. slow refocusing interval on 

the extravascular spin-spin relaxation time is expected. The difference between the fast 

(short 't180) and slow (long 't180) refocusing measurements (henceforth referred to as the 

VERVE signal) thus isolates the blood signal. Furthermore, performing these two mea

surements at both activation to baseline and taking the ratio of the activation and baseline 

signal differences results in the following relative VERVE signal: 

(5.4) 
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where fb,A and fb,B are the blood water volume fractions at activation and baseline, re

spectively; YA and YB are activation and baseline blood oxygen saturations; 'tlso and .qso 

are the refocusing intervals in the fast and slow refocusing acquisitions; D..Sb,A and D..Sb,B 

are the activation and baseline VERVE signaIs; and D..Sb,A and D..Sb,B are the volume nor

malized VERVE signals at activation and baseline, respectively. (Note that relative is used 

throughout the text to refer to the ratio of activation to baseline signal.) If the difference 

between the volume normalized blood signal in fast and slow refocusing measurements is 

the same at baseline and activation (i.e. if Mb,A/ Mb,B '" 1), the relative VERVE signal is 

equal to the activation-induced change in blood volume. Graphically, this condition trans

lates into a Y -independent vertical separation between the fast and slow refocusing signal 

curves of Figure 5.1 b over the Y range of interest. The degree of deviation of D..Sb,A/ Mb,B 

from unit y under normal physiological conditions (henceforth referred to as the intravas

cular spin-echo (SE) BOLD effect), is explored in the Simulations section (the simulation 

set-up being described in the first subsection of the Methods and the corresponding findings 

outlined in the first subsection of the Results). 

5.5 Methods 

5.5.1 Simulations 

Accurate estimation of venous CBV changes via VERVE depends on the assessment of the 

intravascular SE BOLD effect on the activation-induced VERVE signal changes. While pri

or in vitro blood relaxometry studies provided a robust parametrization of blood spin-spin 

relaxation time dependence on blood oxygenation levels of interest and presently employed 

refocusing intervals, independent dynamic quantification of venous blood oxygenation lev

el in vivo is highly complex. Therefore, a series of simulations were performed, modeling 

blood oxygenation level changes following normal functional brain activation and assess

ing the sensitivity of the VERVE signal change to the corresponding intravascular BOLD 

effect. In vitro blood relaxometry data collected earlier [340] were used to predict blood 
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signal changes given the simulated venous oxygenation levels. Considering the intravascu

lar compartment alone, smaller blood signal difference between fast and slow refocusing 

acquisitions at activation relative to baseline (c.f. the decreasing vertical separation be

tween the curves of Fig. 5.1 b for Y increasing from 55 to 75%) leads to underestimation of 

the venous blood volume changes by the blood signal change. 

To investigate the IV SE BOLD effect on the total voxel signal, a model of functional 

activation was implemented, thereby parametrizing both voxel composition and simulating 

a range of blood oxygenation changes, as determined by the relative increases in flow, 

volume, and oxygen consumption. The voxel was assumed to comprise grey matter and 

blood, with the volume of water in the vasculature relative to the total water volume in the 

voxel (i.e. the blood water volume fraction) given by: 

(5.5) 

where KBW and KTW are blood and tissue water volume contents and KB is the blood content 

of the voxel. The intravascular water was, in tum, distributed across arterial, capillary and 

venous compartments, with their respective fractional sizes obtained from literature [353]. 

The water volume in tissue made up the rest of the voxel water volume. The total water 

volume of the voxel was kept constant between baseline and activation, CBV increases 

thereby assumed to occur at the expense of tissue water volume [50]. 

The resting values of blood volume, flow, oxygen consumption, and total hemoglobin 

(Hbt ) concentration, obtained from literature, determined the oxygen extraction rate (OER) 

and venous blood oxygenation (Yv ) at baseline: 

CMRo2 
OER = [Hbt]YaCBF' and (5.6) 

Yv = Ya (1 - OER) . (5.7) 
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The arterial oxygen saturation (Ya) was held at 98%,and the average capillary oxygenation 

(Yc) estimated as [365]: 

(5.8) 

The largest activation-induced change in Y (and hence maximal IV SE BOLD effect) hence 

occurred in the venous compartment. 

The compartrnental distribution of CBV changes was assigned assuming predominant 

arterial contribution to total vascular resistance [235]. The total blood volume change was 

prescribed based on the power-Iaw relationship between CBV and CBF, with cx, of 004 [135, 

171]: 

(5.9) 

The total signal equation (i.e. Eq. 5.3 with Mo as per Eq. 5.10) was then used to predict 

the measured signal in voxels composed of grey matter and blood. The aforementioned 

parametrization of the diffusion model was used to predict the T2 of blood at each baseline 

and activation oxygenation level, for the presently employed refocusing intervals. A wide 

range of activation-induced blood ftow increases (from 5 to 100%) was investigated, with 

the coupling ratio between ~CMRo2 and ~CBF (henceforth abbreviated as 'l', so that '1' f'V 

~CMRo2 / ~CBF) aUowed to vary from 004 to 1.0 [155,163,185]. AU model parameters 

are listed in Table 5.1. 

5.5.2 Sequence 

The complete VERVE sequence is illustrated in Figure 5.2. It employs a TI/T2 selective 

90~-'t-180;-'t-90~ - TI preparation for SNR efficient nulling of CSF [374], with interleaved 

EPI readout following a train of either tightly or sparsely spaced hard refocusing pulses, at 

matched echo times. Hard composite 90~-180;-90~ refocusing pulses are used to minimize 

the sensitivity to BI inhomogeneities. Stimulated echos are attenuated by MLEV phase cy-
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Table 5.1: AlI the parameters used in the functional activation model for estimation of IV 
SE BOLD effect on VERVE signal changes. (The densities, Pblood and PGM, are used to 
convert the blood and tissue water contents by weight to the corresponding water contents 
by volume.) 

Variable Description Definition 
[Hbt] total hemoglobin concentration 8.41 mmol/L [210] 
KBw blood water content 0.801 g/g [178] 
KTw grey matter water content 0.819 g/g [178] 

Pb blood density 1.060 g/cm3 

PGM grey matter density 1.0497 g/cm3 

KB blood content a GM voxel 0.056 g/g [210] 
fb blood water volume fraction Eq.5.5 
ft tissue water volume fraction 1-fb 
Ya arterial blood oxygenation 98% 
Yc capillary blood oxygenation Eq.5.8 
Yv venous blood oxygenation Eq.5.7 

CBF cerebral blood flow 0.420 mL/Cg min) [264] @ rest 
ilCBF percent change in cerebral blood flow 5-100 % 

CMRo2 rate of oxygen consumption 1.51 J.llU0V(g min) [264] @ rest 
'P oxygen consumption-to-flow ratio 0.4-1.0 [155, 163, 185] 

OER oxygen extraction rate Eq.5.6 
CBV cerebral blood volume 33.1,uUg [264] @ rest 

ilCBV percent change in cerebral blood volume 100*[(CBFA/CBFBfX-1] 
rCBV relative cerebral blood volume activation to baseline CBV 

fCBVa/ c/ v compartmental CBV distribution 0.21/0.33/0.46 [353] 

filCBVa/ c/ v compartmental ilCBV distribution 0.27/0.11/0.62 [235] 
VERVE VERVE signal S('tfso)-S('tfso), with S as per Bq. 5.3 
rVERVE relative VERVE signal activation to baseline VERVE: Eq. 5.4 
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Figure 5.2: VERVE sequence diagram. The 90~-t-180;-t-90~-TI preparation is used to 
null the CSF signal efficiently [374]. The interval between the refocusing pulses (t180) is 
varied in altemate measurements, while keeping the echo time constant. Two sets of strong 
crushing gradients in all directions, intercepted by a 900 excitation pulse, follow the EPI 
readout to dephase the residual transverse and longitudinal magnetization. 

cling [215] on the refocusing pulses and one cycle of RF chopping on the excitation pulse 

(resulting in 2 signal averages). The CUITent implementation altemates between 64 refo

cusing pulses spaced by 3.7 ms and 8 refocusing pulses spaced by 30 ms. The refocusing 

intervals were chosen to minimize the sensitivity of the difference signal to the intravas

cular SE BOLD effect (cf. Simulations). The final refocusing pulse is slice-selective and 

ftanked by crushing gradients. To ensure equal Tl recovery in each measurement, the mag

netization is reset following the readout by a saturation pulse ftanked by crushing gradients. 

