
18 The Open Medical Imaging Journal, 2012, 4, (Suppl 1-M3) 18-30  

 
 1874-3471/12 2012 Bentham Open 

Open Access 

Myocardial BOLD Imaging with T2 Relaxation 

Nilesh R. Ghugre1 and Graham A. Wright*,1,2,3 

1Imaging Research, Sunnybrook Research Institute, Toronto, ON, Canada 
2Department of Medical Biophysics, University of Toronto, Toronto, ON, Canada 
3Schulich Heart Program, Sunnybrook Health Sciences Centre, Toronto, ON, Canada 

Abstract: The purpose of this paper is to present a literature review of the theoretical and experimental work that 
describes the blood-oxygen-level-dependent or BOLD effect using quantitative T2 relaxation mechanism. The BOLD 
effect is mediated by paramagnetic deoxyhemoglobin which generates magnetic field inhomogeneities around 
erythrocytes; T2 is modulated by diffusion of spins in and around erythrocytes. Early work in blood describing the 
mechanisms of T2 relaxation as a function of oxygen saturation, field strength and cell integrity paved the way towards in 
vivo determination of tissue oxygenation state. Theoretical modeling in blood and tissue microcirculation further shed 
light into underlying mechanisms of deoxyhemoglobin, leading the way for interrogating myocardial oxygenation state 
non invasively. From a clinical standpoint, ongoing pre-clinical studies indicate that quantitative T2 may potentially be 
more specific than signal intensity measures, allowing regional, longitudinal and cross-subject comparison. Furthermore, 
the T2-based BOLD technique offers greater sensitivity on a 3T scanner, compared to 1.5T, allowing reliable detection of 
serial changes in perfusion reserve following acute coronary syndrome. We have thus reviewed the theoretical 
formulations and experimental observations made over several years by many investigators who have given significant 
insight into the oxygen-sensitive nature of T2 relaxation in blood and hence into the T2-based BOLD effect in tissue 
microcirculation.  
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INTRODUCTION 

 The blood-oxygen-level-dependent (BOLD) effect was 
initially exploited in functional magnetic resonance imaging 
(fMRI) studies to probe regional brain activity [1-5]. While 
oxyhemoglobin is diamagnetic, deoxyhemoglobin is para-
magnetic in nature, serving as the endogenous contrast agent 
in the MRI environment. In other words, blood oxygenation 
or concentration of deoxyhemoglobin governs the degree of 
magnetic susceptibility experienced by nearby water protons. 
The local magnetic field inhomogeneities thus generated 
cause dephasing of water protons resulting in signal loss, 
which can be easily sensed by the parameter T2*. Increase in 
oxygen saturation thus increases T2*-weighted signal while 
a decrease results in signal loss.  
 Just as T2*-weighted imaging formed the basis for fMRI 
brain studies, it was also later applied to assess myocardial 
blood oxygenation [6-9]. Since myocardial energy metabo-
lism is primarily governed by the balance of oxygen supply 
and demand, early T2*-based work employed pharmaco-
logical vasodilators to perturb myocardial oxygenation in 
healthy human volunteers [10-12]. At the same time, an 
analytical description of the BOLD effect in the capillary 
network of the myocardium was also put forth with T2* as 
the sensing parameter [13] (later extended to T2 [14]). Since 
then several investigators have applied T2*-based myocar-  
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dial BOLD imaging in the clinical setting to evaluate 
patients with cardiovascular complications viz. hypertensive 
hypertrophy, stress-induced angina/ischemia, impaired left 
ventricular contraction, coronary artery stenosis [15-19].  
 In contrast to the T2* approach, others simultaneously 
investigated the BOLD effect using the MRI transverse 
relaxation time, T2. The first study to characterize the effect 
of field strength and blood oxygenation on T2 relaxation 
time was by Thulborn et al. [20]; this work showed that 
increase in T2-1 with deoxyhemoglobin concentration arose 
from diffusion of protons through the generated magnetic 
field disturbances. Following this, several in vitro studies 
sought to systematically characterize the effects of whole 
blood oxygen saturation on T2 relaxation [21-23]; the in vivo 
application was later demonstrated [24, 25] suggesting its 
potential clinical utility. After the in vitro validation in 
blood, the quantitative T2-based BOLD technique was 
finally applied towards assessing in vivo myocardial 
oxygenation state by several investigators [26-30]. Similar to 
T2* studies, the authors perturbed the balance between 
myocardial oxygen demand and supply through vasodilatory 
agents allowing estimation of clinically-relevant parameters 
like perfusion reserve and oxygen extraction fraction. 
Besides T2 quantification, others have also evaluated signal 
intensity-based approaches to identify regional differences in 
myocardial blood flow using T2-weighted imaging [31-33]. 
Along with myocardial applications, effects of blood 
oxygenation within skeletal muscle microcirculation have 
also been investigated using transverse relaxation time 
[34,35]. 
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 More recently, steady-state free precession (SSFP) 
imaging has also been explored to assess regional myocar-
dial oxygenation in a canine model of coronary artery 
stenosis [36,37]. This was based on prior theoretical and 
experimental work in blood by Dharmakumar and colleagues 
[38], which employed the Luz-Meiboom two-compartment 
model [39] consisting of plasma and red blood cells. It was 
demonstrated that oxygen-contrast in SSFP methods arose 
from diffusion of spins through magnetic inhomogeneities 
generated by deoxygenated erythrocytes, rather than sensi-
tivity from bulk off-resonance frequency fluctuations. 
Similar validations were also performed in muscle micro-
circulation using a model of intra- and extravascular pools 
[40]; this was later extended to healthy human volunteers 
using an ischemic leg cuff model [41]. Other groups have 
similarly demonstrated the utility of steady-state techniques 
to detect BOLD changes in both brain and muscle using a 
visual activation task and ischemia/ hyperemia model 
respectively [42,43]. 
 The purpose of this paper is to present a literature review 
of the theoretical and experimental work that describes the 
BOLD effect using quantitative T2 relaxation mechanism. 
The review is organized in the following manner. The first 
section gives a quick overview of the properties of blood. 
The second section describes the relaxation mechanisms in 
blood with regard to the oxygen state and form of hemo-
globin. The third section describes the initial studies that 
demonstrated the oxygen dependence of T2 in both in vitro 
and in vivo settings. The fourth section briefly talks about 
validation of the oxygen-sensitive effect of T2 within muscle 
microcirculation. This leads into the fifth section describing 
the application of the BOLD theory to myocardial tissue, 
thereby allowing estimation of several clinically relevant 
parameters. The future directions and clinical relevance of 
the T2-based myocardial BOLD effect are discussed in the 
sixth section. This section describes the importance of 
moving to higher field strength (3T) and stresses on the 
ability of the T2 approach to perform regional, longitudinal 
as well as cross-subject comparison/ evaluation of a given 
disease state in a very systematic and quantitative manner. 
The ongoing work in our group’s laboratory, using the T2-
based BOLD approach in the myocardium has also been 
mentioned along with potential clinical applications. The 
conclusions are drawn at the end of the review.  

