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T2% relaxation refers to decay of transverse magnetization caused by a
combination of spin-spin relaxation and magnetic field inhomogene-
ity. T2* relaxation is seen only with gradient-echo (GRE) imaging be-
cause transverse relaxation caused by magnetic field inhomogeneities
is eliminated by the 180° pulse at spin-echo imaging. T2* relaxation is
one of the main determinants of image contrast with GRE sequences
and forms the basis for many magnetic resonance (MR) applications,
such as susceptibility-weighted (SW) imaging, perfusion MR imaging,
and functional MR imaging. GRE sequences can be made predomi-
nantly T2* weighted by using a low flip angle, long echo time, and
long repetition time. GRE sequences with T2*-based contrast are used
to depict hemorrhage, calcification, and iron deposition in various tis-
sues and lesions. SW imaging uses phase information in addition to
T2*-based contrast to exploit the magnetic susceptibility differences
of the blood and of iron and calcification in various tissues. Perfusion
MR imaging exploits the signal intensity decrease that occurs with
the passage of a high concentration of gadopentetate dimeglumine
through the microvasculature. Change in oxygen saturation during
specific tasks changes the local T2*, which leads to the blood oxygen
level-dependent effect seen at functional MR imaging. The basics of
T2% relaxation, T2*-weighted sequences, and their clinical applica-
tions are presented, followed by the principles, techniques, and clinical
uses of four T2*-based applications, including SW imaging, perfusion
MR imaging, functional MR imaging, and iron overload imaging.
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Introduction
T2%* relaxation refers to the decay of transverse
magnetization seen with gradient-echo (GRE) se-
quences. T2* relaxation is one of the main deter-
minants of image contrast with GRE sequences
and forms the basis for many magnetic resonance
(MR) applications.

This article aims (a) to review the basics of
T2% relaxation and various T2*-based MR se-
quences and illustrate their clinical applications
in neurologic and body imaging, and (3) to re-
view principles, techniques, and clinical uses of
T2%*-based MR applications including suscepti-
bility-weighted (SW), perfusion, functional, and
iron overload imaging.

What Is T2* Relaxation?
Transverse magnetization is formed by tilting
the longitudinal magnetization into the trans-
verse plane by using a radiofrequency pulse. The
transverse magnetization rotates in the transverse
plane at the Larmor frequency and induces an
MR signal in the radiofrequency coil. Immedi-
ately after its formation, the transverse magneti-
zation has a maximum magnitude, and all of the
protons are in phase. The transverse magnetiza-
tion starts decreasing in magnitude immediately
as protons start going out of phase. This process
of dephasing and reduction in the amount of
transverse magnetization is called transverse re-
laxation. A characteristic time representing the
decay of the signal by 1/e, or 37%, is called the
T2 relaxation time (1). 1/T2 is referred to as the
transverse relaxation rate.

Transverse relaxation is the result of random
interactions at the atomic and molecular levels
(2). Transverse relaxation is primarily related
to the intrinsic field caused by adjacent protons
(spins) and hence is called spin-spin relaxation.
Transverse relaxation causes irreversible dephas-
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ing of the transverse magnetization. There is also
a reversible bulk field dephasing effect caused by
local field inhomogeneities, and its characteristic
time is referred to as T2* relaxation. These ad-
ditional dephasing fields come from the main
magnetic field inhomogeneity, the differences in
magnetic susceptibility among various tissues or
materials, chemical shift, and gradients applied
for spatial encoding (1). This dephasing can be
eliminated by using a 180° pulse, as in a spin-
echo sequence. Hence, in a spin-echo sequence,
only the “true” T2 relaxation is seen.

In GRE sequences, there is no 180° refocus-
ing pulse, and these dephasing effects are not
eliminated. Hence, transverse relaxation in GRE
sequences (ie, T2* relaxation) is a combination
of “true” T2 relaxation and relaxation caused by
magnetic field inhomogeneities. T2% is shorter
than T2 (Fig 1), and their relationship can be ex-
pressed by the following equation (3), where v is
the gyromagnetic ratio: 1/T2% = 1/T2 + y AB,

inhom?

or 1/T2% = 1/T2 + 1/T2/, where 1/T2' =yAB,_,_,

and AB_, is the magnetic field inhomogeneity
across a voxel.

Principles of T2*-based Imaging
Magnetic field inhomogeneities from susceptibil-
ity differences among tissues and materials cause
faster T2* relaxation, leading to signal intensity
loss on GRE images. Inhomogeneities can also
cause geometric distortion, leading to signal inten-
sity artifacts. Magnetic field inhomogeneity can be
macroscopic (intervoxel, which is constant across
a voxel) or microscopic (changing within a voxel)
(4). Macroscopic inhomogeneity can be caused
by deoxyhemoglobin in tiny veins, by air-tissue in-
terfaces, or by metallic implants. Causes of micro-
scopic inhomogeneity include paramagnetic con-
trast agents, blood products, or iron deposits (5).

