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ABSTRACT

Conventional magnetic resonance (MR) images are qualitative, and their signal intensity is
dependent on several complementary contrast mechanisms that are manipulated by the MR
hardware and software. In the absence of a quantitative metric for absolute interpretation of pixel
signal intensities, one that is independent of scanner hardware and sequences, it is difficult to
perform comparisons of MR images across subjects or longitudinally in the same subject.
Quantitative relaxometry isolates the contributions of individual MR contrast mechanisms (T1,
T2, T2*) and provides maps, which are independent of the MR protocol and have a physical
interpretation often expressed in absolute units. In addition to providing an unbiased metric for
comparing MR scans, quantitative relaxometry utilizes the relationship between MR maps and
physiology to provide a non-invasive surrogate for biopsy and histology. This paper provides an
overview of some promising clinical applications of quantitative relaxometry, followed by a
description of the methods and challenges of acquiring accurate and precise quantitative MR
maps. It concludes with three case studies of quantitative relaxometry applied to studying

multiple sclerosis, liver iron, and acute myocardial infarction.

Keywords: T1 relaxation, T2 relaxation, T2* relaxation, multiple sclerosis, iron overload,

myocardial infarction
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INTRODUCTION

Conventional magnetic resonance (MR) images provide excellent tissue contrast, but the
signal intensity at any pixel can only be interpreted qualitatively. It is difficult to assign meaning
in terms of underlying biophysical or physiological properties on the basis on image signal
intensity alone. The reason is that the MR signal is influenced by a number of intrinsic contrast
mechanisms, such as the density of water protons and proton relaxation times (T1, T2, T2*).
These are emphasized to different degrees depending on the image acquisition sequence chosen.
Interpreting MR images, therefore, requires selection of an appropriate sequence and a thorough
understanding of the corresponding signal contrast in relation to underlying pathophysiology.
That said, signal intensity also depends on characteristics of the imaging system such as coil
sensitivities. Therefore, evaluation remains qualitative and subjective, and comparisons across
different scanner hardware and acquisition sequences are difficult, typically being restricted to
descriptions of relative contrast between different anatomical regions. In order to obtain
information on tissue structure and function in a quantitative manner, independent of scanner
hardware and sequence parameters, we need to extract the contributions of different contrast
mechanisms from the MR signal. Only with such decomposition may one consider using MRI as
a measuring device to probe tissue properties on an absolute and quantitative level.

Quantitative MRI refers to the measurement of biophysical parameters through decoupling
the different contrast mechanisms that contribute to the overall MR signal. Some of the
fundamental quantitative MRI parameters reflecting the local tissue environment are the
relaxation times T1, T2, and T2*. Quantitative measurement of relaxation parameters has a long
and illustrious history in the study of nuclear magnetic resonance going back to the first paper on
the subject by Bloembergen et al. (1). In 1986, Koenig and colleagues introduced the term
“relaxometry” for the measurement of T1 as a function of magnet field strength (2). The term has
since been adopted by the MRI community to refer to relaxation measurement in general.
Recognizing the convenience of compact nomenclature, we follow this convention and
henceforth refer to the measurement of relaxation times in MRI as relaxometry and images
representing the spatial distribution of relaxation times as T1, T2, or T2* maps.

The advantages of quantitative imaging are varied. One obvious advantage is the removal
of influences unrelated to tissue properties, such as those involving operator dependency,
differences in scan parameters, spatial variation in the magnetic field, and image scaling.
Quantitation, therefore, allows comparisons across different sites and MRI protocols, and enables

large-scale multi-institutional studies on patient cohorts. Not only can comparisons be made
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between different patients, but measurements can be followed longitudinally within the same
patient, for example, to follow the course of treatment. Problems of bias and reproducibility are
greatly reduced, allowing biological changes with disease progression and response to therapy to
be probed in a more satisfactory manner. Ultimately, the value of quantitation is fully reaped
when MRI can provide “measurements” of biological properties in a way similar to current gold-
standard techniques such as biopsy and histology. By providing quantitative physiologically-
relevant information in a non-invasive manner and throughout a three-dimensional (3D) volume
at high spatial resolution, quantitative MRI can potentially serve as the ideal surrogate, unfettered
by conventional limitations of limited biopsy sampling or the possibility of sampling error.

What follows is an overview of the clinical applications of quantitative relaxometry,
followed by a description of the methods and challenges of acquiring accurate and precise
quantitative MRI maps. We limit the scope of this review to T1, T2 and T2* mapping, as these

are the fundamental MR quantities that form the basis of quantitative relaxometry.

CLINICAL MOTIVATION

Quantitative relaxometry has been used extensively in research studies of pathophysiology
in the brain, body and heart. Here, we briefly survey work in these arcas where we believe

quantitative MRI could have a significant impact on clinical management.

Brain

Brain pathology is often associated with prolongation of the T1, T2 and T2* relaxation
times. There has been a number of papers reporting a global increase in the brain relaxation times
in conditions as varied as autism (3), dementia (4), and Parkinson’s disease (5). The relaxation
time increase presents as hyperintensity on T2-weighted images and hypointensity on T1-
weighted scans, but quantifying the T1 and T2 parameter has been shown to increase pathological
specificity and to help differentiate between healthy and affected tissue locally within a subject.
Relaxometry also shows great promise for quantifying iron content in the brain and understanding
its role in disease (6). In this review we focus on multiple sclerosis, brain tumors, stroke, and
epilepsy - the four clinical conditions that have seen the greatest exposure to relaxometry studies.

For a more comprehensive review of brain relaxometry applications, please refer to (7).
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Multiple Sclerosis

T2-weighted scans are commonly used to diagnose multiple sclerosis, due to their
sensitivity to altered tissue water content in MS lesions. However, T2-weighted scans lack
pathological specificity. In particular, it is difficult to differentiate between inflammation, edema,
gliosis, demyelination and axonal loss, and the relationship between T2 lesion load and the
disability measure is poor (8,9).

While classically regarded as a white matter disease, multiple sclerosis is characterized
by changes in the relaxation times in both grey and white matter. There have been reported
whole-brain T1 histogram shifts, which are more pronounced in secondary progressive MS (10),
but are also present in the primary progressive (11) and relapsing-remitting stages of the disease
(12). The histogram peak positions are correlated with clinical disability (10,11), but not with the
T2 lesion load (10,12).

T1 contrast also contributes to increasing the local pathological specificity, particularly in
studying T1-hypointense lesions called 'black holes', as well as in studying grey matter pathology.
T1 hypointensity has been correlated with axonal loss (13), and a correlation between T1 lesion
load and disability has been demonstrated using histopathology (14), and MR spectroscopy (15).
A recent paper that compared relaxometry against immunohistochemistry in fixed tissue also
showed increases in the relaxation times in grey matter cortical lesions compared to normal
appearing grey matter (16). A TI1 analysis in the hypothalamus shows the same trend, with
significant fatigue severity correlation (17).

A quantitative T2 measure called myelin water fraction (MWF) is a useful MS biomarker
that increases the pathological specificity to myelin loss (18). The myelin water fraction is
computed from a multi-exponential T2 fit, where the short T2 component (T2~10-50ms) is
assigned to water trapped between the myelin sheaths. The myelin water fraction correlation with
myelin loss has been validated with histopathology (19). Recently, T2* mapping has shown great
promise in characterizing the role of veins and iron in MS (6,20).

For a more in-depth look at relaxometry in multiple sclerosis, the reader can refer to

(20,21).

Tumors

While tumors are studied routinely using qualitative MRI, quantification has the potential
to eliminate the need for invasive procedures to determine tumor types. It is well-established that
T1 values within tumors are longer than normal white matter values (22,23), but there are also

differences in the T1 values across tumor types. For example, meningiomas and pituitary tumors
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have the shortest T1 values, which are still longer than in normal tissue. Glioblastomas on the
other hand, have the longest T1 values (24).