PROPERTIES OF BLOOD 

 Blood primarily comprises of 55% plasma and 44% 
erythrocytes (red blood cells) with the remaining 1% formed 
by leukocytes (white blood cells) and thrombocytes 
(platelets). The water molecules (protons) in plasma that are 
detectable by MRI are in the form of bulk water, which 
constitutes about 90% of blood by volume. Erythrocytes 
carry the oxygen-transport protein, hemoglobin (Hb), which 
is the predominant macromolecule in blood. The heme iron, 
in the ferrous Fe2+ state, present in hemoglobin gives it its 
oxygen-carrying capacity and also its magnetic properties.  
 When blood exits the pulmonary circulation, hemoglobin 
forms oxy-hemoglobin (oxyHb) in the oxygen-rich environ-
ment of the lungs. The arterial supply from the heart then 
carries the oxygenated blood to different tissues where 

oxygen is taken up by the cells to maintain energy, metabo-
lism and function. Once oxygen is extracted in the tissue 
microcirculation, hemoglobin is converted to deoxyhemo-
globin (deoxyHb) as blood is returned to the heart via venous 
supply. Thus hemoglobin switches between oxyHb and 
deoxyHb as blood moves through the circulation; arterial 
blood contains approximately 5% deoxyHb while venous 
blood contains 30%. If blood is removed from the circulation 
(e.g. hemorrhage), hemoglobin undergoes oxidative denatu-
ration to form methomoglobin (metHb), which contains iron 
in the ferric Fe3+ state.  

 The magnetic properties of hemoglobin and its forms 
have been described in detail [44-46]. Hemoglobin in the 
oxygenated form is diamagnetic in nature since it does not 
possess any unpaired electrons. On the other hand, deoxyHb 
and metHb have 4 and 5 unpaired electrons respectively, 
giving them paramagnetic properties. Consequently, MRI 
relaxation times of blood are modulated by the structure of 
Hb and its oxidation state. This review primarily focuses on 
the T2 relaxation properties of blood that are a function of 
the paramagnetic nature of deoxyHb; effects of metHb are 
beyond the scope of this paper.  

RELAXATION IN BLOOD 

 MR imaging typically involves a 90° radio frequency (rf) 
excitation pulse, applied at the Larmor frequency, that 
rotates the proton magnetic moments into the transverse 
plane relative to the direction of the applied magnetic field 
(or B0). Once in the transverse plane, the loss of phase 
coherence among the spins in termed as transverse relaxation 
and the time taken for the transverse magnetization to reach 
1/e of its equilibrium value is defined as T2 relaxation time. 
The difference in phase among the precessing spins occurs 
as a result of them experiencing different local magnetic 
fields in time. In blood, the T2 relaxation mechanism can be 
explained with two effects, diamagnetic and paramagnetic 
relaxation.  

 Since oxyHb is diamagnetic, T2 of fully oxygenated 
blood is dominated by diamagnetic or spin-spin relaxation 
effects, which include rotational Brownian motion of both 
water molecules and macromolecule hemoglobin along with 
their interaction with one another. Starting with the T2 
expression from Bloembergen’s theory of nuclear magnetic 
relaxation [47], relaxation in hemoglobin solutions can be 
written in a simplified form as follows,  
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where, Fp is the fraction of time spent by the water proton 
attached to hemoglobin thereby sharing its motion. A=1.5 
γ4h2r-6=5.4x1010 s-1 is a single representation of various 
constants, where γ is proton gyromagnetic ratio, h is Planck’s 
constant and r is the proton-proton distance. τr is the 
correlation time i.e. the time required for the rotational 
Brownian motion to produce an appreciable change with 
respect to B0. f0 is the Larmor frequency and fr=(2πτr)-1 is the 
cut-off frequency.  
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 As a first approximation, relaxation in blood with only 
oxyHb can be considered to be similar to that in hemoglobin 
solutions. However, in vivo blood cycles between oxy and 
deoxy state as it is circulated in the system. In this case, the 
paramagnetic relaxation effects of deoxyHb (in erythrocytes) 
become an important mechanism affecting the transverse 
relaxation time. The magnetic inhomogeneities thus gene-
rated create a susceptibility difference between plasma and 
erythrocytes, resulting in differences in precession frequency 
of spins present in or around these pools. In T2-weighted 
imaging sequences, the 180° refocusing pulses applied to the 
transverse magnetization can restore the lost phase coherence 
among the spins by reversing their accumulated phase 
differences. However, if diffusion effects dominate relative 
to the refocusing interval then this results in an additional 
signal loss, which cannot be corrected by the 180° pulses. In 
contrast if the imaging sequence uses gradient echos for 
refocusing spins, then this becomes sensitive only to 
magnetic susceptibility (or phase) differences generated by 
paramagnetic deoxyHb. The T2* approach is based on this 
mechanism, however the details are not discussed in this 
review.  
 Thus the primary mechanism for oxygen-sensitivity of 
T2 in blood can be attributed to random motion of water 
molecules in and around the magnetic field fluctuations 
present in the erythrocyte vicinity. If plasma and erythro-
cytes can be considered as two compartments or sites is the 
blood system, then proton exchange between the two 
compartments can be analogous to the theory of two-site 
chemical exchange mechanism reviewed and formulated by 
Allerhand and Gutowsky [48]. According to the two-site 
model, the diffusion- or exchange-sensitive relaxation rate 
(1/T2)D can be expressed with the following equation [39],  