We employed a 256-mm field of view (with 64x64 matrix), TR of 2 s, TI of 900 ms and the 

delay (t), in 90~-t-180;-t- 90~-TI preparation, of 100 ms. 
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The magnetization of blood available at the time of the excitation is given by [374]: 

(5.10) 

An analogous expression holds for tissue excitation-time magnetization, Mo,. While the 

impact of Y on TIl is assumed to be negligible, no assumptions are made about the effect of 

y on T2 in tissue: any blood oxygenation-Ievel induced changes in the T2 of tissue cancel 

out through the subtraction of the interleaved fast and slow refocusing measurements at 

constant Y of each physiological state of interest. The substitution of the two excitation

time magnetization expressions into Bq. 5.3 produces the total signal equation. 

5.5.3 Experimental Paradigm 

The experimental protocol included a 3D RF-spoiled Tl-weighted gradient echo sequence 

for anatomical reference and a VERVE acquisition for CBV v quantification. The Tt

weighted gradient echo sequence (lxlxl mm3) employed TRffE of 22/10 ms and non

selective 30° excitation. The VERVE acquisition encompassed a single 5 mm-slice parallel 

to the calcarine sulcus, with FOV of 256 mm (64x64 matrix), TRffE of 2000/240 ms, TI 

of 900 ms, the delay, 't, in the 90~-'t-180~-'t- 90~-TI preparation of 100 ms, and refocusing 

intervals of 3.7 ms and 30 ms in altemate measurements. One cycle of RF chopping on 

the excitation pulse was performed. The visual stimulation paradigm comprised 4 repeti

tions of 80/240/160 s off/on/off blocks: a uniform grey baseline altemating with a radial 

yellow/blue checkerboard of maximum intensity and at 4 Hz reversing contrast. Seven 

healthy adults (3 females and 4 males; average age 29±3 years) were studied on a 1.5 T 

Magnetom Sonata (Siemens, Erlangen, Germany) system. Informed consent was obtained 

from each subject prior to the scanning session, the experimental protocol having been 

approved by the Research Ethics Board of the Montreal Neurological Institute. 
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5.5.4 Data Analysis 

The complex subtraction of data collected with opposite phase of the excitation pulse was 

performed (i.e. 2 signal averages taken) to minimize artifacts arising from any imperfec

tions in the excitation pulse. The data were spatially smoothed using a two dimensional 

Gaussian filter with full width half maximum of 6 mm. The generallinear model [376] 

was used to identify areas of statistically significant task correlation at the omnibus signifi

cance level of 0.05. Maps of percent signal changes were formed by calculating the average 

activation-induced changes in the signal differences between the fast and slow refocusing 

acquisitions. Time courses were generated by averaging the data in space, over the acti

vated voxels, and in time, over all runs, followed by normalization to the average baseline 

signal. 

5.6 Results 

5.6.1 Simulations 

The predicted venous SE BOLD effect, namely the !1Sb,A/ Mb,B term ofEq. 5.4 over a range 

of oxygen saturations representative of venous blood at rest and steady-state activation, is 

shown in Figure 5.3a. The contours over this surface for constant activation-induced ve

nous blood oxygenation increases are plotted in Figure 5.3b. As expected, in the absence of 

any y changes between baseline and activation, Mb,A/ Mb,B equals unit y and the VERVE 

signal change equals the actual venous CBV change. Predictably, as the activation blood 

oxygenation level increases, smaller activation (relative to baseline) VERVE signal results 

in underestimation of the CBV v increase. A ",,20% underestimate of relative CBV v by rel

ative VERVE signal results from a hefty 20% venous oxygenation increase upon activation 

(c.f. Fig. 5.3). 

Taking into account all three vascular compartments (with distinct contributions to rest

ing CBV and activation-induced CBV increases) in addition to tissue and allowing a range 
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Figure 5.3: The plot of Mb,A/ Mb,B term ofEq. 5.4 for the baseline (YB) and activation (YA) 
blood oxygen saturations representative of venous blood in functional activation paradigms. 
The iso-ôY contours (ÔY from 0 to 20%, in 1 % increments) of the entire surface in (a) are 
shown in (b). 

of blood fiow increases and ôCMRo/ôCBF coupling ratios results in the percent differ

ence between prescribed relative CBVy and relative VERVE signal plotted in Figure 5.4. 

(Note that the physiological range of blood oxygenation changes of interest is thus es

tablished, as a function of fiow increase and ôCMRo/ôCBF coupling ratio.) The pre

scribed relative CBV y and the corresponding VERVE estimates are displayed Figure 5.5. 

As before, increasing the oxygenation change between baseline and activation, increases 

the underestimation of the VERVE-based relative CBVy (rCBVy ) estimate. An additional 

underestimation now results from the resting IV SE BOLD effect, namely the difference 

in the oxygen saturation of individu al blood compartments, so that sorne underestimation 

of venous blood volume changes occurs even for no activation-induced change in oxy

gen saturation levels in any one blood compartment (i.e for ÔCMRo/ÔCBF of 1.0). With 

ÔCMRo/ÔCBF of 0.5, established earlier for the same visual stimulation paradigm in hu

mans [155], a representative 10% change in the venous blood oxygenation results in rv15% 

underestimation of relative venous CBV by relative VERVE. Moreover, for this expected 
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Figure 5.4: The percent difference between the simulated relative CBVv and the relative 
VERVE signal plotted as a function of blood oxygenation change resulting from CBF in
creases from 5 to 100% (in 5% increments) and \fi (~CMRo/~CBF coupling ratio) from 
0.4 to 1.0 [155,163,185]. The iso-~CBF contours (in increments of 20%) are displayed as 
dashed curves. 

\fi of 0.5, the underestimation of CBV v change by VERVE is weIl modeled (? rvO.8) by: 

(rCBVv -1) = 2.01 (rVERVE -1). (5.11) 

This linear calibration of relative VERVE signal, shown as the dashed line in Fig. 5.5, is 

henceforth applied for estimation of the corresponding relative venous CBV change. 