The fast uptake of contrast agents due to the breakdown of the blood-brain barrier (BBB)
is the foundation of dynamic contrast-enhanced MRI (DCE-MRI) (25,26). T1 and T2*
relaxometry as part of the DCE-MRI protocol has been used for detection of primary and
metastatic tumors, inflammation, demyelination and ischemia (27), as well as for noninvasive
grading of brain gliomas (28). DCE-MRI has also shown that there is a high correlation between

microvascular permeability and tumor grade (29).

Stroke

In stroke, ischemic areas and infarctions are characterized by T1 and T2 prolongation
(30). While diffusion imaging remains the standard for determining extent of damage,
relaxometry maps can help differentiate between salvagable and non-salvagable tissue (3). While
T1 mapping can be used for detecting haemorrhagic change within infarcts (30), acquiring a T2
map is useful for improving specificity in distinguishing infarction from ischemic penumbra (31).
Lansberg et al. showed that T2 mapping helped differentiate new lesions from lesions older than
36 hours, a task which is difficult to do visually (32). DCE-MRI has also been used for evaluating
stroke extent and severity by generating cerebral blood flow (CBF) maps comparable to those

obtained from PET studies (33).

Epilepsy

Relaxometry maps reveal increased T1 and T2 values in the temporal lobe, particularly in
the hemisphere containing the seizure focus (34-36). Quantitative measurement of hippocampal
T2 relaxation time (HCT2) provides additional sensitivity in identifying brain abnormalities in
temporal lobe epilepsy (37,38), especially in epilepsy patients with normal hippocampal volume

(39).
Body

Applications of quantitative relaxometry in the body are varied and remain to be fully
explored. To date, the value of quantitation is established for the evaluation of iron overload and

cartilage disease. Assessment of tumors, diffuse liver disease, and disorders of the kidney, spleen,

and pancreas has also benefited from quantitative relaxometry.
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Iron Overload

One of the few widely used clinical applications of quantitative relaxometry is
measurement of iron overload in the body (40). Iron is used in the production of hemoglobin and
is usually stored in the liver and spleen. In several pathologies, accumulation of iron occurs as a
result of frequent blood transfusions to treat anemia (e.g. thalassemia, sickle cell disease) or as a
result of excess iron absorption (e.g. hereditary hemochromatosis). Without treatment, excess iron
can kill after injuring different body organs, and the goal of treatment is to prevent liver damage
and heart failure. Relaxation times (T1, T2, T2*) shorten in the presence of iron compared to
those in normal tissue. Quantitative T2 and T2* relaxometry has proven to be an accurate non-
invasive means to measure absolute iron content and has replaced gold-standard biopsy
procedures in many centers. In the liver, where iron first accumulates in the body, absolute iron
levels have been calibrated against both T2 (41) and T2* (42). MRI quantification has also been
performed to evaluate iron loading in extra-hepatic organs such as the pancreas, spleen (43,44)
and kidney (45). A more recent focus is the utility of MRI iron quantification for evaluating and

comparing different chelation therapy regimes aimed at reducing iron burden (46).

Cartilage Disease

Osteoarthritis, rheumatoid arthritis, and other degenerative conditions of the cartilage
have benefited greatly from quantitative relaxometry to detect early chondral degeneration and
biochemical changes before gross morphological alterations occur (47). Early detection is key to
intervention when damage is still potentially reversible (48,49). A variety of quantitative MRI
parameters, including T1, T2, and T2*, have been used to measure different biophysical and
biochemical aspects of cartilage disease. For example, proteoglycan depletion can be quantified
with T1 following the injection of a gadolinium-based contrast agent (50). Changes in collagen
content can be quantified using T2* and T2, with T2 providing additional information on
collagen organization (51,52). Multicomponent T2 analysis can give more specific insight into
changes in collagen content (53). Even T1 has recently been shown to be moderately correlated
with collagen (54). In addition to providing early diagnosis, quantitative relaxometry has also
been used to follow cartilage repair treatment, such as microfracture, autologous cartilage

transplantation, or osteochondral transplantation (55).

Injury and Infection

Although MRI relaxometry is not widely used in the clinic for assessment of injury and

infection, a number of studies have indicated its potential for more specific diagnosis. In diffuse
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liver disease, especially in fatty liver disease, T1 relaxation times vary depending on acuteness of
injury, so that acute forms of fatty liver disease prolong T1 while chronic forms of injury tend to
shorten T1 (56). In the kidney, T1 has shown potential as a reliable marker of injury, including
edema, inflammation, and fibrosis (57). In muscle, where inflammation can arise from injury or
infection (58), T1 and T2 relaxation times can improve diagnostic specificity over conventional
MRI of edema and inflammation. For example, T2 has been correlated to the degree of muscle
weakness and muscle enzyme levels (59), and T1 changes can be used to map the distribution of

contrast agent for early identification of inflammation and response to therapy (60).

Cancer

Quantitative relaxometry is normally applied to determine vascular patterns and
malignant potential of tumors. This is performed through a dynamic contrast-enhanced (DCE)
protocol, where T1 quantification is necessary to estimate the perfusion and endothelial
permeability of tumor blood vessels. DCE-MRI has demonstrated the best potential of all
quantitative MRI methods for tumor characterization, staging, and therapy monitoring (61).
However, quantitative relaxometry has value even outside of the DCE-MRI exam. Improved
distinction of malignant lesions from normal or benign tissue has been suggested, as in using T1
and T2 to differentiate colorectal metastases from normal liver (62) or malignant and benign liver
lesions (63). Tumor therapy can also benefit from quantitation in a variety of ways. For example,
thermal ablation can be guided using T1-based MR thermometry for measuring temperature in
real-time (64). Tumour hypoxia can be quantified using T2*, as demonstrated in experimental
strategies to improve (65) or decrease (66) tumor oxygenation. Post-therapy tissue changes are
also better distinguished. In this role, DCE-MRI is the traditional approach, used to distinguish
residual tumor from vascular granulation tissue (67). However, T1 and T2 changes without
contrast agent are also useful, as in assessing radiation therapy in soft tissue sarcoma (68). Proton
density has demonstrated even greater accuracy than T1 or T2 in the case of imaging treated liver

metastases (69) or liver radiofrequency-induced ablation (70).
Cardiac

The soft tissue contrast offered by intrinsic MRI relaxation mechanisms has been well
exploited to demonstrate differences between normal and pathological conditions in the heart

muscle. In addition, quantitative relaxometry can help grade severity of disease and monitor

treatment progress in several cardiomyopathies.
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Iron Overload

The utility of quantitative relaxometry has perhaps been best demonstrated in the
management of patients suffering from cardiac iron overload (like thalassemia, sickle cell and
hereditary hemochromatosis). A seminal paper by Anderson et al. described the relationship
between myocardial T2* and left ventricular ejection fraction in patients with thalassemia major
(71). It was found that patients with myocardial T2*<20 ms exhibited a proportional decline in
ejection fraction indicative of an association between iron concentration and cardiac dysfunction.
Unlike liver, where both T2 and T2* parameters have been calibrated for tissue iron
concentration via clinically ordered biopsy (41,42), in vivo validation for cardiac iron stores is
challenging due to the risk involved with cardiac biopsy. However, recent human autopsy studies
(72,73) and preclinical studies (42) have suggested that similar relaxivity-iron calibrations can be
derived for cardiac tissue as well. Recent preclinical studies have also demonstrated how
relaxation measurements can help predict the clearance of iron based on type of iron chelator and

acuity of iron loading in the heart (74,75).