( ) ( ) ( )
221

4 1 2 / tanh / 2
2

a b e e e

D

F F f TE TE
T

! " " "# $ % &= ' () * + ,- .
 (2) 

where, Fa and Fb represent the fraction of protons in the two 
sites, Δf is the Larmor precession frequency difference 
between the two sites and TE is the echo time. τe is the 
exchange time between the two sites and can be represented 
by the equation, 1 1 1
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residence times of protons at the respective sites. The work 
of Thulborn et al., [20] (discussed in the next section) 
provided experimental evidence for the role of diffusion-
based paramagnetic effect in modulating T2 relaxation in 
whole blood. For a more comprehensive review of the 
relaxation mechanisms in stationary blood, the article by 
Brooks and Di Chiro provides an excellent reference [49].  

OXYGEN DEPENDENCE OF T2 IN BLOOD 

In Vitro 

  The oxygen dependence of T2 relaxation in whole blood 
was first demonstrated by Thulborn et al., over a range  
of Larmor frequencies between 80 and 469 MHz (1.9 and  
11 T) [20]. Transverse relaxation rate enhancement T2-1

ex 
(T2-1

(venous) – T2-1
(arterial) ) was shown to be quadratically rela-

ted to field strength while T2-1 was similarly related to the  
 

fraction of deoxyHb present in blood. The study also found 
that volume magnetic susceptibility of erythrocytes increased 
with deoxygenation thereby generating strong magnetic 
gradients around the cells. This result coupled with the 
dependence of T2-1

ex on the interecho spacing of the Carr-
Purcell-Meiboom-Gill experiment led to the conclusion that 
transverse relaxation rates in blood are governed by 
dephasing of water molecules via diffusion through field 
gradients, that are a function of deoxyHb fraction.  
 While the work of Thulborn et al., concentrated on the 
medium and high field relaxation behavior in blood, Gomori 
et al., [21] explored the mechanisms in the low or (at the 
time) clinically-relevant field strength. They demonstrated 
similar T2 relaxation dependence on field strength (0.19-
1.4T) and interecho spacing for oxyHb, deoxyHb and metHb 
in intact red blood cells; metHb produced 1.6 times stronger 
relaxation enhancement compared to deoxyHb. Lysed red 
blood cells produced T2’s that were independent of field 
strength and interecho spacing due to the magnetically 
homogeneous environment that they create. Comparing their 
low field data with the high field observations by Thulborn 
et al., it was concluded that difference in T2 at the two field 
extremes arose from reduced diffusion sensitivity at low 
magnetic fields.  
 Both Thulborn et al., and Gomori et al., represented the 
T2 relaxation in blood in accordance with a modified multi-
site chemical exchange theory of Luz and Meiboom; the 
transverse relaxation can then be put in the form, 
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where, δ is the gyromagnetic ratio of proton, τD is the 
correlation or exchange time, ΔHi represents the difference 
between the field strength in the ith region and the average 
field strength, pi is the probability that a proton is present in 
the ith region and τCPMG is the interecho spacing. For a given 
field strength, the interecho spacing dependence of T2 as 
observed from in vitro experiments was fit to the above 
equation and estimates of correlation times were obtained.  

In Vivo  

 Apart from the quantitative in vitro study by Thulborn  
et al., relating T2 to percent oxygenated hemoglobin 
(%HbO2), early in vivo work was only qualitative [4,50,51] 
in nature. In this respect, Wright et al., [23] derived an in 
vivo calibration between T2 and oxygen saturation and hence 
non invasively estimated %HbO2 of vascular blood on a 1.5T 
clinical scanner. First, an in vitro calibration relating T2 and 
%HbO2 was derived for human blood and characterized by 
the Luz-Meiboom two-site exchange model [39]. Second, in 
vivo T2 measurements were made in blood vessels of the 
mediastinum of healthy subjects. Finally, in vivo %HbO2 
was computed from corresponding T2 measurements using 
in vitro calibrations as a reference.  
 Similar to eqn. 3, the effect of hemoglobin oxygenation 
on T2 of blood can be described by a modified form of the 
two-site proton exchange model of Luz-Meiboom [39], 
given by, 
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where, T2b is the transverse relaxation time of fully 
oxygenated blood, PA is the fraction of protons present at one 
site, τex represents the exchange time i.e. time taken by a 
proton to move between the two sites, α is a dimensionless 
measure of the susceptibility of deoxyhemoglobin and ery-
throcyte geometry, ω0 is the proton resonant frequency and 
τ180 is the interecho spacing or interval between 180° refo-
cusing pulses. One of the sites can be considered as that 
under the influence of gradient fields generated by erythro-
cytes with the frequency difference between the two sites 
represented by the squared term (containing %HBO2) in the 
above equation. The equation suggests that the strength of 
the oxygen effect increases quadratically with field strength 
while sensitivity of T2b to %HbO2 increases with τex. Fig. (1) 
shows a schematic of the interaction of protons at the two 
sites viz. red blood cell and plasma along with relevant 
parameters.  