T2%*-based imaging includes making GRE
sequences more sensitive to T2* decay by chang-
ing user-selectable parameters such as echo
time (TE), flip angle, and repetition time (TR)
in an appropriate way. With these T2*-weighted
sequences, the lesion, structures, or areas of de-
phasing are shown as dark areas, leading to their
detection or characterization. Another T2* proto-
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col aims for hyperintense signal for tissues, simi-
lar to the usual T2-weighted sequences (2).

The T2*-based contrast mechanism is also used
in special MR applications such as SW imaging,
MR perfusion imaging, functional MR imaging,
and iron overload imaging. Principles and tech-
niques are discussed in the following sections.

T2*-weighted Sequences

and Clinical Applications
Most GRE sequences are T2* sensitive in some
way because no 180° radiofrequency pulse is
used, and therefore, as mentioned previously, the
dephasing caused by magnetic field inhomoge-
neities is not compensated. There are two broad
categories of GRE sequences: incoherent (spoiled
residual transverse magnetization) and coherent
(refocused transverse magnetization). Residual
transverse magnetization is spoiled in incoherent
GRE sequences after signal acquisition so that it
will not interfere in the next cycle. In coherent
GRE sequences, the residual transverse magne-
tization is refocused so that after a few repetition
cycles, it leads to a steady state of transverse
magnetization (6). Most of the clinically used
T2*-weighted sequences are related to or modi-
fications of spoiled GRE (eg, fast low-angle shot
[FLASH]) and postexcitation refocused GRE
(eg, fast imaging with steady-state precession
[FISP]) sequences.
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Figure 1. Graph shows T2
and T2* relaxation curves. T2*
is shorter than T2.

Echo-planar imaging is a fast MR imaging
technique in which all of the phase-encoding steps
to form an image can be acquired either in a single
TR (single-shot echo-planar imaging) or in a few
TRs (multishot echo-planar imaging). In echo-
planar imaging, rapid oscillation of high-amplitude
gradients is used to form gradient echoes, thus
avoiding radiofrequency refocusing. Lack of ra-
diofrequency refocusing makes echo-planar imag-
ing sequences sensitive to T2* decay. The effective
TE in echo-planar imaging is usually listed as that
TE at which the origin of k-space is collected.

How Does One Make

Sequences T2* Weighted?

T2%* decay due to dephasing starts with the excita-
tion and progresses with time. The longer the TE,
the greater the signal loss. Hence, as TE increases,
T2%* sensitivity of the GRE sequence increases
because of more dephasing. With a low flip angle,
excitation longitudinal magnetization remains
close to the fully relaxed state, independent of dif-
ferent T'1 values. Hence, a low flip angle reduces
the T'1 influence, and the T2* differences become
dominant (2). A low flip angle, 6, implies that 0 is
much less than the Ernst angle of the image (ie, 6>
<< 2TR/T1). A long TR also reduces the T1 ef-
fect. Therefore, GRE sequences can be made T2*
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T2*-weighted MR Pulse Sequences

Vendor and Pulse Sequence

Imaging Parameters

Siemens
Gradient Hemo (RF spoiled GRE)
T2-TGSE-EPI (combination of GRE and SE)
SWI (SW imaging)

Philips

T2 FFE

EPIT2*

PRESTO (used for perfusion and fMRI)
GE Healthcare

MPGR

800/26 (TR msec/TE msec); flip angle, 20°
4240/95; flip angle, 150°; turbo factor, 7; EPI factor, 3
At 1.5T: 57/40; flip angle, 20°

At 3T:30/20; flip angle, 15°

700/23; flip angle, 18°
3500/30; flip angle, 90°; EPI factor, 15
20/8; flip angle, 7°

400/15; flip angle, 30°

Note.—EPI = echo-planar imaging, FFE = fast field echo, fMRI = functional MR imaging, GRE = gradient
echo, MPGR = multiplanar GRE, PRESTO = principles of echo shifting with a train of observations,
RF = radiofrequency, SE = spin echo, TGSE = turbo gradient spin-echo.

weighted by using a low flip angle, long TE, and
long TR. T2%* values are always shorter than the
underlying T2 values and can be much shorter.
Thus what is often considered a long TE for T2%*-
weighted sequences is often much shorter than
that used for T2-weighted sequences (1).

Other factors increasing the T2* sensitivity of
the sequence include large voxel size and increased
field strength. Both of these factors cause more de-
phasing that is due to susceptibility effects. Com-
pared with three-dimensional GRE sequences,
two-dimensional GRE sequences are more sensi-
tive to the deleterious T2* effects from air-tissue
interfaces or implants because of the thicker sec-
tions (and generally larger voxel sizes) used in
two-dimensional imaging (7). These effects can be
understood because of the dephasing that takes
place in large voxels. If the phase dispersion across
a voxel is 360°, then there will be no signal left. As
the voxel size is reduced (ie, a higher-resolution
image is acquired), the dephasing will be mark-
edly reduced. As the field strength increases, the
susceptibility effect also increases (because it is
directly dependent on the main field and the sus-
ceptibility of the source producing the field inho-
mogeneity), so that for a given TE and resolution,
the dephasing effect will also increase.