Myocardial Infarction

In the case of acute myocardial infarction (AMI) or heart attack, early restoration of
coronary blood flow is critical in order to limit cellular necrosis, maintain normal heart function
and reduce adverse left ventricular (LV) remodeling and thereby prevent heart failure (76).
Despite successful reperfusion, the in vivo pathophysiological processes (necrosis, inflammation,
hemorrhage, fibrosis) occurring post-AMI have complicated interactions that are not well
understood. MRI relaxation times T1, T2 and T2* are accordingly altered based on the state of

the tissue damage — acute, sub-acute or chronic (77).

o Edema/Inflammation — The inflammatory state is typically reflected by the presence of edema.
T2-weighted signal has been found to increase under edematous conditions due to short
molecular correlation times in free water. Exploiting this effect, T2-weighted imaging has been
popular in the clinic (78) however it is disadvantaged by issues with coil sensitivity correction
and the inability to monitor serial progress. Alternatively, several groups are slowly pushing
towards quantitative T2 mapping (79,80). Quantitative T2 allows monitoring the inflammatory
state regionally and serially as well as across subjects — this will be most instrumental when

interrogating novel anti-inflammatory strategies.
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o0 Hemorrhage — The occurrence of intramyocardial hemorrhage as part of the reperfusion injury
in AMI has been well documented in both humans (81) and animal models of myocardial
infarction (82). Hemorrhagic infarcts have also been shown to produce the worst clinical
outcomes. Similar to the application of iron overload, relaxation times are modulated in the
presence of hemorrhage, although in a more complicated manner depending on the form of the
heme iron (77). In general, T2 shortening has been used to identify hemorrhage (83), however,
T2* is more sensitive and specific to iron degradation products of hemorrhage (80). Unlike brain
hematoma/hemorrhage, the pathophysiology and evolution of myocardial hemorrhage in the

setting of AMI along with its clinical impact is currently not well understood.

0 Methemoglobin — Methemoglobin has been shown to demonstrate paramagnetic T1 shortening
in brain hemorrhage. The effect has been attributed to structure of the protein that allows nearby
water molecules to access the heme iron core (77). Presence of methemoglobin has been found to
be associated with oxidative stress, resulting in lipid oxidation (84). Quantitative T1 has been
utilized to assess methemoglobin formation after myocardial infarction (85) and may potentially

be useful to probe effects of novel therapies on disease progression.

o Vasodilator Function: Coronary vasodilator dysfunction has been demonstrated in infarcted as
well as remote myocardium in patients with acute coronary syndrome (86). Blood-oxygen-level-
dependent (BOLD) imaging with T2* and T2 offers a novel way to probe myocardial perfusion
reserve and oxygenation state by exploiting the paramagnetic properties of deoxyhemoglobin in
blood (87,88). It has recently been demonstrated that T2-based BOLD effects can identify

impaired vasodilator function in infarcted and remote myocardium after AMI (89).

o Infarct and Grayzome — Infarct characterization in ischemic cardiomyopathy is routinely
performed using delayed hyperenhancement (DHE) of myocardium following contrast agent
injection by acquiring inversion-recovery-based T1-weighted images. The DHE images can also
provide information on infarct grayzone (mixture of viable and nonviable myocytes), which has
been correlated with mortality (90) and inducibility for ventricular tachycardia (91). Since infarct
and grayzone sizes are determined from single images, the calculations are prone to
errors/variability arising from manual contouring of blood, image noise and subjectively chosen
remote (uninfarcted) myocardium. It has been demonstrated that T1 quantification may be
advantageous in this scenario offering greater reproducibility and reduced noise sensitivity

(92,93).
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Other Potential Applications

T1 and T2 relaxation times have been shown to reduce in chronic infarcts compared to
remote myocardium as studied in human autopsy specimens (94); this behavior has been
attributed to collagen deposition. Quantitative T1 has been utilized to estimate myocardial blood
volume and myocardial perfusion using an intravascular contrast agent, allowing estimation of
myocardial perfusion reserve (95). Elevated T2 may potentially be useful to assess acute
inflammatory response in non-ischemic cardiomyopathies such as acute myocarditis where edema
is of diffuse pattern rather than focal, hypertrophic cardiomyopathy and sarcoidosis (96,97). In
heart transplants T2 elevation has also been associated with transplant rejection (98). Myocardial
fibrosis is the hallmark of the failing heart and has been associated with systolic dysfunction,
abnormal remodeling and increased ventricular stiffness (99). More recently, pre- and post-
contrast Tl mapping has shown promise for detecting diffuse patterns of myocardial
scarring/fibrosis in various non-ischemic cardiac pathologies such as diabetic, hypertensive,
dilated and hypertrophic cardiomyopathy as well as in heart transplant cases (100). Quantitative
relaxometry has offered a novel path to reveal interesting patterns in many such clinical
applications, however most are currently only in the research phase and translation to the clinic is

pending due to technical challenges.

Summary

As illustrated in the clinical examples described, quantitative relaxometry enables a more
specific diagnosis of a wide range of diseases. This is due to the relationship between relaxation
parameters and several fundamental pathophysiological properties that are common to many
conditions. The relaxation time T1 is sensitive to macromolecular content, water content, and
dissolved oxygen. Therefore, it has proven value in evaluating the loss of myelin and axons in
brain, loss of proteoglycan in cartilage, collagen and methemoglobin content in the heart, and
edema in the brain and heart. When an exogenous T1-reducing contrast agent such as Gd-DTPA
is injected intravenously, analyzing the T1 reduction and its distribution in tissue enables
assessment of tumor vessel blood flow and leakiness, breakdown of the blood-brain-barrier,
infarct and grayzone regions in the heart, and fibrosis.

The relaxation time T2 is sensitive to tissue composition and structure, water content, and
iron levels. It has been used to assess myelin content in the brain, collagen content and

organization in cartilage and heart muscle, edema (i.e. inflammation), hemorrhage, and iron
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content in the liver and heart. The relaxation time T2* is sensitive to deoxyhemoglobin, water
content, and has even better sensitivity than T2 to iron levels. It has been used to assess brain
function (due to altered deoxyhemoglobin levels), myocardial oxygenation, tumor hypoxia,
hemorrhage, calcification in the heart (low water content), and liver and cardiac iron. The
following section describes the physical mechanisms underlying T1, T2, and T2* to provide a

better understanding of their relationship to pathophysiological properties.

PHYSICS OF RELAXOMETRY

Physical Principles and Biological Basis

The relaxation times T1, T2, and T2* are physical parameters determined by intrinsic
biophysical properties of tissue. The longitudinal relaxation time, T1, is a time constant
describing the recovery of magnetization from a perturbed state to its equilibrium state. This
recovery is influenced by the fluctuating magnetic fields at the proton resonance frequency
caused from neighboring atoms. Due to its proximity, the dominant source of fluctuations is
typically the adjacent proton on the water molecule; the random tumbling of the water molecule,
described by a rotational correlation time alters the angle between the protons over time and is the
source of the magnetic fluctuation. When the rotational correlation time is equal to the inverse of
the proton resonance frequency, T1 relaxation due to this interaction is fastest. Similarly, protons
in lipids, particularly triglycerides, are affected by adjacent protons. Since protons in lipids are
less mobile, there tends to be more energy at the proton resonance frequency, resulting in shorter
T1s for lipds. Therefore, T1 provides an indication of the mobility of molecules (mainly water
protons) and their binding to macromolecules. It is used primarily to assess macromolecular
content, water binding, and water content in a variety of pathologies, including altered myelin
content in the brain and inflammation. Beyond intrinsic tissue effects on T1, T1 can be altered
through the introduction of a paramagnetic material, such Gd-DTPA, an intravenously
administered contrast agent. The gadolinium in this agent forms a strong paramagnetic center,
disrupting the local magnetic field. Water molecules tumbling and diffusing past this molecule
experience substantial magnetic fluctuations; in particular, fluctuations at the resonance
frequency of the water protons drive more rapid T1 relaxation. This application is particularly
useful for quantifying properties of blood vessels, such as perfusion and blood volume.

The transverse relaxation time, T2, is a time constant describing the decay of

magnetization that has been “excited” by a radio-frequency (RF) pulse (i.e. tipped into the
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transverse plane) that cannot be reversed by refocusing pulses. This effect is due to random
fluctuations in time of proton spins’ resonant frequencies. Because spins precessing at different
frequencies no longer accumulate phase at exactly the same rate, phase coherence is lost (i.e.
dephasing) and the transverse magnetization decays. In biological tissue, a relatively rapid
dephasing effect is seen in solids due to the presence of relatively slow fluctuations, which cause
a large net phase dispersion. Protons bound to slowly tumbling macromolecules similarly
experience rapid T2 decay, while relatively mobile protons (e.g. in water) decay much more
slowly since rapid fluctuations tend to average out yielding a smaller net phase dispersion over
time. In general, the random magnetic field fluctuations driving T2 decay are much slower (on
the order of a few cycles/sec) than those driving T1 decay (where the driving fluctuations are on
the order of tens of millions of cycles/sec corresponding to the resonance frequency).