 Since the primary intent was to calibrate T2 for changes 
in %HbO2 and not probe underlying effects of other para-
meters, α, τex and PA [21,52-54], the above equation was 
compacted to the form, 
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where, K represents the lumped parameter for a given 
biological system and is a function of the experimental 
parameters, interecho spacing and field strength. Based on 
this form, oxygen effect is governed by 1) T20, which 
depends on temperature and hematocrit [55] and 2) K, which 
increases with ω0 and τ180.  

 The pulse sequence used for the in vivo estimation of T2b 
consisted of an inversion pulse for fat suppression followed 
by a frequency-selective 90° pulse for exciting water 
protons. The transverse magnetization was then refocused 
every τ180 ms by 180° rectangular pulses played out in an 
MLEV pattern [56] which constitutes the T2 preparation 
period. The signal was finally sampled using a spiral 
readout. Imaging was performed on a 1.5T GE system.  

 The in vitro calibration of T2b involved venous blood 
draws, from volunteers, which were aerated over a range of 
%HbO2 (30-96 %). T2 values were measured for τ180 = 6, 12, 
24 and 48 ms with TR=2s and TEs from 24-384 ms; a 
monoexponential signal decay model was used. Fig. (2) 
shows images of blood samples drawn from a representative 
volunteer at different echo times and varying levels of 
oxygenation. 

 For each τ180, the T2b vs. %HbO2 data points were fitted 
by eqn. 5 using a least-squares algorithm and corresponding 
K and T20 values were estimated. Eqn. 5 was a reasonable 
representation of the data; Fig. (3) demonstrates the effect of 
interecho spacing on the T2b-HbO2 calibration by plugging 
in the estimated parameters. When τ180 was increased from 6 
ms to 48 ms, K increased from 13 s-1 to 62 s-1 while T20 
decreased in a less dramatic way (260 to 236 ms). The 
results indicated that larger values of K represented greater 
%HbO2 effect and that T20 was relatively less sensitive.  

 
Fig. (1). The schematic shows the relevant parameters involved when protons interact with a red blood cell (RBC) within blood plasma in the 
presence of an external magnetic field B0. The magnetic susceptibility of the erythrocyte increases in proportion with the concentration of 
deoxyhemoglobin in blood and γΔBz is the corresponding frequency shift produced. τex is the correlation time for proton exchange and Δωex 
is the corresponding frequency shift. Δωi and Δωe represent the change in precession frequency in the intracellular and extracellular pools as 
a result of proton diffusion in these pools. 
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  The in vivo study involved calculating T2b values in the 
aorta, superior vena cava and pulmonary trunk of healthy 
volunteers. Average T2’s from venous blood (superior vena 
cava) were shorter than arterial blood (aorta) as expected 
(145 vs. 222 ms) and were within the range of in vitro 
observations. T20 was calculated assuming a %HbO2 of 97% 
for aortic blood for minimum τ180, %HbO2 was then 
estimated using eqn. 5. The estimate of oxygen saturation in 
venous blood (range of 72-78%) was in accordance to that 
mentioned in literature.  

 
Fig. (3). Plot demonstrates the relationship between T2b and 
%HbO2 for τ180 varying from 6 ms to 12 ms. The curves were 
computed from eqn. 5 using appropriate values of K and T20.  

 Encouraged by the ability to quantify the oxygen state of 
blood in vivo, Foltz et al., [24] went ahead to quantify 
coronary venous oxygen content specifically in conjunction 
with coronary flow reserve using T2 quantification. In the 
case of ischemic heart disease there is need to carefully 
monitor coronary blood oxygen supply with respect to 
demand state of myocardium. Coronary flow reserve is 

reduced in patients with coronary artery disease and is 
restored after therapeutic intervention [57,58]. The authors 
wanted to explore the utility of MRI-based non-invasive 
oxygen sensitive technique to assess myocardial supply and 
demand characteristics in a quantitative manner. Blood 
oxygen supply and demand was modeled using Fick law, 
which states that blood flow (Q) within a tissue system 
increases in proportion to rate of oxygen consumption and is 
inversely related to arteriovenous (art, ven) difference in 
blood oxygen content; this can be represented in the form, 
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 where, [Hb] is the hemoglobin concentration. In other 
words, oxygen supply is represented by flow Q and demand 
by metabolic/consumption rate of O2; either of these two 
independent parameters can be estimated with knowledge of 
arterial and venous oxygen content. A pharmacological 
vasodilator, Dipyridamole, was used to uncouple supply and 
demand. Dipyridamole is an arteriolar vasodilator which 
does not induce any significant increase in myocardial 
energy demand [59]. This implies that vasodilatory-induced 
changes in blood oxygenation would be a direct reflectance 
of changes in coronary blood flow. The study assumed that 
oxygen supply and demand was successfully uncoupled and 
that arterial oxygen content was unchanged during vasodila-
tion, then coronary flow reserve could be computed using 
eqn. 6 as follows,  
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where, basal and peak correspond to rest and vasodilatory 
states and %O2, art was assumed to be 97%. T2 values were 
measured in the coronary sinus (representing %O2, ven) of 