5.6.2 Visual Stimulation Studies 

The VERVE t-value map and CBV v percent difference image, overlaid on the Tl-weighted 

anatomical image, are displayed in Figure 5.6 for one subject. The CBV v image is calcu

lated based on linear scaling of the corresponding VERVE image (c.f. Eq. 5.11), to account 

for the expected IV SE BOLD effect. The time course of venous CBV (again based on 

linear correction of the corresponding VERVE data) in the same subject is shown in Fig

ure 5.7. Table 5.2 lists the average VERVE-based estimates of the venous CBV in visual 

cortex (VC) ROI of each subject. For the seven volunteers studied, the stimulation-induced 
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Figure 5.5: The relative VERVE signal and the simulated relative CBVv , for !l.CBF from 5 
to 100% (in 5% increments) and !l.CMRo/!l.CBF coupling ratio (\fi) from 0.4 to 1.0 [155, 
163,185]. The optimallinear fit to simulated data with \fi of 0.5 is plotted as a dashed line, 
corresponding to Eq. 5.11 in the text. 

change in the VC VERVE signal was 8±1 %, for an estimated average venous CBV change 

of 16±2% following calibration (cf. Bq. 5.11). 
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Figure 5.6: A subject's t-value map (a) and a CBVv percent difference map (b), super
imposed on the corresponding anatomical image. The threshold of statistical significance 
was 4.6 (a=O.05). The CBVv changes are calculated by linear scaling of the corresponding 
VERVE signal changes (c.f. Bq. 5.11). 
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Figure 5.7: The time course of CBVv changes in a subject's visual cortex ROI (obtained 
by t-map thresholding). The shaded region represents stimulus-on period. The time course 
data has been low pass filtered using a Hanning window (with FWHM of 24 s) and averaged 
over 4 runs. The y-scale is based on linear scaling (c.f. Bq. 5.11) of the corresponding 
VERVE signal changes. 
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Table 5.2: VERVE-based estimates of the venous blood volume changes (ilCBVy) based 
on linear calibration of VERVE signal (cf. Bq. 5.11). The errors in ~CBVy are propagated 
from the temporal errors in the relative VERVE signal from each subject's ROI, obtained 
by thresholding of the corresponding t-map. The across-subject average is quoted along 
with the standard error of the mean. 

Subject Id. 

1 
2 
3 
4 
5 
6 
7 

~CBVy 

[%] 
14±3 
19±1O 
25±17 
18±6 
15±1 
11±2 
12±3 
16±2 
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5.7 Discussion and Conclusions 

We have described a novel method that allows noninvasive, repetitive measurements of ve

nous cerebral blood volume changes. In response to visual stimulation, an average 16±2% 

venous blood volume increase in the VC ROI of 7 healthy adults has been estimated. While 

no data on venous CBV (CBVv) increases upon functional activation in humans are avail

able, CBV v changes may be estimated based on the reported increases in total cerebral 

blood volume (CBVt ) in combination with the resting and activation blood volume distri

bution across the microvascular compartments. In particular, total CBV changes have been 

measured upon visual stimulation in humans using various modalities. Ho et al. report

ed VC CBVt increases, upon photic flicker stimulation, of 1O±13% (for 2Hz stimulation) 

and 21±5% (for 8Hz stimulation) using H~50 PET [171]. Bolus tracking MRI experi

ments reported average CBVt increases in human VC of 32±1O% [20], 10.9±2.5% [248], 

23.5±14.6% [111], 28±7% [274] and 18.2±2.8% [216] (the last value obtained following 

correction for the effects of the first on the second bolus injection). Veins being the capac

itance vessels of the vascular tree [50], the venous volume contribution to total CBV has 

been estimated at ",40-60% [5,50,264, 365].Moreover, passive venous dilatation is cus

tomarily assumed to dominate the total CBV change [50,235], consistent with observation 

of delayed CBV changes with respect to CBF increases [235]. On the other hand, a recent 

perfluorocarbon MRS study of hypercapnic perturbation in rodents suggested only a 36% 

venous contribution to total CBV increase [208]. Given these ranges on baseline and acti

vation CBV distribution, the forementioned total CBV increases in human VC correspond 

to a very broad range of CBV v changes, from ",6 to ",50%, easily including the present 

estimates but being too wide to engender much validation power. 

The blood signal isolation in the present technique is achieved by varying the CP

MG refocusing rate. The method therefore critically relies on the uniqueness of the 't180-

dependence of spin-spin relaxation time in blood. We investigated the validity of this as

sumption in a set of T2 relaxometry experiments using human whole blood samples with 

physiologically pertinent oxygenation levels (achieved through an in vivo exercise paradig-
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m) and employing a broad range of refocusing intervals (including the ones used in the cur

rent VERVE implementation) to allow robust prediction of the intravascular signal [340]. 

Furthermore, in a large study of occipital lobe grey and white matter tissue transverse re

laxation time at 1.5 T [341], we observed a small decrease in the apparent T2 with 't180 

increase on the range of interest. This drop was fully explicated by the pronounced effect 

of the employed 't180 on the T2 of blood at this field strength, while considering the blood 

content of each tissue. We are thus confident that the present refocusing interval variation, 

at each physiological state of interest, enables robust isolation of the deoxygenated blood 

signal. 

N otwithstanding the successful isolation of the blood signal, the quantification of the 

deoxygenated blood volume change is hampered by the dependence of T2 in blood on 

the oxygenation level. In the absence of this IV SE BOLD effect, exact correspondence 

between VERVE signal change and actual CBV v changes is expected. In practice, the blood 

vessels contained in an fMRI voxel have a range of baseline oxygenation levels, which 

increase upon activation (though almost fully oxygenated arteriolar side likely experiences 

negligible activation-induced Y changes), with the maximal IV SE BOLD effect occurring 

in the venous compartment. Over the broad range ofbaseline and activation venous oxygen 

saturations considered in the simulations, the relative VERVE signal was at most 20% 

lower than the actual relative CBV v in a voxel composed of venous blood and tissue alone. 

Allowing a large variation in flow increases and oxygen consumption to flow coupling 

ratios resulted in a similar prediction of the degree of relative VERVE underestimation - up 

to 20% - of the relative venous CBV in a voxel consisting of 3 microvascular compartments 

in addition to tissue. For the ~CMRo/~CBF of 0.5 (established earlier for the same visual 

stimulations in humans [155]), a linear calibration of VERVE signal changes was thus 

derived to account for IV SE BOLD effect on VERVE signal change. Moreover, following 

the VERVE acquisition, ASL measurements were performed in each subject, as a part of the 

same scanning session [342]. Using the flow increases thus obtained (mean subject ~CBF 

of 37±7%) in the functional activation model described resulted in the average subject VC 
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ROI CBV v increase of 16%, identical to that obtained through the forementioned linear 

calibration of the VERVE signal changes. While these independently collected CBF data 

do pro vide information about the venous oxygenation level changes (via expected coupling 

between flow and oxygen consumption), IV SE BOLD effect estimation would ideally be 

done through direct in vivo measurement of focal Yv at rest and upon activation. Moreover, 

an independent method of venous CBV quantification would be employed to establish the 

errors in the calibrated VERVE signal. In any event, the accuracy of the VERVE-based 

CBV v estimate is predicated on the tight coupling between changes in oxygen saturation 

and blood volume, so that the application of VERVE method, as presented here, is restricted 

to studies of normal functional brain activation. 

In modeling the intravascular volume increase, a constant total water volume of the vox

el was assumed [50]. An increased proton density model [365] has also been investigated 

(data not shown), with minimal ensuing changes in the ~CBVv estimates. On the other 

hand, simulations of potential activation-induced hematocrit (Hct) decreases [189]resulted 

in a smaller underestimation of CBV v by VERVE: nevertheless, the paucity of quantitative 

data on Hct changes in focal functional activation has led us to keep the Hct constant in 

the current modeling. Finally, no attempts were made at modeling the flow dependence of 

oxygen diffusivity across the capillary wall [163], VERVE estimation being sensitive only 

to the final blood oxygenation levels. 

To minirnize the set of assumptions incurred in the CBV v quantification, the presented 

technique involves two signal subtractions and hence suffers from a limited signal-to-noise 

ratio. However, a single difference of fast refocusing measurements at the physiologi

cal state of interest may be sufficient for CBV v estimation if, for instance, (i) negligible 

extravascular T2 changes occur with activation-induced increase in blood oxygenation lev

el [353]~ and (ii) increased proton density upon activation are assumed (ensuring the cancel

lation of the tissue signal in the difference between fast refocusing acquisitions at activation 

and baseline). 
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At higher magnetic field strengths, the spin-spin relaxation time of blood decreases 

(with both a decrease in the intrinsic T2 and a more pronounced deoxygenation induced 

T2 shortening) resulting in a downward vertical shift and sharper curvature of the iSO-'t180 

curves of Fig. 5.1 [209]. Upon appropriate adjustments in the VERVE sequence refocusing 

intervals and echo time, the increased available blood magnetization may be exploited to 

produce a higher signal-to-noise ratio in the resulting difference images. 