The effective transverse relaxation time in the absence of refocusing pulses, T2*, is
essentially T2 plus an additional relaxation term describing additional dephasing associated with
variations in proton resonance frequencies within a volume that are constant over time; these
variations cause dephasing within the volume over a period t which can be unwound by
suddenly changing the phase of all spins by 180 degrees using refocusing pulses and then letting
phase evolve for another period t. This reversible dephasing acts on top of the irreversible
dephasing generated by random thermally driven molecular tumbling which causes T2 decay in
the sample to create a net decay with the shorter time constant T2* in the absence of refocusing
pulses. Any inhomogeneity in the local static field, such as those arising from imperfections in
the magnet or from susceptibility differences at air-tissue interfaces or from the presence of
paramagnetic or ferromagnetic substances, will result in such additional reversible dephasing. For
these reasons, T2* is particularly useful for assessing body iron levels, deoxyhemoglobin content
(blood oxygen), and imaging applications involving the use of iron oxide contrast agents — iron

particles are substantial sources of local static magnetic field inhomogeneities.

Acquisition Sequences for Measuring Relaxation Times

Measurement of relaxation times is much more involved than acquiring a single image
that depicts signal contrast amongst different tissue types. Typically, a series of images are
acquired, each weighted slightly differently, to sample the recovery or decay of MR signal. A
large number of images is generally required in this series to ensure adequate sampling of signal

evolution and, therefore, accurate measurement of relaxation times. As a result, acquisition times
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tend to be long. The following sections describe the basic relaxometry sequences and different

variants tailored to specific clinical challenges.

T1 mapping
The gold standard for T1 mapping is known as inversion recovery (IR) (Fig. 1a) and

consists of inverting the longitudinal magnetization Mz and sampling the MR signal as it recovers

according to the Bloch Equation:

d o [M, - Mz(1)]
dt T1

The IR sequence consists of two RF pulses, separated by an inversion time TI (Fig. 2). This

[1]

sequence is repeated N times for each phase encode, varying the TI to produce N samples along
the T1 recovery curve. The first RF pulse inverts the magnetization Mz, which then recovers
with relaxation time T1. The second pulse tips the recovered longitudinal magnetization into the
transverse plane. A variation of this approach is a saturation recovery sequence, where instead of
inversion, the first pulse is a saturation pulse that tips the magnetization into the transverse plane
and there is no second pulse. For either approach, the sequence is repeated a number of times,
each time with a unique TI or TR as appropriate, to sample to recovery curve. The recovery curve
is then fitted to an exponential model, which is an accurate representation only when several
assumptions are met, including a perfect inversion pulse, constant temperature, or TR>>T1.
While these assumptions are often justified, care must be taken to always pick a model that
corresponds to the acquisition scheme (101).

While inversion recovery and saturation recovery offer accurate and precise T1
measurements, both techniques are too slow to be used in clinical practice because they require
long TRs and acquire only one phase encode per TR. To speed up the acquisition, several
variants have been proposed, such as following the inversion pulse by a fast spin-echo (FSE)
(102) or echo-planar imaging (EPI) readout (103).

The Look-Locker (LL) method (104) is a rapid technique that measures T1 from a single
recovery of longitudinal magnetization. It overcomes the limitation of the conventional IR
method of requiring a long delay (on the order of T1) for longitudinal magnetization to recover
until the next inversion pulse is played for subsequent readout. This novel approach was first
theorized by Look and Locker and later implemented on a whole-body scanner by Brix et al. in
the form of TOMROP (T One by Multiple ReadQut Pulses) (15). The basic sequence diagram is
shown in Fig. 1b. It consists of only a single inversion pulse followed by a series of very small

angle excitation () pulses with gradient echo readouts to sample the T1 curve. Since small angle
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RF pulses are used, the longitudinal magnetization is only minimally disrupted during T1
recovery and no wait-period is necessary until equilibrium is reached as sampling is performed in
a continuous manner. However, if the separation between a pulses is less than T2, the T1 signal
will be corrupted by residual transverse magnetization gathered from previous a pulses. To avoid
this, either the separation between the o pulses needs to be >5xT2 or gradient spoiling needs to be
employed to crush any residual transverse magnetization. It is also important to note that due to
continuous perturbation of the magnetization by successive a pulses, the recovery is driven into
equilibrium more quickly, resulting in an ‘effective T1’ or T1* given by,
T1
T1* = 7 1 [2]
TR n(cosa)

The T1* calculated from the recovery curve needs to be converted to the ‘actual’ T1
using the above equation. Recently, several other variants of the LL method have been developed
targeted for specialized applications. For example, in the case of cardiac T1 mapping, basic LL
cannot be applied due to severe cardiac and respiratory motion. A MOQOdified LL Inversion
recovery sequence (MOLLI) has been proposed by Messroghli et al. for high resolution T1
mapping of the heart (105). Another variant using saturation recovery (MLLSR) instead of
inversion recovery is also being investigated (106).

A different approach to rapid T1 measurement is to vary the flip angle of a gradient
recalled sequence (107) (Fig. 1¢). This method offers volumetric, high spatial resolution 3D T1
mapping in significantly less time than conventional methods. The time gain stems from the use
of a short TR, unlike the conventional approach where TRs must be long to allow full signal
recovery. The main source of error, however, is imperfect tipping of magnetization due to an
inhomogeneous RF field. This error can be corrected efficiently by incorporating rapid Bl
measurement of the RF field, which maintains a short acquisition time but significantly improves
measured T1 accuracy (108). The practicality of this method for large volumetric T1 mapping has

been recently demonstrated in various quantitative body protocols (109-111).

T2 mapping
The gold standard for T2 mapping is a Carr-Purcell-Meiboom-Gill (CPMG) spin-echo

sequence (Fig. 3). It involves taking measurements at different echo times (i.e. TE= 27) in an
echo train to sample the T2 decay curve. A 90 degree excitation pulse is followed by a series of
180 degree refocusing pulses, and signal is measured at the mid-points between refocusing pulses

where the spin-echo is formed and B0 inhomogeneities are removed. While the number of echoes
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is arbitrary, for a single-exponential fit (S = SO exp(-TE/T2)) it is necessary to acquire at least
two echoes. More echoes increase the accuracy and precision of single component T2 mapping,
with long echo train lengths (32 and above) reserved for multicomponent T2 analysis (112).

A simpler implementation of the above method is to acquire a series of T2-weighted spin-
echo datasets, each at a different TE. However, due to the long TR required, the acquisition time
becomes prohibitively long for clinical practice. A much faster method was recently proposed by
Sussman et al. (113). This method retains a conventional single-echo spin-echo acquisition but
uses a constant difference of TR-TE (rather than a fixed long TR value) to reduce acquisition time
by a factor of at least 4 to 6. Another rapid T2 mapping approach is to use a fast SSFP
acquisition, which uses a fundamentally different contrast that is derived from a gradient-echo
formation (114).