 
Fig. (2). Images demonstrate the T2-weighted signal loss within blood samples as a function of echo time. The vial’s contained blood drawn 
from a representative volunteer and manipulated to give varying levels of oxygenation. 
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five healthy volunteers using a T2-prepared spiral imaging 
sequence similar that described by Wright et al. [23]. The T2 
values, in both rest and vasodilatory state, were then mapped 
to blood oxygenation level using in vitro T2b-%HbO2 
calibration similar to Wright et al. [23]. Finally, using eqn. 7, 
an average coronary flow reserve was found to be 1.8. An 
underestimation of CFR, compared to a value of 4 from 
previous studies [60], was attributed to 1) right atrial mixing, 
2) insufficient supply-demand uncoupling by Dipyridamole; 
literature suggests that cardiac metabolic rate increases by 
~30% [59] and 3) heterogeneity and temporal changes in 
Dipyridamole action. Nevertheless, the study successfully 
demonstrated the clinical utility of noninvasively estimating 
coronary oxygenation by T2-based quantification. In a 
similar manner, several other studies have also utilized the 
oxygen saturation effect in MRI in preclinical models as well 
as in a clinical setting [61-65]. 
 Following this study of Foltz et al. [24], Yang et al., [25] 
recently extended the MRI-based oximetry approach to 
determine oxygen consumption in the myocardium (MVO2) 
and whole body (VO2) in a non-invasive manner. The basis 
of the study was that MVO2, which represents overall 
myocardial oxidative metabolism, might be a better indicator 
of predicting LV dysfunction and heart failure compared to 
left ventricular (LV) ejection fraction [66]. Furthermore, 
VO2 has been shown to have prognostic value in assessing 
patients with coronary heart disease and heart failure [67,68]. 
The study was conducted in 13 healthy human volunteers in 
each of whom in vitro blood T2-%O2 calibration was derived 
[23] by drawing venous blood samples and subsequently 
varying oxygen saturation. T2 measurements were perfor-
med in coronary sinus (CS) and main pulmonary artery 
(MPA) using T2-prepared spiral imaging sequence [24]; CS 
and MPA oxygenation was then computed using the T2-
%O2 calibration curve. Finally, MVO2 and VO2 were 
obtained from CS and MPA oxygenation respectively using 
Fick’s law. CS and MPA flow measurements were per-
formed using phase contrast gradient echo sequence and LV 
mass was calculated using 2D FIESTA sequence. The 
average MVO2 was 11 ml/min per 100g LV mass while VO2 
was 3.8 ml/min/kg body weight, these values were in good 
agreement with those previously published [68,69]. Current 
techniques for measuring MVO2 and VO2 are either indirect 
or invasive. Moreover, non-invasive PET approach which is 
considered the gold standard, is limited by low-availability, 
high expense and (importantly) the use of radioactive tracers. 
In comparison, MRI-based BOLD approach offers a pro-
mising alternative to estimate myocardial and whole-body 
oxygen consumption. 

Effect at 3T 

 After the derivation of the T2b-%HbO2 calibration curve 
at 1.5T and demonstrating its utility in the in vivo estimation 
of oxygen saturation [23], Lee et al., interrogated the dep-
endence of MR relaxation parameters on blood oxygenation 
at 3T. The authors considered eqn. 5 as the starting point for 
relaxation in blood where the parameter K is a function of 
echo spacing τ180 and is expected to have a quadratic dep-
endence on field strength for a given system. Venous blood 
drawn from human healthy volunteers was manipulated by 
nitrogen gas or air to obtain varying levels of oxygen 

saturation (40-90%). In vitro blood calibrations of T2b-
%HbO2 thus obtained, demonstrated that K increased from 
1.5T to 3T by a factor of 3.4 and this increase was 
independent of τ180. The drop in T20 at 3T (239 vs. 165 ms) 
was consistent with the findings of Thulborn et al. [20]. Fig. 
(4) demonstrates the effect of field strength on the T2b-
%HbO2 relationship for τ180 = 12 ms; plot was obtained by 
plugging values of K and T20 in eqn. 5. Using the in vitro 
calibration, the femoral vein oxygenation in the volunteers 
was found to be ~70% at both 1.5T and 3T, consistent with 
literature values. It was also shown that in vivo scans of the 
thigh produced greater SNR at 3T than 1.5T (a factor of 
1.35). Overall, the study demonstrated the feasibility of 
using a 3T clinical system for in vivo oximetry and the 
observations suggest that T2-based BOLD effect would be 
greater at 3T in comparison to 1.5T. 

 
Fig. (4). Plot demonstrates the T2b-%HbO2 calibration curves for 
1.5T (K=28.3, T20=225.8 ms) and 3T (K=100, T20=175.7 ms) as 
obtained from eqn. 5 for τ180 = 12 ms. 

BOLD EFFECT IN SKELETAL MUSCLE 

 BOLD effect has been shown to arise from diffusion of 
water protons through magnetic field fluctuations generated 
by paramagnetic deoxyHb present in blood. Early studies 
have mainly concentrated on describing oxygenation effects 
in blood, however, expansion of this work to tissue micro-
circulation is clinically valuable in order to assess tissue 
viability and function [70-74]. In order to probe blood 
oxygenation levels in a given tissue system, it is necessary to 
consider a multi-compartment model, unlike a monoexpo-
nential signal decay model employed for characterizing 
effects in blood. Multi-exponential signal decay has been 
previously demonstrated in normal muscle identifying two or 
three T2 components [75-79]. If a two compartment model is 
considered, then according to Le Rumeur [79], the long and 
short T2 components represent vascular space and a combi-
nation of (intracellular and interstitial) space respectively.  
 Based on this observation, Stainsby and Wright [35] went 
ahead to explore the possibility of using the long T2 com-
ponent to indicate the oxygen state of blood within tissue 
microcirculation. In vivo T2 measurements were performed 
in rabbit skeletal muscle and a biexponential signal decay 
model was used to describe MRI signal behavior. A two-site 
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proton exchange model was considered [78,80,81] with the 
following set of equations describing the model, 
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where, T2S and T2L are the short and long T2 components 
observed with PS and PL being the relative weights 
respectively. The indices I and E represent the intra- and 
extravascular pools respectively with 1) f denoting relative 
volume fraction of the two pools (fI, fE=1-fI), 2) k repre-
senting proton exchange rate from one pool to the other (kI, 
kE) with the relation, (kE.fE)/fI = -kI = K and 3) T2I and T2E 
being the corresponding relaxation times in blood (depend-
ent on oxygen state) and tissue (fixed) respectively. For 
skeletal muscle, it was assumed that K=4 Hz [80], T2E = 27 
ms and fI = 3%. Theoretical predications indicate that T2L is 
sensitive to changes in oxygenation but not T2S. 
 Rabbits were imaged on a 1.5T GE system with T2 mea-
surements performed using a multi-echo imaging sequence 
consisting of a train of refocusing pulses (8 ms interval) in 
an MLEV pattern. Blood oxygenation state in each animal 
was altered by delivery of variable mixtures of oxygen and 
nitrogen through a breathing mask. No correlation (r=0.17) 
was found between monoexponential T2 values and blood 
oxygen state; this was attributed to the relatively low blood 
volume fraction of 3% in muscle making the model insensi-
tive. On the other hand, the long T2 component (T2L) of the 
biexponential fit was significantly correlated with %O2 
(r=0.62) with the short T2 component (T2S) relatively 
unchanged (26 ms). The trend of experimental results (T2L 
vs. T2blood) was similar to theoretical predictions. The authors 
also discuss computing actual T2 of blood in the tissue (T2I) 
in terms of T2L, thereby allowing estimation of the actual 
oxygen state in the microcirculation; this T2I value can then 
be plugged into the in vitro T2b-%HbO2 calibration curve 
derived by Wright et al. [23].  
 In a parallel study, Noseworthy et al., [34] demonstrated 
the utility of the bi-component T2 model to track oxygen 
effects in skeletal muscle of healthy human volunteers under 
normoxic (air, 20.8% O2) and hyperoxic (100% O2) condi-
tions. Similar to the work of Stainsby et al., it was observed 
that the short T2 component (T2S), reflecting extravascular 
(cellular + interstitial) space, was unchanged with oxygen 