At small flip angles, the postexcitation refo-
cused GRE sequence has T2* weighting. As the
flip angle increases, the contrast becomes depen-
dent onT2/T1 (8).

Commercially Available

T2*-weighted Sequences

Much confusion exists about the nomenclature
for GRE imaging. Because of variations in se-
quence design among the vendors, the sequences
are not exactly equivalent to each other on dif-
ferent MR machines. T2*-weighted sequences
of different vendors are shown in the Table. The
sequence called PRESTO (principles of echo
shifting with a train of observations) (Philips
Healthcare, Bothell, Wash) is used for perfusion
MR imaging and functional MR imaging. Clini-
cal applications of SW imaging are discussed in
the section, “Susceptibility-weighted Imaging.”
Clinical applications of the remaining sequences
in the Table are discussed in the next paragraph.

Clinical Applications

T2*-weighted sequences are used to depict para-
magnetic deoxyhemoglobin, methemoglobin, or
hemosiderin in lesions and tissues. Pathologic con-
ditions that can be depicted with these sequences
include cerebral hemorrhage (Fig 2), arterio-
venous malformation, cavernoma (Figs 3, 4), hem-
orrhage in tumor (Fig 5), punctate foci of hemor-
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Figure 2. Cerebral hematoma. Axial MR image
acquired with hemorrhagic GRE pulse sequence
(Hemo; Siemens Healthcare, Malvern, Pa) (800/26;
flip angle, 20°; bandwidth, 80 Hz/pixel; voxel size,
1.1 X 0.8 X 5.0 mm; field of view [FOV], 210 x 210
mm) shows a moderate-sized hematoma with dark
borders (arrows) in the right posterior frontal region.

a. b.

Figure 3. Cavernoma with bleeding. (a) Axial multiplanar GRE MR image (MPGR; GE Healthcare, Chal-
font St Giles, United Kingdom) (600/20; flip angle, 20°; bandwidth, 122 Hz/pixel; voxel size, 0.78 x 0.9 x 5.0
mm; FOV, 200 x 200 mm) shows a hematoma (arrowhead) with dark border and edema around it in the right
occipital lobe. (b) Follow-up axial T2*-weighted fast GRE MR image (T2 FFE; Philips) (665/23; flip angle,
18°; bandwidth, 108.6 Hz/pixel; voxel size, 0.9 X 1.1 X 5.0 mm; FOV, 220 x 192 mm) shows reduction in the
size of the acute hematoma. A residual low-signal-intensity area (arrowhead) is seen at the site of the hema-
toma, which was a complication of a cavernoma. A new small cavernoma (arrow) is seen in the left frontal
lobe. T2*-weighted images depict more cavernomas than T2-weighted fast spin-echo images.

rhage in diffuse axonal injury (Fig 6), superficial useful in differentiating vestibular schwannoma
siderosis, old intraventricular hemorrhage, throm- from meningioma because in most schwannomas,
bosed aneurysm, and some calcifications (9). T2%- microhemorrhages are seen on the images (10).

weighted GRE sequences have been found to be
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Figure 4. Familial multiple cavernomas in a 16-year-old girl. (a) Axial T2-weighted fast spin-echo MR im-
age (Philips) (4209/200; flip angle, 90°; bandwidth, 212 Hz/pixel; voxel size, 0.6 X 0.78 x 5 mm; FOV, 220 x
220 mm) shows multiple cavernomas (arrows) in both occipital lobes. (b) On axial T2*-weighted fast GRE
MR image (T2 FFE; Philips) (665/23; flip angle, 18°; bandwidth, 108.6 Hz/pixel; voxel size, 0.9 x 1.1 X 5.0
mm; FOV, 220 x 192 mm), the hypointense lesions (arrows) are seen better because of the greater sensitivity
of the T2*-weighted sequence for hemorrhagic products.

a. b.

Figure 5. Tumoral hemorrhage in a 17-year-old male adolescent with thalamic glioma. (a) Axial fluid-atten-
uated inversion-recovery MR image (Philips) (7000/140/2300 [TR msec/TE msec/inversion time msec]; flip
angle, 90°; bandwidth, 220 Hz/pixel; voxel size, 0.75 x 0.81 x 5 mm; FOV, 220 x 220 mm) shows a hyperin-
tense tumor in the right thalamus, with a hypointense area of hemorrhage (arrow). (b) Axial T2*-weighted fast
GRE MR image (T2 FFE; Philips) (665/23; flip angle, 18°; bandwidth, 108.6 Hz/pixel; voxel size, 0.9 X 1.1 X
5.0 mm; FOV, 220 x 192 mm) shows blooming of the area of hemorrhage (arrow) in the tumor. T2%*-weighted
sequences should always be included in brain tumor imaging to detect tumoral bleeding.