In conclusion, we presented a novel, noninvasive MR method for quantifying changes 

in venous cerebral blood volume using deoxyhemoglobin as the endogenous contrast agent 

and exploiting the dependence of T2 in deoxygenated blood on the refocusing interval. The 

underestimation of relative CBV v by VERVE, due to the intravascular SE BOLD effect, 

was found to be at most 20% over the physiologically relevant range of oxygenations using 

previously obtained blood spin-spin relaxometry data and a model of normal functional 

brain activation. For the expected coupling between oxygen consumption and flow, a linear 

calibration of the VERVE signal was derived to account for the IV SE BOLD effect and 

produce estimates of venous CBV changes. The VERVE acquisition was applied in an tM

RI study of 7 healthy young adults, visual stimulation resulting in an average visual cortex 

venous blood volume increase of 16±2%. The method affords noninvasive monitoring of 

venous CBV, of particular interest in studies of BOLD tMRI mechanism and investigations 

of flow-volume coupling in humans. 
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Chapter 6 

BOLD Signal as a Marker of Neuronal 

Deactivation 

6.1 Preface 

The final manuscript of this thesis probes the physiology of normal brain activation further 

by focusing on the mechanism underlying sustained decreases in the BOLD tMRI response. 

Functional magnetic resonance imaging was used to measure changes in blood oxygenation 

level dependent (BOLD) signal, cerebral blood fiow (CBF), and cerebral metabolic rate of 

oxygen consumption (CMRo2) accompanying neuronal inhibition. Eight healthy volun

teers performed a periodic right-hand pinch grip every second using 5% of their maximum 

voluntary contraction), a paradigm previously shown to produce robust ipsilateral neuronal 

inhibition. To simultaneously quantify CBF and BOLD signals, an interleaved multi-slice 

pulsed arterial spin labeling (PASL) and T2* -weighted gradient echo sequence was em

ployed. The CMRo2 was calculated using the deoxyhemoglobin dilution model [77,155], 

calibrated by data measured during graded hypercapnia. In all subjects, BOLD, CBF, and 

CMRo2 signaIs increased in the contra- and decreased in the ipsilateral primary motor 

(Ml) cortex. The relative changes in CMRo2 and CBF were linearly related, with a slope 

of t'V 004. The coupling ratio thus established for both positive and negative CMRo2 and 
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CBF changes is in close agreement with the ones observed by earlier studies investigating 

Ml perfusion and oxygen consumption increases. These findings characterize the hemo

dynamic and metabolic changes accompanying neuronal deactivation and thereby validate 

the use of BOLD tMRI as an indicator of downregulation in neuronal activity. 
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6.2 Abstract 

Functional magnetic resonance imaging (tMRI) was used to investigate the changes in 

blood oxygenation level dependent (BOLD) signal, cerebral blood flow (CBF) and cerebral 

metabolic rate of oxygen consumption (CMRo2) accompanying neuronal inhibition. Eight 

healthy volunteers performed a periodic right-hand pinch grip every second using 5% of 

their maximum voluntary contraction (MVC), a paradigm previously shown to produce ro

bust ipsilateral neuronal inhibition. To simultaneously quantify CBF and BOLD signaIs, an 

interleaved multi-slice pulsed arterial spin labeling (PASL) and Ti -weighted gradient echo 

sequence was employed. The CMRo2 was calculated using the deoxyhemoglobin dilution 

model, calibrated by data measured during graded hypercapnia. In aH subjects, BOLD, 

CBF and CMRo2 signals increased in the contra- and decreased in the ipsilateral primary 

motor (Ml) cortex. The relative changes in CM~ and CBF were linearly related, with a 

slope of t'V 0.4. The coupling ratio thus established for both positive and negative CMRo2 

and CBF changes is in close agreement with the ones observed by earlier studies investi

gating Ml perfusion and oxygen consumption increases. These findings characterize the 

hemodynamic and metabolic downregulation accompanying neuronal inhibition and there

by establish the sustained negative BOLD response as a marker of neuronal deactivation. 

Key words: tMRI; negative BOLD; perfusion; oxygen consumption; inhibition; 
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6.3 Introduction 

Functional magnetic resonance imaging (tMRn using BOLD effect [261] has become a 

pro minent tool for examining brain function. Despite a wealth of BOLD-based neurosci

entific studies and a growing use of BOLD tMRI in clinical applications, the physiological 

mechanisms modulating the blood oxygen saturation in the context of neuronal activation 

remain incompletely understood. While many aspects of the steady-state positive BOLD 

response have been investigated, attention has only recently been given to sustained de

creases in the BOLD signal. 

In both animal [144,315,316] and human visual stimulation studies [69,82,317], de

creased BOLD signal has been observed in the non-stimulated areas of the visual cortex 

upon partial visual field stimulation as well as areas corresponding to regions in the vi

sual field not receiving the subject's attention [348]. Several theories have been put forth 

by the investigators to explain these observations: from the purely hemodynamic effec

t of "blood stealing" to neuronal inhibition, or some combination of these [69,82,317]. 

During an acoustically triggered saccade paradigm, a bilateral negative BOLD response 

has been reported in the visual cortex; simultaneously, near-infrared spectroscopy revealed 

decreased oxy- and increased deoxy-hemoglobin concentration (for an overall decrease in 

total hemoglobin) [367]. These findings have been attributed to decreased blood flow re

sulting from the inhibition of background activity in the visual cortex during saccades, as 

described in psychophysiologic studies [87]. 

A sustained negative BOLD response has also been observed in the motor cortex. 

A steady-state decrease in BOLD signal has been documented in the ipsilateral primary 

sensorimotor cortex of normal volunteers during sequential finger apposition [4,257]. A 

PET study reported ipsilateral CBF decreases during low force, right index finger flex

ion [79]. In contrast, ipsilateral CBF increases were measured during high force finger 

flexion [79] and positive ipsilateral BOLD responses documented during circling shoulder 

movements [257]. Finally, a decreased BOLD signal has been documented in the ipsilateral 

primary sensorimotor cortex of normal volunteers performing a low force, phasic pinch grip 
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task [142], accompanied by a decrease in blood flow [159]. Transcallosal inhibition, report

ed in a plethora of transcranial magnetic stimulation ('!MS) studies [31, 103, 118,217,255], 

has been suggested as the likely origin of these changes [142]. 

Determining the origins of sustained negative BOLD responses accompanying neu

ronal inhibition is important not only for understanding the BOLD mechanism, but also 

for probing the extent and nature of neurovascular coupling, thereby establishing the ap

plicability of BOLD as a marker of up- as well as down- regulation of neuronal activity. 

We thus set out to investigate the hemodynamic and metabolic processes concomitant to 

the negative BOLD response in a low-force, phasic pinch grip of the right index finger and 

thumb in right-handed healthy volunteers. We hypothesized that the steady-state negative 

BOLD response resulted from sustained decreases in both perfusion and oxygen consump

tion and, furthermore, that the same relationship between CMRo2 and CBF underlied both 

positive and negative steady-state BOLD signal changes. The variations in BOLD, CBF, 

and CMRo2 were measured by interleaved T2*-weighted and PASL acquisitions, with hy

percapnic calibration allowing CMRo2 quantification. Here we report on the relationship 

between blood flow and oxygen consumption in regions of sustained BOLD and CBF sig

nal increases, in the contralateral Ml, and their decreases, in the ipsilateral Ml. Since 

the paradigm employed induces ipsilateral neuronal inhibition, these findings have direct 

implications for the use of negative BOLD response as a marker of neuronal deactivation. 