state while the long component (T2L), representing blood, 
was oxygen sensitive. T2L increased with hyperoxia with the 
effect more prominent in slow twitch (soleus) muscle 
compared to fast twitch (gastrocnemius). Clinically, this 
finding would be very useful to estimate degree of tissue 
hypoxia in cases of vascular disease. 

BOLD EFFECT IN MYOCARDIUM 

 Several early studies employed signal intensity-based 
techniques to demonstrate the correlation between myocar-
dial signal and blood oxygenation state [6,8,9]. However, the 
first study to relate hemoglobin saturation with T2 relaxation 
in myocardium was performed by Atalay et al. [26]; this was 
hence quantitative in nature rather than qualitative. The study 
was carried out on a 4.7T GE NMR spectrometer in which 
isolated rabbit hearts, arranged in Langendorff mode, were 
imaged. A line scan protocol using Hahn spin echo was 
employed to measure T2 with the echo time TE varying 
between 18 ms and 1 s. T2 values were computed in the 
myocardium for varying levels of hemoglobin saturation, 
that could be controlled by changing the partial pressure of 
oxygen in the perfusate.  
 T2 measurements in both septum and left ventricular free 
wall were found to increase with hemoglobin saturation. 
Septal T2 was quadratically related to %Hb, very similar to 
behavior in blood although less pronounced; reasons for this 
would be the relatively less blood volume within the 
myocardium along with modified susceptibility gradients at 
the tissue-vessel interface. The authors also comment on the 
difference between relaxation rates R2 (1/T2) and R2* 
(1/T2*) with respect to %Hb sensitivity, suggesting that 
sensitivity of R2* is slightly greater that R2 due to a steeper 
curve.  
 After their initial study looking at %O2 changes in coro-
nary sinus of humans [24], Foltz et al., [27] later extended 
their work to the myocardium by observing vasodilator 
response with T2 relaxation. Since vasodilation-induced 
signal changes may reflect changes in either blood volume 
(BV) or %O2 within the microvasculature, the study sought 
to characterize their relative contributions to T2 changes. An 
intracoronary infusion of adenosine was used in the study, 
which would increase only perfusion and leave BV or 
cardiac metabolic rate/O2 consumption unaffected. Under 
these conditions, it was hypothesized that changes in T2 
would reflect changes in oxygen levels in the microcircu-
lation.  
 T2 quantification was performed using a previously 
validated T2-prepared spiral imaging sequence [24]. Blood 
volume assessment was done using T1 quantification in 
myocardium and blood, before and after injection of an 
intravascular contrast agent (Clariscan) based on a model 
described by Bauer et al. [82]. Oxygen levels were estimated 
via blood drawn from the left anterior descending (LAD) 
coronary vein while perfusion was computed using a 
Doppler flow wire placed in the left main coronary artery. 
Myocardial T2 was elevated by 17% with vasodilation and 
was associated with a coronary perfusion reserve of 3.2 and 
a 56% change in coronary venous oxygenation. Both blood 
volume and cardiac metabolic rate (heart rate x blood 
pressure) were unchanged with adenosine.  
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 Identifying perfusion deficit is clinically important to 
differentiate between viable and injured myocardium (at-risk 
or infarcted); sensitivity to a 2-fold reduction in perfusion 
reserve is essential [83]. Fig. (5) shows the relationship 
between change in microcirculation oxygen levels and 
perfusion reserve as predicted by Fick’s law, eqn. 6 [24]. A 
perfusion reserve of 3-fold observed in this study maps to a 
microcirculation Δ%O2 of 40%. In comparison, a T2 
elevation of 10% is required for detecting a 40% change in 
oxygen levels based on the two-pool model [35]. Hence the 
study concludes that a vasodilatory change in T2 can detect 
about a 40% change in microcirculation oxygen levels. The 
authors comment that although this appears to be less that 
the required diagnostic sensitivity, it should be sufficient to 
distinguish normal from abnormal myocardium. 

 
Fig. (5). The curve shows the relationship between changes in 
microcirculation oxygenation and perfusion reserve as predicted by 
Fick’s law. 