The T2*-weighted GRE sequence can depict in- is 83% sensitive and 100% specific in the depic-
tratumoral hemorrhage in pituitary adenoma (11). tion of middle cerebral artery or internal carotid
The “middle cerebral artery susceptibility sign” artery thrombotic occlusion (12). In the middle
seen with the echo-planar T2*-weighted sequence cerebral artery susceptibility sign, the thrombosed

segment of the middle cerebral artery is seen as a
dark linear filling defect wider than the contralat-
eral middle cerebral artery.
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a. b.
Figure 6. Diffuse axonal injury in two patients imaged with multishot GRE echo-planar sequence (GRE-
EPI; Philips) (3500/30; flip angle, 90°; bandwidth, 35.8 Hz/pixel; echo-planar imaging factor, 15; voxel size,
0.9 x 1.1 X 5.0 mm; FOV, 220 x 192 mm). (a) Axial multishot GRE echo-planar MR image shows multiple
foci of low signal intensity (arrows) consistent with petechial hemorrhages in subcortical and periventricular
white matter in both frontal and right occipital lobes. (b) Axial multishot GRE echo-planar MR image in an-
other patient with head injury shows petechial hemorrhage (arrow) in the left parietal subcortical white matter
and intraventricular hemorrhages (arrowheads) in the left occipital horn and third ventricle. T2%*-weighted
sequences form an essential part of the MR imaging done for diffuse axonal injury because this sequence can
show small petechial hemorrhages, a characteristic finding of diffuse axonal injury, better than spin-echo or
fast spin-echo sequences can.

Figure 7. Hemophilic arthropathy. Coronal T2*-weighted fast GRE MR images (T2 FFE; Philips) (695/14; flip
angle, 25°; bandwidth, 108.6 Hz/pixel; voxel size, 0.58 X 0.73 X 4.0 mm; FOV, 178 x 170 mm) of middle (a) and
posterior (b) parts of ankle joints in a hemophiliac patient show dark areas of hemosiderin deposition (arrows in

a and b) in both joints. The right talus bone shows irregularity and osteochondral change (arrowhead in a). T2*-
weighted GRE MR images are useful in evaluation of hemophilic arthropathy because they show hemosiderin depo-
sition, articular cartilages, and osteochondral changes well.

For body imaging, T2*-weighted sequences siderin deposition in joints in conditions such as
are used to depict (a) hemorrhage in various hemophilic arthropathy (Fig 7) and pigmented
lesions, including vascular malformations, villonodular synovitis (Fig 8). T2*-weighted

(b) phleboliths in vascular lesions, and (¢) hemo-



RadioGraphics

1440 September-October 2009

a.

Figure 8.
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Pigmented villonodular synovitis. (a) Sagittal multiplanar GRE MR image

(MPGR; GE Healthcare) (400/15; flip angle, 30°; bandwidth, 122 Hz/pixel; voxel size, 0.51
X 0.67 X 4.0 mm; FOV, 130 x 130 mm) of the knee joint shows moderate to severe joint
effusion and a Baker cyst (arrowhead). Synovium shows irregular nodular thickening with
dark areas of hemosiderin deposition (arrows). (b) Sagittal contrast-enhanced T1-weighted
spin-echo fat-saturated MR image (Philips) (500/10; flip angle, 90°; bandwidth, 108.5 Hz/
pixel; voxel size, 0.57 X 1.1 X 4 mm; FOV, 220 x 220 mm) shows diffuse irregular enhance-

ment of the synovium.

sequences are used for evaluation of articular
cartilages and joint ligaments because with
relatively long T2%, articular cartilage becomes
more hyperintense, while bones become dark
on images because of susceptibility effects (Fig
9). T2*-weighted sequences can be used with
ferucarbotran or superparamagnetic iron oxide
(SPIO) contrast agent enhancement to depict
liver lesions (13,14).

Susceptibility-weighted Imaging
Principles

SW imaging is an MR imaging technique that
exploits the magnetic susceptibility differences of

the blood, and iron and calcification in various
tissues (15). SW imaging is not simply a T2%-
weighted imaging approach and consists of using
both magnitude and phase information (16). The
phase shift present in a GRE image represents an
average magnetic field of protons in a voxel, which
depends on the local susceptibility of the tissues.
Paramagnetic substances, such as deoxyhemoglo-
bin, hemosiderin, and ferritin, increase the mag-
netic field, resulting in a positive phase relative to
the surrounding parenchyma. For a left-handed
(or right-handed) system, the phase is positive