Magnetization prepared T2 measurement is another technique for efficient T2 mapping,
particularly in the presence of blood flow and motion. In a conventional T2 spin echo sequence,
signal contrast is primarily determined by placing the data acquisition block at the appropriate
time (TE) following magnetization tip down by the RF pulse (Fig. 4a). An alternative strategy is
to prepare the longitudinal magnetization in advance such that it represents the desired T2-
weighted contrast and then sample it using any readout strategy (Fig. 4b) (115). This approach is
very efficient and especially useful for obtaining T2 measurements in organs, such as the heart,
where flow and motion produce undesirable artifacts. If a fast spin echo (FSE) approach is used,
the readout is limited by tissue T2 relaxation time, which is generally short (~50 ms for the heart).
On the other hand, the magnetization prepared signal is maintained on the order of time scale T1
(~1000 ms for the heart). In cases where relaxation properties of blood are to be interrogated, FSE
may be highly susceptible to flow artifacts and hence other readout strategies (like GRE or SSFP)
may be preferable in conjunction with T2-prepared contrast. Figure 4c shows an example of a
sequence utilizing T2-prepared contrast. In the preparation block, the magnetization is first tipped
down by a 90 RF pulse and then refocused by a specified number of 180 pulses to obtain a
desired TE. Then the T2-weighted magnetization is tipped back up onto the longitudinal axis for
subsequent readout. In this case, a spectro-spatial RF pulse has been shown (for fat suppression)
with a spiral data acquisition strategy. The T2-prepared spiral readout sequence has been recently
adopted to measure myocardial edema by T2 quantification following acute myocardial infarction
in both clinical and preclinical models (80,116). Recently a T2-prepared SSFP sequence has also

been developed for edema detection in myocardial infarction (79).
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T2* mapping

T2* measurements are typically performed using a spoiled gradient echo sequence with
multiple echoes (i.e. multi-echo gradient-echo) as illustrated in Fig. 5. Following a 90 degree RF
excitation, signal is sampled at gradient echo formation generated by applying a series of
alternating readout gradients; the phase encoding blip gradient determines the readout location in
k-space. Typically, eight echoes are acquired within a TR interval and each echo corresponds to a
different T2*-weighted image as determined by TE. Imaging is complete when the entire k-space
is filled giving eight T2*-weighted images. The acquisition strategy is also sometimes referred to
as an echo-planar-imaging (EPI) type readout. However, in the EPI sequence employed in
functional brain studies, all the echoes acquired are assigned to the k-space matrix of a single
image where the effective TE is the time at which the center of k-space is read. For cardiac
applications, the sequence is cardiac-gated with the eight echoes acquired in the diastolic phase

with 8-12 views per segment i.e. k-space lines per heartbeat.

Factors affecting measurement accuracy

There are a number of issues to consider in relation to measurement accuracy. One
common source of error is RF pulse inhomogeneity. This refers to imperfections in the transmit
field of the RF coil, which leads to certain locations in the imaging volume experiencing more or
less RF power and, therefore, an imperfect RF flip angle for tipping magnetization and for
refocusing. RF inhomogeneity affects all types of relaxation measurements. For TI1
quantification, it represents the most common cause of errors and has an especially pronounced
effect on the variable flip angle approach. To correct for this error, the most straight-forward
solution is to map the RF Bl field to determine the true flip angles, and the correct flip angles can
then be used in calculating relaxation times (108). For T2 quantification, RF inhomogeneity
results in suboptimal refocusing pulses, which introduces T1-weighted stimulated echo pathways
that interfere with the formation of pure spin-echoes for T2 measurement (117). This problem is
more pronounced at 3 Tesla and higher, where fitting exponentials to the decay curves may not be
appropriate. To achieve accurate T2 measurements, the stimulated echo problem needs to be
addressed as described by Hennig (117) and in several recent reports (118,119).

Slice profile effects are another source of inaccuracy. Ideally, all the spins in the selected
imaging slice should be inverted (in the case of a 180 degree pulse), and all spins outside the slice
should remain unperturbed. In reality, the slice profile is never perfectly rectangular, which

means that the actual flip angle falls off over a transition region at the edges of the slice. Hence,
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the effective flip angle is not the nominal angle but is the integral of the inversion profile over the
slice thickness. Slice profile imperfection affects both T1 and T2 measurements, even for gold
standard measurements (120). This problem can be alleviated somewhat by using non-selective
pulses or interleaving even and odd slices in a multislice slice-selective excitation.

Partial volume effects are a concern for all in-vivo experiments (121). This is especially
problematic when different structures of interest all reside in close proximity in an imaging voxel.
Examples include brain tissue (white and grey matter and CSF) and the interventricular septum
(where the posterior segments are affected by susceptibility artifacts generated by the heart-lung
interface and cardiac vein). Other sources of error include: magnetization transfer effects on T1
(122), exchange and diffusion effects on T2, temperature effects (T1 increases 2-3% per degree
Celsius (64), and movement due to actual subject motion or bulk flow (e.g. blood flow) that
artefactually shortens T1. Organ motion is especially problematic in body and cardiac
applications. Breath-holding is an effective way to remove respiratory motion, but this is not
feasible in some scenarios, such as in young children, where the only practical solution is to blur
out motion artifacts by averaging (e.g. liver iron quantification) (123). Gating is another
alternative to address respiratory motion. Organs with repetitive motion, such as the heart, can
also utilize gating of data acquisitions. In organs where motion is not repetitive or predictable,
one should use the most rapid methods possible for T1 and T2 mapping.

A final consideration to obtaining accurate measurements is having a good sense of target
range of T1 or T2 values, because acquisition parameters (e.g. TR, TE, flip angles) can only be
optimized for a limited range of relaxation times. For example, T2* accuracy depends critically
on the minimum TE. For iron overload applications, T2* measurements should employ a
minimum TE of at most 2 ms for most clinical cases (124). In the case of the liver, where iron
stores can reach very high levels, even a TE of 0.8 ms, which corresponds to a maximum iron
detection level of 40 mg/g dry tissue, is not adequate to quantify iron burdens as high as 60 mg/g

that can occur in some patients.

Data fitting to extract relaxation parameters

To calculate relaxation times, the data acquired from the MRI experiment is fitted to
some mathematical model. In many cases, the exponential function is used, as it describes many
biophysical phenomena, including T1 and T2 relaxation. Estimation of T1 or T2 generally
involves fitting a monoexponential function to the T1 or T2 relaxation curves. With conventional

IR T1 measurement, an exponential fit to signal recovery at various TIs is performed. With spin-
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echo (T2) or gradient-echo (T2*) measurements, an exponential fit to signal decay at various TEs
is performed. In an ideal situation where there is no noise and there exists a single relaxation time
in the imaging voxel, data fitting theoretically can be achieved using two data points on the
monoexponential curve.

In the presence of noise, there is uncertainty in each measured data point. Hence, at least
three data points need to be acquired, and there is also the question of how far apart they should
be spaced to yield reliable estimates of T1, T2, or T2*. To improve quantitation accuracy, one
may increase the number of measured data points, repeat the measurement at each data point to
boost SNR, or combine both strategies. There is, however, a practical limit beyond which a
greater number of measurements or averages will not yield additional benefit; the optimal balance
between these two considerations can be determined through simulations. As a general rule, the
lower and upper bounds of relaxation times to be measured are first identified. Then, for T2 or
T2* measurement, the lowest TE at half the lower bound and the highest TE at twice the upper
bound are chosen. Similarly, for T1 measurement, the lowest and highest TIs to include the lower
and upper T1 bounds are chosen. These points can be equally spaced or logarithmically spaced.
For a broader range of relaxation times expected, a higher number of data points is necessary.
Once the required number of measurement points and their spacing are determined for modestly
noisy data, further improvement in measurement accuracy should be reaped by repeating
measurements to boost SNR, especially for the “noisy” data points.