 Vasodilatory-change in myocardial T2 was also exploited 
by Zheng and colleagues to probe the coupling between 
myocardial oxygen supply and demand, which is an import-
ant consideration in coronary artery disease. The oxygen 
supply-demand balance was represented by the term oxygen 
extraction fraction (OEF) that is defined by the ratio (O2, artery 
– O2, vein)/(O2, artery). In their initial work, they derived the 
theoretical relationship between T2 and OEF and validated 
the relaxation effects using both computer simulations and 
experimental work in canines [29,30]. Vasodilation was 
induced by dipyridamole to perturb the supply-demand 
characteristics. Myocardial T2 was shown to increase by 
16% (44 ms vs. 51 ms) from rest to peak dipyridamole 
effect. OEF measured by MRI demonstrated a strong 
correla-tion with that measured from blood sampling 
(R=0.83). A two-compartment model consisting of intra- and 
extravas-cular magnetizations was proposed by the authors 
to relate the various parameters of the myocardial tissue 
system viz. T2, OEF, myocardial blood volume (MBV), 
myocardial blood flow (MBF) and oxygen consumption rate 
(MVO2). The biexponential signal (S) originating from a 
single voxel at a given echo time (TE) can be given by,  
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where, S0 is a function of proton density, receiver gain and 
T1, T2app is the apparent or observed relaxation time while 
T2b and T2t are the T2 values for blood and tissue 
respectively. T2b was represented as a parabolic function of 
oxygen saturation or OEF [23], therefore in the form, 
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where, A, B and C are relaxation rate constants that were 
determined using the experimental data of Golay et al. [84]. 
The relaxation within myocardial tissue, T2t was represented 
as, 
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where, T20 is the intrinsic myocardial transverse relaxation 
time and T2diff is the diffusion-sensitive parameter dependent 
on motion of spins across magnetic field fluctuations in the 
extravascular space. After simplification, T2t was rewritten 
in terms of parameters of interest, 
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where, R20t is the reciprocal of T20 while the second term on 
the right is the reciprocal of T2diff, τ is the interecho spacing. 
The parameter R21t is a lumped parameter that represents 
diffusion constant, susceptibility across the blood-tissue 
interface, geometry of tissue with respect to field B0 and size 
of capillaries. Finally, after appropriate approximations, 
OEFhyperemia was computed with the equation,  
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With known OEFrest, T2b, rest can be estimated from eqn. 10. 
Then with known MBVrest and specified TE’s, T2t, rest can be 
calculated by fitting the signal in eqn. 9 at multiple TE’s. 
The subject-specific parameters R20t and R21t can be 
estimated by applying two different τ’s, computing the 
corresponding T2t, rest using eqn. 9 and then solving the pair 
of simultaneous equations (eqn. 12), given OEFrest and 
MBVrest. With system-specific parameters now known, 
OEFhyperemia can be similarly computed using eqn. 13. 
 Using the above theoretical basis, Zhang et al. [28] 
assessed the OEF along with myocardial perfusion reserve 
(MPR) in a canine model of coronary artery stenosis. A 
turbo spin echo (TSE) in the form of a segmented CPMG 
acquisition was used with two τ’s = 7.3 and 11 ms (3 TE’s at 
each τ). Based on Fick’s law, MPR was computed as 
follows, 

hyperemia rest

rest hyperemia

MBF OEF
MPR

MBF OEF
= !  (14) 

 In the myocardium supplied by stenotic artery, T2 
demonstrated blunted increase (3%) with vasodilation 
compared to normal region (10%). The oxygen extraction 
fraction in affected regions was greater than that in the well-
perfused regions (0.43 vs. 0.21). The study demonstrated that 
T2-based BOLD imaging can help distinguish the abnor-
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mally perfused territories from normal myocardium in the 
presence of a defective coronary artery. More recently, 
McCommis et al., [85] also demonstrated that MRI-based 
estimation of MBF, OEF and MVO2 agreed strongly with 
PET-based measurements (R2=0.7-0.93), which are 
considered the gold standard.  

FUTURE DIRECTIONS AND CLINICAL APPLICA-
TIONS 

 The initial in vitro studies in blood by Thulborn et al., 
[20] and Gomori et al., [21] showed that T2 of blood 
containing deoxygenated hemoglobin increases as the square 
of the applied magnetic field, suggesting the greater oxygen-
sensitivity at higher field strengths. Driven by these 
observations, the study later by Lee et al., [86] demonstrated 
the feasibility of using a 3T clinical system to perform in 
vivo oximetric measurements of blood in human femoral 
vein. In the same study, a 1.5T vs. 3T comparison of T2’s in 
blood (in vitro) further reinforced that 3T provides greater 
sensitivity for detecting oxygenation changes (in eqn. 5, 
K3T/K1.5T = 3.45) with the added advantage of higher signal 
to noise ratio (SNR), SNR3T/SNR1.5T = 1.35. More recently, 
Dharmakumar and colleagues [40] have also shown similar 
benefit of 3T systems over 1.5T with respect to observing 
BOLD contrast using SSFP-based imaging sequences. A 
nearly 3-fold increase in oxygen contrast was demonstrated 
at 3T, compared to 1.5T, in identifying regional perfusion 
deficits in a canine model of coronary artery stenosis [37].  
 Based on these initial findings promoting the use higher 
field strength for increasing the BOLD signal sensitivity, 
ongoing work in our laboratory has primarily focused on 

observing the BOLD effect in myocardium at 3T using T2 
quantification [87]. We extended the work of Foltz et al., 
[27] that was performed at 1.5T to a 3T system. Oxygenation 
changes in the myocardium of healthy (control) pigs were 
studied in whom stress was induced with Dipyridamole  
as the vasodilator. As mentioned earlier, Dipyridamole 
increases blood flow without any significant increase in the 
cardiac metabolism or myocardial oxygen demand. T2 
measurements were then performed on both 1.5T and 3T 
clinical scanners using a T2-prepared spiral imaging 
sequence [88] in rest and stress state. Fig. (6a-e) shows T2-
weighted short-axis slice of representative porcine myocar-
dium imaged at rest on a 3T scanner along with the 
corresponding T2 map in Fig. (6f). As expected T2 values 
increased with vasodilation as a result of increased blood 
flow and oxygen saturation, the change thus representing 
myocardial perfusion reserve. Initial experimental results 
suggest that a 2-7 fold increase in sensitivity can be obtained 
at 3T depending on the value of the interecho spacing; 
theoretical predictions using two-pool model [35] seem to 
match well with experimental observations.  
 With respect to potential clinical applications of myo-
cardial BOLD effect, most investigators have focused on 
identifying regional perfusion deficits in the case of coronary 
artery stenosis [16,17,19,36,37] with one study looking at 
hypertensive LV hypertrophy [15]. Our group has recently 
explored the utility of the T2-based BOLD approach to 
evaluate regional and longitudinal vasodilatory function in a 
porcine model of myocardial infarction at 3T [87]. The study 
involved a 90 min balloon occlusion of the left anterior 
descending artery (LAD) followed by reperfusion, after 
which the pigs underwent MRI at 5-6 time points up to 6 