(or negative) when the spins precess clockwise.
Diamagnetic substances, such as calcium, cause a
negative phase shift. Phase images are sensitive to
changes in the magnetic field caused by different
components in tissues, such as deoxyhemoglobin,
hematoma, or calcification, and can be used for
differentiating the susceptibility differences among
tissues (17). Phase itself can be a superb source of
contrast, with or without T2* effects (18).
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Figure 9. Osteochondritis dissecans. Coronal (a) and sagittal (b) T2%*-weighted fast GRE
MR images (T2 FFE; Philips) (695/14; flip angle, 25°; bandwidth, 108.6 Hz/pixel; voxel
size, 0.58 X 0.73 x 4.0 mm; FOV, 178 x 170 mm) of the left knee joint show a lesion (ar-
row in a and b) of osteochondritis dissecans on the articular surface of the lateral femoral
condyle. Bones are dark on T2%*-weighted images because of increased susceptibility among
trabeculae, while joint fluid is bright because of the long T2. This makes these sequences
useful for evaluation of articular cartilage, which is seen as a structure with signal intensity
intermediate between signal intensity of bones and that of joint fluid.

Technique

The SW imaging sequence itself is a flow-com-
pensated, high-spatial-resolution conventional
T2*-weighted sequence. The flow compensation
is usually applied along all axes. The imaging pa-
rameters used at 1.5 T are as follows: 57/40; flip
angle, 20°; and bandwidth, 78 Hz/pixel (19). (At
higher field strengths, such as 3T, the TE is cut
in half, and the TR can be reduced accordingly.)

A phase mask is created from the MR phase im-
ages, and multiplying this with the magnitude
images increases the conspicuity of the smaller
veins and other sources of susceptibility effects
(20). Automated postprocessing gives three sets
of images: phase images, magnitude images, and
minimum intensity projection images (21) (Fig
10). The minimum intensity projection images
represent a projection through a series of usu-
ally four sections that takes the minimum value
of the signal intensity at each pixel to create an
effective section of 8 mm that better shows the
continuity of the veins.
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C.

Figure 10. Axial SW MR images obtained at 3T (20/30; flip angle, 15°; bandwidth, 100 Hz/pixel; voxel size,
0.5 x 1.0 x 2.0 mm; FOV, 256 x 256 mm). Original magnitude image (a), original phase image (b), processed
single-section magnitude image (¢), and minimum intensity projection through eight sections (d) show en-
hancement of the veins and globi pallidi (arrowheads in b-d), which are seen as dark structures. There is also
increased visibility of cortical fibers connecting adjacent sulci (arcuate fibers) (arrows in b-d), especially on
phase (b) and processed magnitude (¢) images. The thick (16-mm) minimum intensity projection SW image
(d) shows dark vessels, with increased depiction of small veins.
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Clinical Applications

SW imaging is more sensitive in detection of sus-
ceptibility effects and depicts significantly more
small hemorrhagic lesions in diffuse axonal injury
than does the conventional GRE sequence (P =
.004) (19). Deoxyhemoglobin causes a reduction
inT2%*, as well as a phase difference between the
vessels and surrounding parenchyma (22). Venous
blood has lower T2* compared with arterial blood;
hence arteries and veins can be differentiated by
using a long TE. These principles are used for SW
MR venography and imaging of small vessels (21).
Researchers have shown that calcification can be
differentiated from hemorrhage on phase images
on the basis of differences in susceptibility effects
(17,23,24). Increased iron deposition seen in neu-
rodegenerative disorders such as Parkinson dis-
ease, Huntington disease, and Alzheimer disease
can be better depicted with SW imaging.

Other clinical applications of SW imaging
include evaluation of stroke, trauma, vasculitis,
and epilepsy and characterization of brain tumors
(21). Future potential uses of SW imaging in-
clude functional MR imaging, high-field-strength
SW imaging, stem cell tracking, vessel wall imag-
ing, and non—central nervous system applications
such as cartilage imaging (21). More recently,
researchers have shown that changes in iron con-
tent of the brain can be monitored by using SW
filtered phase images (25,26). SW imaging has
been shown to be of similar clinical use in both
adults and children (27).

Perfusion MR Imaging

Principles

Perfusion MR imaging methods exploit signal
intensity changes that occur with the passage of a
tracer such as gadopentetate dimeglumine (28).
As the gadolinium-based contrast agent passes in
high concentration through the microvasculature,
susceptibility-induced T2 and T2* relaxation oc-
curs in surrounding tissues, which is seen as a
decrease in signal intensity. The decrease in signal
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intensity is assumed to be linearly related to the
concentration of gadolinium-based contrast agent
in the microvasculature (29). The change in the
signal intensity of the tissues is quantitatively
related to the local concentration of gadolinium-
based contrast agent and is converted into a
curve of concentration versus time. By applying
tracer kinetics to the concentration-time curve of
the first passage of the bolus of gadolinium-based
contrast agent, relative cerebral blood volume
and cerebral blood flow maps are calculated (28).