However, the monoexponential model cannot describe all situations. It is valid only in an
ideal situation where a single T1 or T2 relaxation time exists in an imaging voxel. This
assumption may not hold in a number of situations. For instance, a single T1 assumption is valid
in most tissues due to relatively fast water exchange amongst different compartments. However,
when a high dose of contrast agent is present in the blood pool, exchange between the intra- and
extra-vascular compartments is not necessarily fast and, thus, the effects of water exchange need
to be considered. T2 decay may also deviate from a monoexponential model. For example,
cartilage consists of several components (e.g. collagen and proteoglycans in the extracellular
matrix) that have different influence on water, with the result that water may be tightly bound,
more loosely bound, or freely moving. Only multicomponent T2 analysis can distinguish these
components, as demonstrated in both cartilage (125) and collagen-based materials used for
regeneration (53). Other models to describe T2 relaxation include: (1) non-exponential modeling
of diffusion-mediated T2 relaxation, (2) chemical exchange, non-exponential or biexponential
modeling of liver iron (126), and (3) biexponential modeling of blood oxygenation in muscle

(127).
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Multicomponent analysis, as alluded to above, refers to fitting multiple exponential
components. In reality, a multitude of relaxation times associated with different tissue
components always exists in an imaging voxel, but they generally cannot be resolved with the
time scale of the MRI experiment. However, if exchange is slow compared to the relaxation time,
then it is possible to differentiate distinct T1 and T2 components (128). For T1, multicomponent
measurements are generally difficult to obtain, because exchange is fast compared to the T1
relaxation rate. On the other hand, multicomponent T2 analysis is much more common. For
example, in the brain, T2 mapping experiments are assumed to be in the slow exchange regime;
so, a multicomponent analysis differentiates at least two water compartments: intra/extracellular
water and water trapped between the lipid bilayers of the myelin sheath. This is useful for
measuring the myelin water fraction (MWF), which is a biomarker for myelin content. The most
common acquisition sequence for multicomponent T2 measurement is based on the spin-echo
(18). A more recent method is based on a SSFP sequence (129).

Once an appropriate model is chosen to describe relaxation, the method one adopts to
perform the data fitting also affects measurement results. For example, in the analysis of
multiexponential relaxation, there are a couple of approaches one can adopt: 1) assume the
number of exponentials is known and fit to a model with a fixed number of exponentials, 2) use a
non-negative least squares (NNLS) analysis that does not assume the number of exponentials is
known. Although method 1 is easier to implement, method 2 is generally preferred, as it does not
place any assumption on the nature of relaxation. Another example is fitting T2* data from iron
overload patients (especially very high burdens). Here, constant offset correction is often used
when fitting T2* signal decay to account for potential contributions from noise bias, heterogenous
iron distribution in myocytes, analog-to-digital signal offsets, or contributions from iron-poor
tissue such as fibroblasts, or myocardial blood volume (73). Some investigators truncate the TE
echo points that are close to this ‘noise floor’ and fit only the remaining exponential part of the
curve; this has been shown to provide better estimates when relaxation rates are low, however,

the method is subjective.

DETAILED CASE STUDIES

Brain: Multiple Sclerosis

Multiple sclerosis lesions contain a large number of different pathologies, including

demyelination, axonal loss and inflammation. The MS lesions are visible on T1- and T2-
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weighted MRI scans, but these scans lack pathological specificity, making it difficult to
differentiate pathologies and to track the evolution of the lesion from its acute gadolinium-
enhancing stage through the process of remyelination. Recently, a number of quantitative MRI
techniques have been proposed to study and track MS lesions. T1 and T2 mapping play a major
role in these techniques, either as indirect myelin biomarkers, or as the foundation for more
complex myelin models.

The myelin water fraction (MWF) is an indirect biomarker for myelin that is sensitive to
the water trapped between the myelin sheaths. The restricted myelin water has short T2 values
(T2w ~ 10-50ms), whereas the free intra/extracellular water T2, has values of 100ms or more.
The myelin water fraction has been shown to decrease in MS lesions (18,130-132), as well as in
normal appearing white matter (NAWM) in the brain (132) and spinal cord of MS patients (133).
Figure 6 shows a myelin water fraction map, obtained from a 32-echo spin-echo sequence (19).
The MWF exhibits good correlation with a luxol fast blue stain in gray matter, white matter and
MS lesions.

Until recently, myelin water fraction maps were difficult to obtain in clinically feasible
times, as the acquisition was restricted to a single slice and the scan time was prohibitively long.
Recent work by Oh et al. has proposed multi-slice MWF mapping using a non-selective T2-prep
sequence (134), while Deoni et al. have acquired MWF maps using steady state free precession
(SSFP) techniques (129). These techniques are significantly faster than the conventional multi-
echo spin-echo acquisition.

While myelin water fractions rely on computing the T2 relaxation time, T1 mapping can
also play a roll in studying Gadolinium enhancing lesions, which appear as hyperintense on post-
contrast T1-weighted scans. Figure 7 shows a longitudinal study tracking the T1 and T2
parameters in gadolinium-enhancing lesions up to 12 months after the lesions’ appearance. In the
figure, the T1 parameter has significantly higher values in the lesion compared to normal-
appearing white matter (NAWM) and controls. This is most obvious at initial gadolinium
enhancement, but it persists up to 12 months after presentation. At the same time, the T2
parameter is significantly increased. In the subsequent months, the relaxation parameters show
recovery toward NAWM values, and the trends are consistent with the process of remyelination
occurring in MS lesions.

T1 and T2 mapping also form the foundation of an advanced quantitative MRI technique
called quantitative magnetization transfer (QMT). In gMT, the T1 and T2 parameters are entered
in a two-pool tissue model that computes the semi-solid ratio (f), defined as the proportion of

protons bound to macromolecules. In white matter, the semi-solid ratio has been shown to
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correlate with myelin content, and it is particularly useful for characterizing the T1 black holes
(135). Discussion of gqMT is beyond the scope of this paper, but it provides an additional

motivation for T1 and T2 quantification.

Body: Liver Iron

Clinical adoption of MRI relaxometry in the body is most evident for iron overload
quantification, particularly in the liver where a diagnosis for total iron burden is made and the
efficacy of chelation therapy determined. Recently, FDA approval was obtained for MRI liver
iron assessment in place of biopsy for clinical diagnosis. The main impetus behind the successful
clinical translation were the studies of St. Pierre et al. (41) and Wood et al. (136), which provided
convincing liver-biopsy validation of non-invasive MRI measurements. Since that time, there has
been a surge in MRI investigations for non-invasive iron quantification in the body. Quantifying
iron overload in various disorders, particularly in transfusion-dependent thalassemia and in
sickle-cell patients or those with deficient iron metabolism, and in different patient groups,
including young children (137,138) and bone marrow transplants (139), has been reported. Figure
8 illustrates the use of rapid T2*-based MRI measurement of liver iron in a diverse pediatric
population with iron overload disorders. The correlation obtained in these 151 children against
gold-standard measurement is very high.

Another important objective from the perspective of patient management is to non-
invasively monitor the effectiveness of iron chelation therapy. This requires that MRI be able to
follow iron levels on an individual basis. In order to do so, several outstanding issues remain to
be addressed. Measurements must be reproducible across different MRI scanners, as the same
patient may be scanned on different platforms and at different field strengths throughout therapy.
The mechanism by which a particular chelation therapy affects iron stores must also be
understood as well as its relation to MRI relaxation times. It is unclear what differences to expect
amongst different chelation therapies, but an initial step towards understanding the effect of iron
distribution on calibrating MRI relaxations times was made recently in a simulation study (140).
Finally, calibration curves remain to be established in other organs (e.g. pancreas, spleen) in order

to broaden the clinical use of MRI for quantifying iron overload.
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Cardiac: Acute Myocardial Infarction

Myocardial infarction typically occurs due to prolonged occlusion (> 30 min) of a major
coronary artery, commonly referred to as a heart attack (141). While restoration of blood supply
(reperfusion) is generally favorable following acute myocardial infarction in the heart (76),
additional myocardial damage following reperfusion often presents itself as an adverse
consequence (142). This is associated with an expansion of the prior ischemic damage resulting
in greater cell death, edema (i.e. inflammation) and microvascular obstruction (MVO) or injury
along with intramyocardial hemorrhage in the most severe cases (81). Quantitative relaxometry is
well suited to detect some of these underlying remodeling processes given that relaxation times
are modulated in different ways based the state of the tissue.