 
Fig. (6). (a) to (e) shows images of T2-weighted short axis slice of pig myocardium at rest on a 3T scanner with echo times = 2.9, 24, 48, 88 
and 184 ms respectively. (f) shows the corresponding pixel-wise computed T2 map with the average T2 value in the anterior region 
calculated as 41.2 ms.  
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weeks; control scans were performed before intervention. 
The infarcted myocardium demonstrated a reduced/null 
hyperemic response suggesting damaged and/or obstructed 
microvasculature; a residual response may potentially be 
indicative of salvageable myocardium in the risk zone. In the 
remote territories, a subtle increase in resting T2 was 
observed at week 1-2; this could mean either edema or 
hyperemia in response to distal infarction. An interesting 
finding of the study was that the subtle increase in remote T2 
was accompanied by a suppressed BOLD-induced stress 
response that might be indicative of prior vasodilation or a 
resistive state arising from systemic inflammation or neuro-
hormonal sympathetic activity. These observations were 
consistent with a previous PET study [89] that demonstrated 
coronary vasodilator dysfunction in both infarcted and 
remote myocardium of patients with acute coronary syn-
drome; despite reperfusion therapy, microvascular integrity 
and function may be compromised in these territories [89]. 
 Although other imaging strategies such as first-pass 
perfusion MRI, PET and SPECT and angiographic appro-
aches are routinely used in the clinic to quantify perfusion 
reserve, BOLD imaging offers the advantage of using 
endogeneous contrast mechanisms and also being able to 
provide additional information regarding tissue oxygenation 
state. This in turn can be translated into the vasodilator 
function of the microvasculature; for example, vasodilator 
abnormality in regions supplied by angiographically normal 
vessels and failure of the vasodilator function to regain 
control levels at follow-up may potentially be indicative of 
adverse left ventricular remodeling. Ongoing clinical studies 
at our institution have demonstrated an elevated resting T2 
value in the remote myocardium of patients with large severe 
infarction (with hemorrhage and microvascular obstruction) 
[90]. Although no stress test was performed, the observation 
paralleled that observed in our pig studies; this effect was not 
observed in patients with smaller non-hemorrhagic infarcts. 
Similarly, initial studies comparing 45 min and 90 min 
infarction in pigs have demonstrated that along with infarct 
zone edema, vasodilator dysfunction in remote myocardium 
recovers faster in smaller infarcts [91].  
  Post-infarct remodeling is a complex process and moni-
toring the evolution of infarcted myocardium is important 
from a therapeutic perspective [92]. Ultimately, the aim of 
any therapeutic strategy is to salvage as much myocardium 
as is possible in the area-at-risk and thereby improve cardiac 
function and long-term outcomes. Emerging therapeutic 
pathways/approaches such as reperfusion injury salvage 
kinase (RISK) pathway, mitochondrial permeability transi-
tion pore (PTP), myocardial regeneration using stem cells 
[93,94] have been successful in animal models however their 
translation into the clinic has generally been inconclusive. In 
conjunction with routine clinical protocols, BOLD imaging 
may potentially offer some new insights into the efficacy of 
novel therapies and help optimize the timing and duration of 
their administration.  

CONCLUSIONS 

 Given that the myocardial BOLD effect can be observed 
using three types of MR imaging sequences – T2*, T2 and 
SSFP, each has its relative advantage and disadvantage. The 

T2* technique is quantitative and the most sensitive app-
roach to observe myocardial oxygenation changes, however 
it is troubled by magnetic susceptibility artifacts arising from 
the heart-lung interface and deoxygenated blood present in 
cardiac veins [95]. The SSFP approach is fast, provides high 
SNR and is advantageous in that it can be used for evaluat-
ing cardiac function in addition to providing BOLD contrast. 
However, being signal intensity-based, it is not quantitative 
and is limited to resolving regional signal differences within 
the same subject only. Moreover, it may also be vulnerable 
to receiver coil-sensitivity issues. Considering these aspects, 
the T2-based technique may offer a more desirable tool to 
detect tissue oxygenation changes; it is quantitative, has 
reasonable SNR and is less prone to magnetic susceptibility 
artifacts, one disadvantage being the longer acquisition 
times.  
 We have reviewed the theoretical formulations and 
experimental observations made over several years by many 
investigators who have given significant insight into the 
oxygen-sensitive nature of T2 relaxation in blood or the T2-
based BOLD effect. Early work in blood describing the 
mechanisms of T2 relaxation as a function of oxygen 
saturation, field strength and cell integrity paved the way 
towards in vivo determination of tissue oxygenation state. 
Theoretical modeling in blood and tissue microcirculation 
further shed light into underlying mechanisms of paramag-
netic deoxyhemoglobin, leading the way for interrogating 
myocardial oxygenation state non invasively. From a clinical 
standpoint, ongoing pre-clinical studies indicate that quanti-
tative T2 may potentially be more specific than signal inten-
sity measures, allowing regional, longitudinal and cross-
subject comparison [87,88]. Lastly, the T2-based BOLD 
technique offers greater sensitivity on a 3T scanner, com-
pared to 1.5T, allowing reliable detection of serial changes in 
vasodilator function following acute myocardial infarction. 
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