6.4 Methods 

6.4.1 Motor Task 

Prior to scanning, the maximum voluntary contraction of the right-handed pinch grip was 

measured for each subject. The subjects were then trained to perform the pinch grip task at 

a frequency of 1 Hz, as cued by a metronome. On each grip, subjects pressed a water-filled 

ball with the thumb and the index finger of the right hand. The ball was connected to a 

pressure transducer (Ashcroft, Stratford, Connecticut), in turn linked to a data acquisition 
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card (National Instruments, Austin, Texas). The real-time recording and analysis of the 

exerted pressure was done using MATLAB's data acquisition toolbox (Mathworks, Natick, 

Massachusetts). An auditory feedback was provided to the subject: a low frequency tone 

indicated that the force applied was in the desired range, namely within 15% of the target 

level; a high frequency tone accompanied too strong a force; and no tone was played out 

when insufficient force was exerted. To minimize habituation, the target level was random

ized on each pinch grip and varied between 4 and 7% of the subject's MYC. A metronome, 

set at 60 beats per minute was on during the anatomical scan for accustomization and then 

switched off for the functional scan, the subjects having been instructed to maintain a pinch 

grip frequency of 1 Hz. 

6.4.2 Hypercapnie Modulation 

Mild hypercapnia was induced through administration of mixtures of carbon dioxide and 

air through a nonrebreathing face mask (Hudson RCI, Model 1069, Temecula, CA). At 

baseline, the subjects were inhaling medical air, supplied at 16 Vmin. During hypercapnic 

perturbations, a premixed preparation of 10% C02, 21 % 02 and balance N2 (BOC Cana

da Ltd., Montreal, Quebec, Canada) was combined with medical air in a Y-connector. The 

C02 concentration in the mixture varied between 2.5 and 10%. At each level, the flow rates 

were adjusted to maintain a total flow rate of 16 Vmin. End-tidal C02 was measured via a 

nasal cannula with monitoring aspirator (Normocap 200, Datex Inc., Plymouth, Maine) and 

increased an average 23±2 mm Hg (or 54±4%) during inhalation of the highest concentra

tion C02 mixture. Subjects were asked to breathe at a constant rate, and their respiratory 

rate was monitored via a respiratory belt. 

6.4.3 Experiment 

Eight healthy adults (2 females and 6 males; average age 28±3 years) participated in the 

study. An the subjects were right-handed, with an average Edinburgh inventory laterality 
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quotient [266] of 87±18. The scanning protocol consisted of a high-resolution 3D RF

spoiled Tl-weighted gradient echo (lx1x2 mm3) sequence for anatomie al reference, fol

lowed by interleaved multi-slice PASL and Ti-weighted gradient echo sequence for CBF 

and BOLD signal measurements. The high resolution gradient echo sequence employed a 

TR of 22 ms, a TE of 10 ms, and non-selective 300 RF-spoiled excitation. The CBF and 

BOLD acquisitions covered 7 slices (4x4x7 mm3 ; inter-slice gap of 0.7 mm) parallel to the 

AC-PC line, with the seventh slice grazing the top of the brain. The CBF data were ac

quired using a proximal inversion with a control for off-resonance effects (PICORE) label

ing scheme [375] with two presaturation pulses in the imaging region followed by an adia

batic FOCI inversion pulse [267] (~= 1172 s-l, J1 = 8, Tp = 10.24 ms, Bl,max = 0.28 Gauss, 

FOCI factor 9) in the labeling region (thickness of 100 mm, gap of 5 mm) and a post-label 

delay of TI=1200 ms. An EPI readout (2232 Hz/pixel) was employed, with an echo time 

of 22 ms for CBF and 50 ms for BOLD. In both cases, the repetition time was 2.5 s. The 

functional paradigm involved 12 sessions of 20 s/60 s/40 s off/onloffblocks, rest altemating 

with the low force, phasic, right-handed pinch grip, the beginning of each block being indi

cated by auditory eues. Following the functional scan, medical air altemating with graded 

hypercapnia was administered in 1 minl3 minl2 min blocks. Subjects were immobilized 

using a vacuum bag and a head holder assembly. The RF body coil was used for transmis

sion and a quadrature head coil for signal reception. AlI the exarninations were performed 

on a Siemens 1.5T Magnetom Sonata system. Informed consent was obtained from each 

subject prior to the scanning session, the experimental protocol having been approved by 

the Research Ethics Board of the Montreal Neurological Institute. 

6.4.4 Data Analysis 

The motion correction parameters of the functional data set were estimated using AFNI's 

3dvolreg software [70] and the frames with estimated translation exceeding 1 mm or rota

tion greater than 10 excluded from the analysis. The data were spatially smoothed using 

a three dimensional Gaussian filter with full width half maximum of 6 mm. Drift was re-
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moved by subtracting from each voxel's time course the first components of its discrete 

cosine transform, with a cutoff frequency of one half of the stimulation paradigm frequen

cy. The generalized linear model [376] was used to identify areas of statistically significant 

task correlation at the omnibus significance level of 0.05 in BOLD and CBF data, respec

tively. Upon establishing statistical significance of both BOLD and CBF responses in both 

hemispheres of every subject, regions of interest were defined on BOLD and CBF per

cent signal change maps, respectively, by selecting the Ml voxels showing at least 30% 

of the peak signal change in the primary motor cortex. This selection strategy maximized 

the dynamic range of sampled CBF variations and thereby improved the robustness of the 

coupling ratio estimation. To allow for establishment of a physiological steady-state, the 

hypercapnic data acquired within half a minute following a change in the concentration 

of the inspired C02 was excluded from the analysis. The hypercapnie data were aver

aged across all subjects, at each level of hypercapnia, and a common maximum achievable 

BOLD signal change (M) was estimated by linear fitting of the transformed and averaged 

CBF data vs. averaged BOLD data to the deoxyhemoglobin dilution model [77,155]: 

~BOLD =M (1- (CBF )a-~). 
BOLDo CBFo 

(6.1) 

We thus assumed no effect of the mild hypercapnia elicited in this experiment on the 

rate of oxygen consumption. The a and ~ were set to 0.38 and 1.5, respectively [34,135]. 

The individual task-induced CMRo2 changes were next calculated using the estimated M 

(and its associated standard error) in combination with the measured BOLD and CBF data 

during the functional ron, as follows [77,155]: 

( 

( LlliOLD) ) b IX 
CMRo2 = 1 _ B5Li){) ( CBF ) I-Tf . 

CMRo2 1o M CBFo 
(6.2) 
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Therefore, the errors in the M estimate from the linear fitting of the transformed and 

averaged CBF hypercapnia data to averaged BOLD hypercapnia data have been propagat

ed into the errors on the calculated activation-induced CMRo2 changes. Finally, a single 

straight line was fit to the noisy CMRo2 , noisy CBF data pairs from both contra- and ip

silateral ROIs of aIl subjects to obtain an optimal estimate of the CMRo/CBF coupling 

ratio. The quality of the fit was assessed by X2 analysis, with the X2 probability reported as 

q [284]. 