Figure 9 demonstrates T2 and T2* maps, along with early contrast enhanced (CE) short
axis images in a porcine model of myocardial infarction in which the left anterior descending
artery (LAD) was occluded for 90 min. followed by reperfusion (80). This model created large
anteroseptal transmural infarcts characterized by MVO and hemorrhage; the pattern of
progression of edema, hemorrhage and MVO are apparent in the images. Figure 10 (a, b) shows
the cumulative time course of T2 and T2* relaxation parameters measured in the infarct and
remote territories. In the infarct zone, T2 was significantly elevated beyond day 2 and remained
elevated up to week 6 (Fig. 10a) suggesting that in severe infarcts, inflammatory response
remains active even in the chronic stage. At day 2, histology revealed that both edema and
hemorrhage were present in the infarct core and this is reflected by a T2 value that is not very
different from control levels i.e. edema and hemorrhage have counter-acting effects on T2. On the
other hand, T2* was more specific to hemorrhage (Fig. 10b) showing depressed values up to
week 4; resolution of hemorrhage also coincided with resolution of MVO suggesting that the two
phenomena are related. The hemorrhagic cores identified on T2* maps were typically with
T2*<20 ms which is also the threshold used to detect myocardial iron overload (71).

Despite reperfusion therapy, microvascular integrity and function may be compromised
in the infarcted as well as remote territories post-infarction (86). Myocardial BOLD imaging
offers a novel means to examine myocardial perfusion reserve under pathologic conditions
(89,143). Myocardial T2 and T2* values have been shown to increase in the stress state
(pharmacological vasodilation); differences between rest and stress have been shown to reflect
perfusion reserve. Figure 10 (c, d) shows the stress-induced effect on T2 post-AMI in the
infarcted and remote myocardium. The infarct zone demonstrated a reduced/null hyperemic

response indicative of damages and/or obstructed microvasculature; any residual response may
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represent potentially salvageable myocardium. In remote myocardium, a subtle increase in resting
T2 at week 1-2 might suggest either edema or hyperemia while the accompanied suppressed
stress response might be indicative of a prior vasodilation or a resistive state arising from
systemic inflammation or neurohormonal sympathetic activity.

Infarct remodeling post-ischemia is complex and the interaction between different
pathophysiological mechanisms is not completely understood. Furthermore regional, serial and
cross-subject monitoring of the remodeling processes is essential to understand the effects of
novel therapies; for example, in addition to simply detecting (say) edema, it would be equally
important to know the ‘degree’ of edema (i.e. lower or higher) in a particular treatment group. In
this regard, quantitative relaxometry may be more specific than single images, providing a
reliable and reproducible method to assess the inherent state of myocardial tissue in vivo

following AMI.

DISCUSSION

As demonstrated in the various case studies, quantitative relaxation information extends
MRI beyond anatomical mapping to characterization of the underlying pathophysiology in the
tissue. Furthermore, the process of parameter estimation allows one to factor out hardware-driven
fluctuations in signal intensity, notably those due to receive and transmit coil sensitivities,
enabling focus on tissue characteristics. For instance, in the study of liver iron, biopsy is replaced
with T2* measurement, getting detailed information about the physical amount of iron that is not
accessible with conventional MRI. Indeed, this approach has numerous advantages over biopsy
where one sparsely samples small tissue regions. Even exploratory surgery only reveals the
characteristics of tissue surfaces. With relaxometry, spatial distributions of biological factors are
obtained over a 3D volume in the body. Furthermore, with the characterization of multiple
relaxation parameters (T1, T2, T2*), different properties of the tissue can be probed, yielding
multiple degrees of freedom for differentiating various pathophysiological changes using more
sophisticated image analysis tools such as statistical pattern recognition involving
multiparamteric clustering and higher dimensional border determination.

These advantages of quantitation can be contrasted with qualitative assessment of tissue
characteristics in single relaxometry-weighted images. In general, T1-, T2-, or T2*-weighted
images are often considered more sensitive to disease (fewer false negatives) while relaxometry
maps may be considered more specific (fewer false positives). That is, if the goal is to detect

disease such as that associated with increased local deposition of iron, looking for local regions of
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decreased signal in a T2*-weighted image may be particularly useful. However, many artifacts
may also appear as iron deposits leading to an over-estimation of the extent of disease. With a
map of T2* values, one can more accurately identify those regions containing higher iron
concentrations and even estimate the local iron concentration.

The trade-off in performing quantitative measurements vs qualitative review of
relaxometry-weighted images follows the traditional MRI trade-offs among imaging time, spatial
resolution, and image quality as determined by signal-to-noise ratios (SNR). Quantitation requires
the acquisition of multiple images to facilitate subsequent curve fitting, which is done at the
expense of increasing the SNR or the resolution of a single relaxometry-weighted image.
Furthermore, quantitation requires the alignment of the underlying images and makes
assumptions about the nature of the signal behavior (e.g. exponential decay). Failure of these
assumptions can introduce artifacts that can lead to misinterpretation.

How “good” the measurement of relaxation properties needs to be depends on the
question being asked. In some cases, getting values that are accurate (i.e. consistent across
individuals with the same underlying condition and across scanning platform) is less critical than
getting values that are consistent within a given patient (i.e. the same for regions of similar
pathology) and/or repeatable for the same patient with the same scanning set-up. Specifically, T1
maps following late gadolinium enhancement for cardiac scar assessment where the T1 values are
consistent within a given scan would be sufficient for delineating scar volumes. Similarly,
measuring repeatability (i.e. precision) is the greatest concern for longitudinal studies aimed at
monitoring disease progression (e.g. comparison with MS studies tracking lesion evolution in a
given subject over a period of 12 months) or therapeutic response (e.g. monitoring the effect of
iron chelators on liver iron concentration in a given patient) if one can repeat the study with the
same system.

Of course, measurement accuracy (consistency across patients and platforms) provides
greater flexibility if it can be achieved. Notably, with accurate measurements, one could compare
disease progression in different patients against a gold standard calibration performed in a select
population. The capacity to compare measurements across patients also facilitates prediction of
subsequent clinical outcomes and effectiveness of various therapies in particular patient groups.
Accurate measurements also facilitate more specific assessment of magnitude of changes in
underlying pathophysiology and comparison with target therapeutic endpoints (i.e. reduction of
inflammation or iron concentration). Furthermore, one can develop more specific metrics for
tissue classification if absolute relaxometry values reflecting various underlying physiological

conditions are known from population studies.
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CONCLUSION
Quantitative MRI opens up the possibility of measuring biophysical and physiological

properties on an absolute level. Beyond the basic measurement of relaxation times as described in
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10 this review, other quantitative metrics can be derived, such as contrast dynamics related to
12 vascular function, diffusion, spectroscopy, and magnetization transfer. Numerous other
13 mechanisms that can potentially be quantified remain to be explored, and these may require
15 incorporating intrinsic MRI parameters into complex tissue models. This review has described the
key current clinical applications of MR relaxometry and provided a basic understanding of why
18 different pathological conditions are best probed with specific MR parameters. Clinicians and
20 researchers are encouraged to utilize the rich set of information available from MR relaxometry

21 and to continue opening new frontiers for quantitative MRI.
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FIGURE LEGENDS

Figure 1: A schematic of T1 mapping sequences: a) Inversion Recovery, b) Look-Locker, ¢)

Variable Flip Angle.

Figure 2: A schematic of an inversion recovery sequence (top) and the T1 relaxation curve
(bottom). The relaxation curve is sampled at several points TI, and then fitted to a single

exponential.

Figure 3: A schematic of a multi-echo spin echo sequence (top) and the T2 relaxation curve
(bottom). The relaxation curve is sampled at several points TE, and then fitted to a single

exponential with a relaxation time T2.

Figure 4: (a) Typical spin echo sequence for T2 measurement. (b) Magnetization preparation
where T2-weighted contrast is prepared in advance of excitation and readout. (¢) Example of a
sequence using T2-preparation with a spectro-spatial RF excitation and spiral readout; TE is

determined by the number of 180 refocussing pulses.

Figure 5: Multi-echo gradient echo sequence with echo-planar-imaging (EPI-type) readout for
the measurement of T2*. Eight echos are typically acquired ranging from 2-15 ms with TR=20

ms. The free-induction-decay (FID) is shown with exponential time constant T2*.