Technique
Dynamic SW contrast agent—-enhanced MR
perfusion imaging is performed by using T2%-
weighted echo-planar imaging sequences with a
temporal resolution of 1-2 seconds. The T2 and/
or T2%* effects outweigh the T'1 effects of gado-
pentetate dimeglumine at high intravascular con-
centration. A high concentration of gadopentetate
dimeglumine at first passage is achieved by in-
jecting a dose of 0.1 mmol per kilogram of body
weight with a power injector at the rate of 5 mL/
sec through an 18- or 20-gauge intravenous cath-
eter positioned in the antecubital fossa (28).
Rapid imaging during the first pass of gado-
pentetate dimeglumine is performed by using a
T2*-weighted echo-planar imaging sequence. This
sequence can acquire 8—10 (or 16—20) sections
covering the entire brain in 1 or 2 seconds. A series
of 60 such multisection acquisitions is performed
before, during, and after injection of gadopentetate
dimeglumine. The injection of gadopentetate di-
meglumine is started after the 10th run, followed
by a 20-mL flush of normal saline solution at the
same rate (28). Software is available that allows
data analysis and calculation of various maps, such
as relative cerebral blood volume, cerebral blood
flow, time to peak, mean transit time, and perme-
ability maps (Fig 11). The resolution of perfusion
images is compromised to get the temporal resolu-
tion for making perfusion measurements.
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Figure 11. Perfusion MR imaging of a patient after resection of a left parieto-occipital glioma. (a, ¢, d) Dynamic
contrast-enhanced SW GRE echo-planar perfusion images (GRE-EPI; Siemens) (1490/40; flip angle, 90°; band-
width, 1502 Hz/pixel; voxel size, 1.8 X 1.8 X 5.0 mm; FOV, 230 x 230 mm; echo-planar imaging factor, 128; 60
measurements) were obtained during rapid intravenous injection of gadopentetate dimeglumine. (a) Axial source
image shows that all of the areas having high concentrations of gadolinium, such as arteries, are dark. (b) Graph

of signal intensity versus time represents changes in signal intensity during injection of gadolinium-based contrast
agent. Decrease in signal intensity between BLe and FI lines represents first pass of contrast agent through the cir-
culation. BLe = baseline ends, BLs = baseline starts, FIe = end of first pass. (¢, d) Tracer kinetics software is applied
to the curve of signal intensity versus time to obtain various color maps, where red and yellow represent high value
and blue represents low value of the particular parameter. (c) Color maps show cerebral blood volume (CBV), cer-
ebral blood flow (CBF), mean transit time (M77), time to peak (TTP), corrected cerebral blood volume (CCBYV),
and permeability map (K2). (d) Separate map shows CCBV. In this case, blue (representing low flow) is seen in and
around the resection cavity (arrow in ¢ and d), which suggests that there is no viable tumor in this region. (Case

courtesy of Meher Ursekar, MD, Jankharia-Piramal Imaging, Mumbali, India.)

Clinical Applications

Tumor growth is dependent on angiogenesis.
Susceptibility-weighted MR perfusion imaging
depicts microscopic capillary-level blood flow and
hence serves as an indicator of angiogenesis in
tumors (30,31). MR perfusion is commonly used
in tumor grading (hypervascular tumors are often
high grade), stereotactic biopsy guidance, moni-
toring response to therapy, and differentiation of
radiation necrosis from recurrence (30,32—-34).
MR perfusion imaging is used in hyperacute
stroke to determine potentially salvageable tissue
in the penumbra so that appropriate action, such
as intravenous or intraarterial thrombolysis, can be
taken in a timely manner. Perfusion and diffusion
together are the best predictors of salvageable tis-
sue. A perfusion abnormality without a diffusion
abnormality around the ischemic core indicates
the penumbra of tissue that is salvageable (35).
Generally, mean transit time is prolonged and
relative cerebral blood flow is decreased in stroke.
Relative cerebral blood volume is decreased in ir-
reversibly injured areas and increased in spontane-
ous reperfusion. Other clinical applications of MR
perfusion imaging include determinations of brain
perfusion in moyamoya disease, vasculitis, and
Alzheimer disease (36).

Functional MR Imaging

Principles

Oxyhemoglobin is diamagnetic while deoxyhe-
moglobin is paramagnetic relative to surround-
ing tissue. Deoxyhemoglobin causes a reduction
in signal by creating microscopic field gradients
within and around the blood vessels (37). Stimu-

lation of a brain area causes increased cerebral
blood flow in the activated region in excess of the
cerebral metabolic rate of oxygen utilization. Be-
cause the local blood is more oxygenated, there
is a relative decrease in deoxyhemoglobin and a
slight increase in local MR signal. This phenom-
enon is called the blood oxygen level-dependent
effect (37). The basic effect of deoxyhemoglobin
causing microscopic field variation in and around
the microvasculature leads to a reduction of T2#
(37). The blood oxygen level-dependent effect

is reduced during activation, and this leads to an
increase in local T2* caused by less deoxyhemo-
globin. The signal intensity change caused by the
change in oxygen saturation is depicted by using
a fast GRE sequence, such as echo-planar imag-
ing, and is used to detect the area of the brain
controlling a particular activity or sensation.