6.5 Results 

Task induced increases in BOLD signal were observed, contralaterally, in the primary sen

sorimotor cortex (SM1), premotor cortex (PMC), supplementary motor area (SMA), as 

weIl as as part of the posterior parietal association cortex (PPC) flanking the postcentral 

sulcus. Ipsilaterally, BOLD signal increased in the secondary areas (namely, PMC, SMA 

and PPC), but decreased in the primary sensorimotor cortex. Figure 6.1 shows a slice of 

BOLD and CBF ROIs, summed over aIl subjects after registration [66] with the Montreal 

Neurological Institute template brain [96]. The world coordinates (x,y,z) of the center of 

mass of the percent difference based Ml ROIs transformed into the Talaraich space and 

summed over all subjects were (-39,-19,54) for contralateral BOLD, (41,-22,54) for ipsi

lateral BOLD, (-37,-20,56) for contralateral CBF, and (37,-22,56) for ipsilateral CBE The 

BOLD and CBF regions of interest for a sample subject are displayed in Figure 6.2. 

A typical set of BOLD signal and CBF time courses, in both contra- and ipsilateral Ml 

ROIs of a subject, is shown in Figure 6.3. Figure 6.4 displays the measured BOLD and 

CBF data pairs, for hypercapnic perturbation and motor task, as weIl as the calculated iso

CMRo2 contours. In 7 out of 8 subjects, the magnitude of CBF and BOLD signal changes 

were significantly larger in the contra- than in the ipsilateral ROI. The maximum achievable 

BOLD signal increase (M), obtained by linear fitting of the average hypercapnia data across 

all subjects, was 0.072±0.01O, corresponding to a ARi of -1.4±0.2 s-l. The X2 analysis 
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Figure 6.1: Regions of interest based on percent difference changes (left column) and t
values (right column), transformed into the Talaraich space and summed over all subjects, 
are overlaid on the average of aU subjeets anatomie al seans in the Talaraieh spaee. The top 
row shows BOLD and the bottom row CBF ROIs, the contralateral ROIs being displayed 
in red and the ipsilateral in green. 
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indicated a good fit (q=0.37) [284]. Finally, the calculated CMRo2 and the corresponding 

measured CBF changes, for each subject, are displayed in Figure 6.5. The slope of the 

straight line fit to these data yielded a CMRo2/CBF coupling ratio of 0.44±0.04 (with q of 

0.98 indicating an excellent X2 fit [284]). 
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(a) (b) 

Figure 6.2: The regions of interest for BOLD (a) and CBF (b) based on respective per
cent difference changes in a subject. The contralateral ROIs are displayed in red and the 
ipsilateral in green. 
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Figure 6.3: Time courses of contralateral (positive) BOLD (a) and CBF (b), as well as 
ipsilateral (negative) BOLD (c) and CBF (d) percent changes in a subject. The standard 
errors are shown as dashed lines. AIl time course data have been low pass filtered with a 
Hanning window (FWHM=20 s) prior to averaging across the 12 sessions. 
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Figure 6.4: The percent changes in BOLD and CBF signals in the ipsilateral ROIs (blue cir
cles) and contralateral ROIs (red triangles) for each subject. The average hypercapnia data 
(black squares) are displayed along with the corresponding fit, representing the baseline 
iso-CMRo2 contour, and providing the estimate of the maximum achievable BOLD signal 
change. The estimated M was substituted into equation [13] of the deoxyhemoglobin di
lution model [155] to generate non-baseline iso-CMRo2 contours, at 10% intervals. The 
shaded area corresponds to the shaded region of Figure 6.5. 
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Figure 6.5: The oxygen consumption variations corresponding to each subject's perfusion 
changes induced by the motor task in ipsilateral ROIs (blue circles) and contralateral ROIs 
(red triangles). The optimal straight line fit (q=O.98) to the se data is shown superimposed, 
providing the coupling ratio of O.44±O.04. The shaded region represents the standard error 
in the linear fit. 
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6.6 Discussion 

The present findings demonstrate a consistent coupling between perfusion and oxygen con

sumption goveming both positive and negative BOLD responses. While no other results 

exist on the ipsilateral CBP and independently measured CMRo2 changes in the context of 

this or an equivalent paradigm, similar data on the contralateral steady-state BOLD signal 

increases are available. Specifically, Kastrup et al. [185] report the maximum achievable 

BOLD signal change (M), averaged over all subjects, at 1.5 T and TE of 40 ms to be 

9±3%, i.e., Mi of -2.2±0.7 s-l, for bilateral finger tapping in healthy volunteers. The M 

estimated from our average graded hypercapnia data, of 7 .2± 1.0% (with q of 0.37) or Mi 
of -1.4±0.2 s-l, is thus in good agreement. Our M estimate is also in agreement with the 

average 9±1 % or Mi of -1.8±0.2 S-1 obtained in earlier 1.5 T motor cortex studies in our 

lab, using TE of 50 ms [12]. 

The slope of 0.44±0.04 of the best line fit to both contra- and ipsilateral CMRo2 vs. 

CBP percent signal changes is only slightly larger than the average of 0.33±0.06 reported 

by Kastrup and 0.35±0.03 found in this lab [12]. The quality of the single linear fit to 

both ipsi- and contralateral CBP and CMRo2 changes is excellent (q=0.98). Treating the 

data from each hemisphere separately produces slope estimates that are within one standard 

error of each other (results not shown). It is also instructive to note that fitting a separate 

M value for each subject, as was done by Kastrup et al., does not influence the linear 

relationship between CMRo2 and CBP data, but results in a small increase of the estimated 

coupling ratio and the corresponding error, to 0.53±0.06. In view of the uncertainty in 

the value of the exponent Cl, describing the flow/volume coupling in the deoxyhemoglobin 

dilution model, we have investigated the dependence of the present findings on variation 

of Cl. Specifically, over the range of reported Cl values from 0.38 (the presently selected 

value) to 0.18 [135,179,233], we observed a linear decrease in the estimated M value, 

from 7.2±1.0% to 6.3±0.9% (accompanied by a small drop in the quality of the fit, q 

decreasing from 0.37 to 0.35). Correspondingly, the estimated CMRo/CBP coupling ratio 

increased, roughly linearly, from 0.44±0.04 to 0.53±0.05 (with negligible effect to the 
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quality of the linear fit). We also note that both M and coupling ratio estimates may be 

affected by systematic bias in the flow measurement of the presently employed PICORE 

tagging method. However, paralleling the low sensitivity of the coupling ratio estimate to 

variations in Cl over a physiologically relevant range, a bias in the flow measurement - as 

high as 30% underestimation for hypercapnia or 15% overestimation for motor activation 

- does not affect the finding of linear coupling between oxygen consumption and flow. 

Moreover, based on ASL kinetic signal model simulations (not shown), impact of such a 

bias on M and coupling ratio estimates is on the order of the random measurement error. 

While the lack of independent oxygen metabolism measurements by Shmuel et al. pre

cludes a CMRo/CBF coupling ratio comparison, the present findings certainly agree with 

their qualitative conclusion of smaller relative changes in CMRo2 than CBF in the regions 

of negative BOLD response [317]. We conclude that there is a consistent coupling between 

oxygen consumption and blood flow for sustained positive and negative BOLD responses. 

Our ROI definition was carried out using the percent difference maps, combined with 

anatomical constraints. While the details of ROI delineation do not affect the linearity of 

the relationship between CMRo2 and CBF, they do influence the coupling ratio estimate. 

Specifically, the present choice of ROIs maximizes the dynamic range of sampled data and 

hence the estimation power. Moreover, while incomplete overlap between the BOLD and 

CBF ROIs may introduce bias, only partial spatial congruency of the CBF and BOLD re

sponses has been documented in a number of studies [218,224,234]. Finally, the CBF and 

BOLD ROIs employed are largely overlapping, as shown in Figures 6.1 and 6.2. Ideal

ly, the regions of interest would be defined through a method that is independent of any 

metabolic and hemodynamic processes and, instead, probes the neuronal activity directly. 