Figure 6: (Top) Example of a 7.0 T TE = 20.1 ms image and myelin water fraction (MWF) map
and corresponding luxol fast blue histology image of the parieto-occipital region of a patient who
has MS. A good qualitative correspondence is observed between the MWF map and histology
stain for myelin. The normal prominent myelination of the deeper cortical layers (arrows) is also
visible on the myelin water image. (Bottom) Examples of the quantitative correlation between
myelin water fraction (MWF) and luxol fast blue optical density (LFB OD) for gray matter (GM),
lesion, dirty-appearing white matter (DAWM), and normal appearing white matter (NAWM) for
two MS samples (from MacKay et al. MR Relaxation in Multiple Sclerosis Nueroimag Clin N
Am 19 (2009) 1-26; with permission).

Figure 7. a) Initial post-Gd T1-weighted scan of a single patient with outlines of enhancing

region (green) and contralateral NAWM (cyan) b) T1 map of the same subject (units are s) ¢) Plot
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of T1, averaged across five subjects at 8 time-points distributed over 12 months, starting at initial
Gd enhancement. Error bars indicate the standard error of the mean across subjects d) T2-
weighted image resampled to the lower resolution of the quantitative maps ¢) T2 map of the same
subject (units are s) f) Plot of T2, averaged across five subjects at 8 time-points distributed over
12 months, starting at initial Gd enhancement. Error bars indicate the standard error of the mean
across subjects (adapted from Levesque et al. Magn Reson Med, 2010, 63:633-640; with

permission). Gd = Gadolinium.

Figure 8: Absolute liver iron measurement in children. (a) Coronal image slice showing the T2*
relaxation time distribution in the liver of a patient with iron overload. Red outline was manually
drawn to contour the liver. (b) Measured absolute liver iron from T2* relaxation times compared

against reference measurements in 151 pediatric patients (» = 0.94). Line of identity is shown.

Figure 9: Longitudinal changes in edema, hemorrhage and MVO. T2 and T2* maps are shown
along with early contrast enhanced (CE) images at various time points post-AMI in a porcine
model of myocardial infarction. Day 2: T2 elevation usually associated with edema was not
apparent in the infarct zone (39.2 ms vs. 39.1 ms control) but T2 was slightly elevated in the
peripheral areas; Arrows indicate focal signal-void regions or T2* abnormalities (18.5 ms vs. 34.2
ms control) within the MVO as delineated by the CE image. Week 1: T2 was elevated (arrows) in
most of the infarct (51.1 ms) with reduced sub-endocardial T2* (15.8 ms) indicative of diffuse
hemorrhagic by-products (arrows). Week 4: T2 was still elevated (50 ms) while normalization of
T2* (35 ms) coincided with resolution of MVO. (Reproduced from Ghugre et al., Magn Reson
Med, 2011, 66(4): 1129-41; with permission).

Figure 10: Quantitative fluctuations in relaxation parameters after AMI. Plots (a) and (b)
demonstrate longitudinal fluctuations in T2 and T2* in the infarct zone compared to remote
myocardium averaged over all animals; day 0 represents values from healthy controls and error
bars represent standard error. Plots (c) and (d) show evolution of T2 in the rest and stress states
(dipyridamole induced pharmacological vasodilation) in infarcted and remote myocardium,
respectively; the difference between the two states is a reflection of vasodilaory function or
myocardial perfusion reserve. ¥ p<0.05, compared to control values; § p<0.05, compared to the
previous time point; § p<0.05 compared to rest values. (Modified from Ghugre et al., Magn
Reson Med 2011, 66(4): 1129-41 and Ghugre et al., Magn Reson Med, 2011, 66(6):1739-1747,;

with permission).
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Figure 1: A schematic of T1 mapping sequences: a) Inversion Recovery, b) Look-Locker, ¢) Variable Flip
Angle.
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relaxation curve is sampled at several points TE, and then fitted to a single exponential with a relaxation

time T2.
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Figure 4: (a) Typical spin echo sequence for T2 measurement. (b) Magnetization preparation where T2-
weighted contrast is prepared in advance of excitation and readout. (c) Example of a sequence using T2-
preparation with a spectro-spatial RF excitation and spiral readout; TE is determined by the number of 180
refocussing pulses.
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Figure 5: Multi-echo gradient echo sequence with echo-planar-imaging (EPI-type) readout for the
measurement of T2*. Eight echos are typically acquired ranging from 2-15 ms with TR=20 ms. The free-
induction-decay (FID) is shown with exponential time constant T2*.
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Figure 6: (Top) Example of a 7.0 T TE = 20.1 ms image and myelin water fraction (MWF) map and
corresponding luxol fast blue histology image of the parieto-occipital region of a patient who has MS. A
good qualitative correspondence is observed between the MWF map and histology stain for myelin. The

normal prominent myelination of the deeper cortical layers (arrows) is also visible on the myelin water
image. (Bottom) Examples of the quantitative correlation between myelin water fraction (MWF) and luxol
fast blue optical density (LFB OD) for gray matter (GM), lesion, dirty-appearing white matter (DAWM), and
normal appearing white matter (NAWM) for two MS samples (from MacKay et al. MR Relaxation in Multiple
Sclerosis Nueroimag Clin N Am 19 (2009) 1-26; with permission).
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Figure 7. a) Initial post-Gd T1-weighted scan of a single patient with outlines of enhancing region (green)
and contralateral NAWM (cyan) b) T1 map of the same subject (units are s) c) Plot of T1, averaged across
five subjects at 8 time-points distributed over 12 months, starting at initial Gd enhancement. Error bars
indicate the standard error of the mean across subjects d) T2-weighted image resampled to the lower
resolution of the quantitative maps e) T2 map of the same subject (units are s) f) Plot of T2, averaged
across five subjects at 8 time-points distributed over 12 months, starting at initial Gd enhancement. Error
bars indicate the standard error of the mean across subjects (adapted from Levesque et al. Magn Reson
Med, 2010, 63:633-640; with permission). Gd = Gadolinium.
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47 Figure 8: Absolute liver iron measurement in children. (a) Coronal image slice showing the T2* relaxation
time distribution in the liver of a patient with iron overload. Red outline was manually drawn to contour the
liver. (b) Measured absolute liver iron from T2* relaxation times compared against reference measurements
49 in 151 pediatric patients (r = 0.94). Line of identity is shown.
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Figure 9: Longitudinal changes in edema, hemorrhage and MVO. T2 and T2* maps are shown along with
early contrast enhanced (CE) images at various time points post-AMI in a porcine model of myocardial
infarction. Day 2: T2 elevation usually associated with edema was not apparent in the infarct zone (39.2 ms
vs. 39.1 ms control) but T2 was slightly elevated in the peripheral areas; Arrows indicate focal signal-void
regions or T2* abnormalities (18.5 ms vs. 34.2 ms control) within the MVO as delineated by the CE image.
Week 1: T2 was elevated (arrows) in most of the infarct (51.1 ms) with reduced sub-endocardial T2* (15.8
ms) indicative of diffuse hemorrhagic by-products (arrows). Week 4: T2 was still elevated (50 ms) while
normalization of T2* (35 ms) coincided with resolution of MVO. (Reproduced from Ghugre et al., Magn
Reson Med, 2011, 66(4): 1129-41; with permission).
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35 Figure 10: Quantitative fluctuations in relaxation parameters after AMI. Plots (a) and (b) demonstrate
36 longitudinal fluctuations in T2 and T2* in the infarct zone compared to remote myocardium averaged over
37 all animals; day 0 represents values from healthy controls and error bars represent standard error. Plots (c)
38 and (d) show evolution of T2 in the rest and stress states (dipyridamole induced pharmacological

39 vasodilation) in infarcted and remote myocardium, respectively; the difference between the two states is a
reflection of vasodilaory function or myocardial perfusion reserve. T p<0.05, compared to control values; §
p<0.05, compared to the previous time point; § p<0.05 compared to rest values. (Modified from Ghugre et
41 al., Magn Reson Med 2011, 66(4): 1129-41 and Ghugre et al., Magn Reson Med, 2011, 66(6):1739-1747,
42 with permission).
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