Technique

Functional MR imaging involves a paradigm in
which the patient is asked to perform, for example,
a motor activity such as finger tapping or is given
visual or auditory stimuli, and the brain is then
imaged with a fast T2* sensitive sequence such
GRE echo-planar imaging. Paradigms include
active motor, language, or cognitive tasks and pas-
sive tactile, auditory, or visual stimuli (38).The
typical blood oxygen level-dependent sensitive
echo-planar imaging sequence is used with the fol-
lowing parameters: 4000/50; flip angle, 90°; band-
width, 2604 Hz/pixel; echo spacing, 0.47 msec;
echo-planar imaging factor, 64; and matrix, 64 X
64. Data are averaged to improve the signal inten-
sity. Statistical processing is performed to convert
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Figure 12. Axial composite image in a healthy person.
Functional MR imaging was performed at 3T (Philips)
(2000/30; flip angle, 90°; bandwidth, 49.2 Hz/pixel;
echo-planar imaging factor, 47; voxel size, 3 X 3 X 4 mm;
FOV, 230 x 230 mm). Signal change from increased lo-
cal T2* caused by less deoxyhemoglobin during activa-
tion was converted into a color map by using statistical
processing. This color map was overlaid onto the ana-
tomic image to produce the composite image. This axial
composite image shows blood oxygen level-dependent
activation in the right hand’s motor area (yellow) and the
left hand’s motor area (blue) from a boxcar experiment

Teaching
Point

of alternating left and right finger tapping.

signal intensity change into color maps that are
overlaid onto anatomic images (Fig 12). Activation
indicates the location of eloquent cortex.

Clinical Applications

Functional MR imaging is used to map brain
function and eloquent cortex in relationship to
intracranial tumors, seizure foci, or vascular mal-
formations. Eloquent cortex can get displaced or
disorganized by these pathologic processes, and
mapping with functional MR imaging helps to
determine and potentially minimize the risk for
performing surgical excision (38,39). Functional
MR imaging is also used to determine the need for
intraoperative mapping during excision and to se-
lect the optimal surgical approach to a lesion (31).

Iron Overload Imaging

Principles

The interaction between high-molecular-weight
iron complexes, such as ferritin and hemosid-
erin, and water molecules leads to faster dephas-
ing of transverse magnetization (ie, reduced

T2 and T2%) in iron-laden tissues (40). This is
seen as a loss of signal intensity in the tissue.
This darkening of the tissue is proportional to
the iron concentration (41). The longer the TE,
the darker the area on the resultant image.

As expected, GRE sequences are more sensitive to
this inhomogeneity-induced dephasing and are
more sensitive to depiction and quantification of
the degree of iron overload (42).

Techniques

Two broad groups of techniques used for iron es-

timation are the signal intensity ratio method and

the relaxometry method (43). Both of these meth-
ods can use spin-echo and/or GRE sequences.

Signal Intensity Ratio.—In the signal inten-
sity ratio method, the signal intensity of the
target organ, such as the liver or heart, is di-
vided by the signal intensity of a reference tis-
sue, such as muscle or fat, by drawing a region
of interest. The most commonly used protocol
is that of Gandon et al (44) from the Univer-
sity of Rennes (Rennes, France) and includes
four GRE sequences with different TEs (T'1-
weighted, intermediate-weighted, T2-weighted,
and long-TE T2-weighted) and one T'1-weighted
spin-echo sequence. Signal intensity measure-
ments from each of these sequences are used to
calculate iron concentration (45).
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Iron overload imaging of the upper portion of the abdomen. Axial T2*-weighted GRE MR images

(Siemens) (500/2.4-30; flip angle, 60°; bandwidth, 380 Hz/pixel; voxel size, 1.4 X 1.0 X 6.0 mm; FOV, 400 x 400
mm) acquired with TEs of 2.4 msec (a), 5.2 msec (b), 8.0 msec (c), and 10.8 msec (d) show progressive darkening
of the liver with increasing TE, which is suggestive of iron overload.

Relaxometry.—Signal intensity loss in the im-
age from dephasing of transverse magnetization
follows a pattern similar to radioactive decay
(41). Hence, iron-mediated darkening can be
characterized by time constants such as T2 or
T2* or by relaxation rates such R2 (1/T2) and
R2* (1/T2%*). Relaxometry methods include cal-
culation of T2 or R2 (spin-echo sequence) and
T2%* or R2* (GRE sequence) by acquiring mul-
tiple images at different TEs.

The most commonly used spin-echo method
(TEs usually 3—18 msec) for calculation of R2 of
liver was developed by St. Pierre et al (46) and

is marketed as FerriScan (ResonanceHealth,
Claremont, Australia) (www.ferriscan.com). Liver
R2 demonstrates a curvilinear relationship with
the amount of iron determined by using liver
biopsy (41).