While no direct measurements of neuronal activity have been made in this experimen

t, numerous electrophysiological studies using transcranial magnetic stimulation (TMS) 

have documented that unihemispheric magnetic stimulation of the primary motor cortex 

can induce inhibition in the Ml of the other hemisphere [31,103,118,217,255]. This in

terhemispheric inhibition phenomenon also arises with voluntary manual tasks: the study 
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by Liepert et al. has reported a significant decrease in the TMS-induced motor evoked po

tentials in the relaxed contralateral first dorsal interosseous muscle, while the subjects were 

performing the CUITent motor task with the ipsilateral hand [217]. 

The paradigm used in this study was chosen to ensure distinct blood supplies to the 

positive and negative BOLD response regions. Therefore, a purely hemodynamic effect 

involving a redirection of flow from the unactivated areas sUITounding the activated ones, or 

blood stealing, is a highly improbable origin of the observed decreases in BOLD and CBE 

Moreover, the right hand task in strictly right handed individuals maximized the degree of 

the inhibition: the dominant motor cortex having been shown to exhibit more inhibitory 

control over the non-dominant one than vice versa [56,213,217,255,257,387]. 

Notwithstanding relatively sparse interhemispheric connections of the cortical motor 

areas representing the most distal parts of the extremities [75, 133,240], the ipsilateral neu

ronal inhibition is likely mediated via activation (by excitatory axons crossing the corpus 

callosum) of local ipsilateral GABABergic intemeurons [4,24,76,79,142,199,257]. Other 

investigators have suggested that subcallosal routes may, in part, relay the inhibitory effec

t [31,118]. Disfacilitation of the excitatory drive onto the (l-motomeurons has also been 

proposed [118] (TMS not affording means of disceming between the two phenomena). 

The underlying purpose of these interhemispheric inhibitory interaction is still not clear. 

On the basis of EMG recordings of bilateral muscle activation during complex unilateral 

motor tasks [198], the proposition has been made that the movements of distal extremities 

are prepared bilaterally, the late transcallosal inhibition then ensuring unilateral movement 

[39,300]. In addition to the suppression of mirror movements, the ipsilateral inhibition 

may be aimed at reducing interference, aiding focus and thereby achieving high manual 

dexterity in complex unilateral tasks [115]. 

Irrespective of the exact purpose of the inhibitory effect in this paradigm, local changes 

in metabolic and hemodynamic processes most likely reflect net variations in focal ener

gy requirements, in tum arising from the overall level of neuronal firing, BOLD signal 

changes thus being determined by a balance between increased and decreased neuronal ac-
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tivity. The present findings extend the range of applicability of BOLD signal as a marker of 

neuronal state and hence brain function over a normal physiological range. Furthermore, 

the consistency of the coupling ratio for positive and negative BOLD response domains 

establishes existence of a unique relationship between blood fiow and oxygen consumption 

in the healthy human brain. However, careful investigations, simultaneously quantifying 

hemodynamic and metabolic changes, are necessary to establish the role of BOLD in de

termining functional deficits and plasticity under pathological conditions. 

6.7 Conclusion 

We have found a consistent linear relationship between oxygen consumption and perfu

sion in regions of sustained positive as weIl as negative BOLD response under normal 

physiological conditions. The slope of the linear fit to CMRo2 vs. CBF changes from 

both ipsi- and contralateral ROIs was O.44±O.04, in agreement with earlier motor studies 

investigating steady-state BOLD signal increases. The CUITent findings on the coupling 

between metabolic and hemodynamic processes underlying sustained BOLD decreases, in 

combination with extensive evidence on the accompanying neuronal inhibition from TM

S experiments, provide support for steady-state negative BOLD response as a marker of 

neuronal deactivation. 
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Chapter 7 

Conclusion 

7.1 Summary and Implications 

In this dissertation, venous refocusing for volume estimation (VERVE), a novel fMRI 

method for noninvasive, repetitive measurements of venous cerebral blood volume changes 

was introduced. The theoretical basis for the blood signal isolation strategy in this tech

nique was established through a series of relaxometry measurements. These methodologi

cal developments were undertaken to allow the investigation of the BOLD mechanism and 

thus address sorne of the outstanding questions surrounding normal brain physiology. In 

addition, this thesis involved a study that focused on the controversial sustained decreases 

in the BOLD fMRI response and probed the applicability of negative BOLD response as a 

marker of neuronal downregulation. 

In Chapter 3, important findings were made on the behaviour of tissue transverse re

laxation in the occipital lobe. Significant methodological improvements were made with 

respect to the earlier studies [19,386] investigating the grey-to-white matter contrast in the 

occipital lobe. Specifically, the present study employed the de facto standard sequence for 

in vivo T2 relaxometry [282,369,370] (thereby avoiding possible spurious statistically sig

nificant variation in T2 estimates [370]) and used much larger regions of interest compared 

to prior studies, thus maximizing the signal-to-noise ratio. At the same time, careful anal-
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ysis (Bayesian classification of high resolution anatomical acquisition, and careful training 

data selection in each subject, combined with a very low threshold of average normalized 

a posteriori probability of CSF in the ROIs) afforded high sensitivity to the intrinsic con

trast between grey and white matter. We found a preserved grey-to-white matter contrast 

in the occipital lobe of healthy, young adults, in contrast to earlier studies [19,386], yet in 

agreement with theoretical predictions [386]. Moreover, the small decrease, of 3±2 %, in 

the apparent T2 values of either tissue with refocusing interval elongation from 8 to 22 ms 

was in excellent agreement with theoretical predictions based on considerations of blood 

volume fraction of these tissues and the effect of this refocusing interval variation on the 

transverse relaxation time of blood. This study thus afforded significant insight into the 

refocusing interval dependence of tissue transverse relaxation, while providing the empir

ical basis for subtracting slow from fast refocusing interval acquisitions, in our VERVE 

method, to isolate the blood signal. 

In the ensuing studies on blood relaxometry, described in Chapter 4, we collected the 

most extensive up-to-date set of T 2blood data over the physiologically pertinent range of 

blood oxygen saturation, hematocrit and CPMG refocusing intervals achievable in vivo. Si

multaneous fitting of these data to the CUITent models ofblood relaxation rate enhancement 

due to sequestration of paramagnetic deoxygenated heme irons in erythrocytes provided 

strong support for the use of the diffusion [172] over fast exchange model [225]. Further

more, a robust parametrization of the diffusion model was obtained, allowing prediction 

of the spin-echo intravascular BOLD effect at 1.5 T. In addition, support for recently re

ported [324] linear decrease of spin-Iattice relaxation rate on blood oxygenation level was 

found, and a significant increase of Rlblood with hematocrit, findings of particular relevance 

for many MR techniques dependent on blood signal isolation or nulling [222,258] as weIl 

as perfusion quantification via arterial spin labeling methods [324]. 

In Chapter 5, a novel noninvasive fMRI technique for quantification of venous cerebral 

blood volume changes was described. A signal model was developed, and in vitro blood 

relaxometry data used to optimize the sequence parameters. In addition, a model of phys-
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iological changes accompanying normal brain activation was described and employed in 

combination with blood signal characterization from Chapter 4 as well as literature values, 

to evaluate the intravascular spin-echo BOLD effect on VERVE signal and achieve robust 

estimation of cerebral blood volume changes accompanying normal brain activation. The 

first noninvasive MR method for direct measurements of venous CBV was thus developed 

and demonstrated in the visual stimulation study of healthy, young adults. The findings 

indicate an average 16±2% increase of venous CBV in the visual cortex, concomitant to 

37±7% increase in blood flow, in concordance with the theoretical predictions of venous 

dilatation dominating the total blood volume changes [50,235] and a power law relation

ship applying between total CBF and total CBV changes [135,171]. Most importantly, 

a noninvasive fMRI method for tracking the volume changes in the part of vascular tree 

pertinent to the BOLD fMRI signal is thus afforded, allowing further explorations into the 

mechanism underlying the most prominent CUITent tool for studying brain function. 

The final study of this dissertation, described in Chapter 6, focused on the physi

ological changes accompanying sustained decreases in the BOLD fMRI signal, a sub

ject that has raised considerably controversy in the fMRI community over the last few 

years [142,317,328]. We employed a low-force phasic pinch grip, a task known to elicit 

neuronal excitation in the contralateral and inhibition in the ipsilateral primary motor cor

tex. Through interleaved BOLD and CBF measurements and a hypercapnic calibration, we 

thus quantified both CBF and CMRo2 changes in response to normal functional activation 

in homologous brain regions. Notably, while BOLD, CBF and CMRo2 all increased in 

the contralateral Ml, negative BOLD response in the ipsilateral Ml was associated with 

decreases in both flow and oxygen consumption. Critically, the changes in CMRo2 and 

CBF, in bath contra- and ipsilateral regions, were well described by a straight line, with a 

sI ope of 0.44±0.04. For the first time, a consistent coupling between perfusion and oxy

gen consumption changes in response to both net increases and decreases in focal neuronal 

activity was thus demonstrated. Of particular importance to the range of BOLD applica

tions in neuroscience, these findings support the prediction of a negative BOLD response 
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in the regions of net decreases of neuronal activity, following hemodynamic and metabolic 

changes that mirror those commonly found in areas of neuronal activation. 

7.2 Future Work 

The findings described in this thesis calI for a number of future investigations. Given the 

difficulty of establishing a gold standard for venous cerebral blood volume measurements 

in vivo in humans (using any modality), the presently described technique is likely best 

validated using an invasive method, such as contrast enhanced MRI with perfluorocarbon

s [91,208] or diffuse optical tomography in combination with optical dyes in an animal 

model. Notwithstanding, the obvious and particularly important application of the VERVE 

method is the study ofblood flow and venous volume coupling under a variety of condition

s. First, a graded stimulation paradigm in a sizable cohort of age-matched adult volunteers 

(in light of known hemodynamic response changes with aging [150,291]) is required to 

establish a robust model of the steady-state CBF/CBV v relationship in response to normal 

functional activation. Second, the extension of such studies to transient conditions is of in

terest for understanding the details of the hemodynamic response, especially in view of the 

suggested higher functional specificity of some transient segments of the BOLD response 

(e.g. the initial dip [47]). 

The coupling of the flow and venous volume under physiological perturbations, such 

as hypercapnia or hypoxia is also of interest, not only for the understanding of hemo

dynamics and BOLD mechanism under these conditions, but also as a validation of the 

flow/venous volume coupling assumed for the CMRÜz quantification via hypercapnic cal

ibration employed in our and other labs [12,77,155,185,191,337]. Finally, flow/venous 

volume coupling should also be investigated in cases of known disturbances in the hemo

dynamic response, such as ischemia, where a decline in the perfusion reserve and a corre

sponding drop in CBF/CBV ratio has been reported [228,309]. The detailed understanding 
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of the flow/venous volume coupling under these conditions is particularly significant as it 

facilitates accurate interpretation of BOLD signal changes in stroke recovery studies [279]. 

Beyond the study of flow/venous volume coupling, important insight for the under

standing of the brain hemodynarnics will be reached through investigation of the com

partmental contributions to blood volume increases. While arterial volume changes are 

commonly assumed to make but a small contribution to total BOLD signal relative to the 

passive venous dilatation [50], a combination of VERVE with one of the new MR methods 

sensitive to arterial blood volume changes, could be used to test this assumption. Of par

ticular interest here would be the temporal evolution of arterial relative to venous volume 

changes, the latter thought to lag due to the delayed venous compliance [50,233]. Method

ologically, an investigation of the dynarnics in the hemodynamic response calls for a higher 

signal-to-noise ratio and would thus require VERVE sequence to be implemented at 3 T. 

This will, in tum, necessitate the presently described relaxometry experiments to be carried 

out at the higher field strength, to enable the optimization of VERVE sequence pararneters 

at the higher field strength. As an additional benefit, insight into the contributions of dif

ferent transverse relaxation mechanisms will also be afforded through the study of the field 

dependence of the transverse relaxation time in blood. Moreover, higher signal-to-noise 

ratio at higher field strengths may be traded for increased resolution in the steady-state ex

periments so that the issue of the spatiallocalization of changes in respective physiological 

parameters may be addressed, though fields beyond 3 Tare likely necessary for those ex

periments [381,385]. These questions are central to establishing the functional specificity 

and ultimate spatial resolution of the BOLD fMRI response. 

With respect to the sustained BOLD decreases, an important outstanding question is 

the relative energetic demand of neuronal excitation vs. inhibition [207]. While we have 

illustrated decreased BOLD signal in the regions of net decreases in neuronal activity, it 

would be particularly interesting to investigate a paradigm that concurrently elicits exci

tation, inhibition and de activation (in the projection region of the upregulated inhibitory 

neurons), ideally in fairly homologous brain regions (thus presumably with very similar 
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vascular architecture). The relative costs in terms of oxygen consumption as weIl as the 

respective CBF and CBVv changes could then be compared via fMRI methods presently 

described. Relating these to the degree of modulation in the neuronal activity would, how

ever, necessitate the employment of a concomitant direct measurement of neuronal activity 

via e.g. electrophysiological recordings. Alternatively, a paradigm known to elicit equiva

lent amounts of up- and downregulation in distinct regions could be employed using fMRI 

methods alone. From the neurovascular point of view, the observed sustained decreases 

in CBF relative to baseline calI for a study of the corresponding control mechanism. In 

particular, it is at present not known how a decrease in blood fiow from baseline may be 

mediated in the context of the proposed systems for CBF control (involving a variety of 

vasodilatory agents [50,207]). 

Finally, negative BOLD responses have been observed under a variety of different con

ditions. SpecificaIly, the BOLD fMRI signal often decreases in response to normal func

tional activation in neonates [6,238,251]. On the other hand, a decline in the magnitude 

of the BOLD response and/or activated area with age has been reported [245,290,291]. 

Moreover, sustained BOLD decreases are frequently observed in pathological conditions, 

e.g. epilepsy [2]. The employment of the presently described techniques for direct mea

surements of metabolic and hemodynamic changes accompanying the se BOLD responses 

would help elucidate the underlying mechanism, critically probing the vascular vs. neu

ronal origins of differences in BOLD fMRI imprints of human brain activity under various 

conditions. 

In vivo imaging of brain function has traditionally been performed using radioactive 

tracer techniques, such as positron emission tomography (PET), to measure changes in 

cerebral blood fiow, blood volume and the metabolic rates of glucose (CMRglu) or oxygen 

utilization. However, the detailed and repeated study of subjects using PET is complicated 

by radiation dose limits as weIl as limited temporal and spatial resolution. With the devel

opment of fMRI during the past decade, most of the brain mapping studies now employ 

this modality, and neuroscience research in this area has expanded prodigiously. As with 
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PET, tMRI methods do not image neuronal activity directly; instead, they are based on the 

detection of changes in its various physiological correlates. In the case of BOLD tMRI, 

the observed signal has a complex and incompletely understood dependence upon CBF, 

CBV, CMRo2 , and vascular architecture. Although one might thus conjecture that tMRI 

techniques that measure CBF directly would be preferable, the increased sensitivity and 

relative technical simplicity of BOLD imaging have resulted in its unequivocal dominance. 

An important challenge, therefore, is to understand the BOLD signal fully in order to allow 

its accurate interpretation in normal and diseased brain. 
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AppendixA 

Ethics approval for human studies 

The human studies included in this thesis were approved by the Montreal Neurological 

Institute and Hospital Research Ethics Board. The following document is the confirmation 

of the approval. 
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