A relaxometry method to calculate hepatic
and myocardial T2*, developed by Anderson et
al (47), includes acquisition of GRE images with
eight different TEs (2.2-20.1 msec) for liver (Fig
13) and nine different TEs (5.6-17.6 msec) for
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the heart. With this technique, as the myocardial
iron content increases, there is a progressive de-
crease in ejection fraction. All patients with ven-
tricular dysfunction had a myocardial T2* of less
than 20 msec (47). The liver R2*—tracked liver
iron content rises linearly with iron concentration
determined by using liver biopsy (41).

Signal intensity ratio methods are faster than
relaxometry methods but lack a wide range of
iron content assessment and are less precise (43).
Iron quantification methods that use R2* are
faster compared with those that use R2 but have
more susceptibility artifacts. R2* methods are
more sensitive to low iron content.

Clinical Applications

MR imaging can be used to detect and quantify
excess iron deposition in various organs such as
the liver, heart, spleen, pancreas, and pituitary
gland. Iron overload can be caused by disorders
of iron absorption, such as hereditary hemo-
chromatosis and thalassemia intermedia, defects
in heme metabolism, or long-term transfusion
therapy (41). Iron is toxic to the tissues and can
cause endocrine, cardiac, and hepatic dysfunc-
tion. Iron overload is treated with phlebotomy or
iron chelation therapy. For proper institution of
these treatments, for monitoring, and for deter-
mining response, quantification of iron content
is important. Traditionally, this quantification
has been indirectly done by using the serum fer-
ritin level and has been done directly by using
liver biopsy. However, liver biopsy is invasive,
and ferritin measurements are poorly correlated
with organ iron stores, especially in the heart
(47). MR imaging is a new noninvasive way to
quantify the iron overload in various organs, and
initial correlations are encouraging.

Conclusions
T2* relaxation, seen in GRE sequences, is decay
of transverse magnetization caused by a combi-
nation of spin-spin relaxation and magnetic field
inhomogeneity. Susceptibility effects cause faster
T2* relaxation and lead to reduction in signal.
GRE sequences can be made T2* weighted by
using a low flip angle, long TE, and long TR.
GRE sequences with T2*-based contrast are
used to depict hemorrhage, calcification, and
iron deposition in various tissues and lesions.
T2*-based contrast forms the basis for higher

radiographics.rsna.org

applications such as SW imaging, perfusion MR
imaging, functional MR imaging, and iron over-
load imaging.
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There is also a reversible bulk field dephasing effect caused by local field inhomogeneities, and its
characteristic time is referred to as T2* relaxation. These additional dephasing fields come from the
main magnetic field inhomogeneity, the differences in magnetic susceptibility among various tissues
or materials, chemical shift, and gradients applied for spatial encoding (1). This dephasing can be
eliminated by using a 180° pulse, as in a spin-echo sequence. Hence, in a spin-echo sequence, only
the “true” T2 relaxation is seen.

Page 1436

Other factors increasing the T2* sensitivity of the sequence include large voxel size and increased field
strength. Both of these factors cause more dephasing that is due to susceptibility effects. Compared
with three-dimensional GRE sequences, two-dimensional GRE sequences are more sensitive to the
deleterious T2* effects from air-tissue interfaces or implants because of the thicker sections (and
generally larger voxel sizes) used in two-dimensional imaging (7).

Pages 1440

SW imaging is not simply a T2*-weighted imaging approach and consists of using both magnitude
and phase information (16). The phase shift present in a GRE image represents an average magnetic
field of protons in a voxel, which depends on the local susceptibility of the tissues. Paramagnetic
substances, such as deoxyhemoglobin, hemosiderin, and ferritin, increase the magnetic field, resulting
in a positive phase relative to the surrounding parenchyma. For a left-handed (or right-handed)
system, the phase is positive (or negative) when the spins precess clockwise. Diamagnetic substances,
such as calcium, cause a negative phase shift. Phase images are sensitive to changes in the magnetic
field caused by different components in tissues, such as deoxyhemoglobin, hematoma, or calcification,
and can be used for differentiating the susceptibility differences among tissues (17).

Page 1443

Dynamic SW contrast agent-enhanced MR perfusion imaging is performed by using T2*-weighted
echo-planar imaging sequences with a temporal resolution of 1-2 seconds. The T2 and/or T2* effects
outweigh the T1 effects of gadopentetate dimeglumine at high intravascular concentration.

Page 1446

The interaction between high-molecular-weight iron complexes, such as ferritin and hemosiderin, and
water molecules leads to faster dephasing of transverse magnetization (ie, reduced T2 and T2%*) in
iron-laden tissues (40). This is seen as a loss of signal intensity in the tissue. This darkening of the
tissue is proportional to the iron concentration (41). The longer the TE, the darker the area on the
resultant image.
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