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Magnetic Resonance Imaging With Ultrashort TE
(UTE) PULSE Sequences: Technical Considerations
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It is now possible to detect signals from tissues and tissue
components with short Tys, such as cortical bone, using
ultrashort TE (UTE) pulse sequences. The background to
the use of these sequences is reviewed with particular em-
phasis on MR system issues. Tissue properties are dis-
cussed, and tissues are divided into those with a majority
and those with a minority of short T, components. UTE
pulse sequences and their variants are described and clin-
ical applications are illustrated. System design require-
ments for sequences of this type, including gradient per-
formance, RF switching, and data-processing issues, are
outlined.
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A VARIETY OF TISSUE COMPONENTS have short Tss.
Their MR signal decays rapidly, and thus little or no
signal is detectable by the time conventional MR sys-
tems begin to operate in receive mode. They therefore
appear dark with virtually all pulse sequences routinely
used in clinical MRI. Pulse sequences with echo times
(TEs) 10-200 times shorter than those normally used
on conventional clinical systems are now being imple-
mented and can detect signals from tissues with short
Tos (1-14). These sequences provide new options for
characterizing tissue and manipulating conspicuity. In
this paper we describe the basic physics underlying
ultrashort TE (UTE) pulse sequences, and illustrate
some clinical applications of this technique. Design re-
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quirements for the use of pulse sequences of this type
on clinical MR systems are emphasized.

BASIC PHYSICS
Excited Signal

The observed signal S, produced by MR excitation is
given by

S, = Kp X Cf(T1,. Tap), (1)

where p is the total proton density (PD) (assuming that
protons are the target nucleus, although this is equally
applicable to other nuclei), and c,, T}, To are respec-
tively the fraction of the PD and the effective relaxation
time constants of the rth component of the tissue being
imaged. K is a scaling factor relating the PD to the
measured signal, and (T}, Ty,) is a term describing the
response of the rth component to the imaging sequence
in use, assuming that the effects of exchange processes
on MR signals can be represented as variations in time
constants.

The simplest relationship that is appropriate for a
single component in an MR image is:

S, = KFpexp(—TE/Ty)sina(l —exp(—TR/T,))/
(1-cosBexp(—TR/T))), (2)

where TR is the sequence repetition time in a selective
excitation procedure, and TE is taken to be the time
between the central point of the excitation process that
rotates the magnetization into the XY plane and the
time at which the central point of the data k-space is
sampled. Conventionally this is known as the “echo
time” because practical data-recovery procedures usu-
ally involve the formation of an echo by one mechanism
or another. When this relationship is generalized from
the Ernst angle formulation (15), there are implicit as-
sumptions that the excitation is on resonance, and that
T, is long compared to the excitation process.

We define « as the “flip angle” that is actually
achieved by the excitation, while B (>«) is a shorthand
representation of a complex relationship that includes
the effects of off-resonance excitation on broad lines as
well as transverse relaxation of signals during the ra-
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Figure 1. Simulation of the behavior of the spin system
in response to a 180° hard pulse of 500 ws duration (the
4 equivalent of a 1 kHz B, field). The curved trajectory
starting at M, = 1 and M,, = O shows the evolving
magnetization as the RF pulse duration increases from
0° to 180° for a series of components of different Tas
ranging from 20 to 500 ws in 20-ps intervals. A compo-
4 nent with a long Ty of 100 msec is shown for compari-

diofrequency (RF) pulse. The signal in an image is the
spatial integration over a voxel containing protons that
are affected differently by the pulse sequence, and the
term “F” is designed to accommodate this. It includes,
for example, effects on slice shape for a particular flip
angle, and the relative sizes of T; and TR. The recovered
signal is also affected by the way in which neighboring
regions of tissue are manipulated and imaged. Many of
these interactions are themselves dependent on the re-
laxation time constants, and hence may be expected to
affect individual components with different T;s and Tsys
to different extents.

Excitation of the Magnetization of Short T,
Relaxation Components

As suggested above, and described previously (16), ex-
citation is more complex when RF pulses durations are
similar to or longer than the T, of the components being
excited. Relaxation during the RF pulse results in a
reduction of the magnetization available in the trans-
verse plane without a compensatory increase in the
available magnetization in the longitudinal plane. In
effect, there is competition between the RF pulse that
rotates the magnetization into the XY plane, and the
dephasing that occurs within that plane. The impact of
the loss of magnetization is illustrated in Fig. 1, which
shows a simulation based on the use of a 500-pus-du-
ration hard 180° pulse, which is typical of those avail-
able on clinical systems. The B, field in this instance is
about 23.5 pT. Figure 2 shows a rearrangement of the
data from Fig. 1 and illustrates that the maximum ef-
fective signal for short T, components is obtained with
RF excitations that would conventionally be expected to
produce substantially less than a 90° rotation. Note,
however, that an increase in pulse amplitude effectively
compresses the curve in Fig. 2 toward the left.
Another consequence of relaxation during excitation
is that for long RF pulses, the transverse magnetization
“forgets” about earlier stages of the RF pulse. Thus,
transverse magnetization is weighted toward the end of
a long RF pulse, and measuring TE from the center of

1 son. The * sign shows where the maximum transverse
signal is obtained. These data are replotted in a more
convenient form in Fig. 2.

the pulse is inaccurate. This effect is present when Ty is
long (with the true value of TE slightly shorter than
might be assumed using the pulse center as a refer-
ence), but is much more significant when T, is short.
The “forgetful” nature of the transverse magnetization
also means that it is insensitive to the early (and hence
high) spatial frequency parts of the excitation pulse.
This effect tends to blur sharp slice-selection bound-
aries when short T2 components are imaged.

Inversion

As noted above, the change in longitudinal magnetiza-
tion after excitation into the transverse plane is less
than might be expected, and, as Fig. 1 suggests, it may
be very difficult to invert short T, components at all. The
key to achieving inversion is that the excited magneti-
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Figure 2. Plot of the optimum RF pulse duration (conven-
tional flip angle o) to obtain the highest signal at different
values of Ty using the same simulated values as in Fig. 1. The
effective rotation of the magnetization is much less than « for
short Ty components.
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Table 1
Saturation Strategies in UTE Imaging
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Method

How does it work

Limitations

Long hard pulse on resonance with spoiler
Short 90° pulse on resonance with spoiler
Long 90° pulse on resonance with spoiler
short T, pool
Short 270° pulse on resonance with
spoiler
approach
Long hard pulse off-resonance

Saturates all pools
Excites all pools and dephases signals
Saturates the long T, pool; Leaves

Saturates long T, pools; Saturates
short T, pools better than 90°

Leaves long T,; Saturates short T,

RF power limitations

No total short T, component saturation

Not total short T, component
saturation

Partial inversion of intermediate T,
species

RF power limitations, implications for
multislice imaging

zation should remain for the minimum possible time in
the transverse plane. This emphasizes the need for
powerful B, fields.

With an inversion pulse, long T, components are fully
inverted. For short Ty components, some spins (such as
those within the bandwidth of the RF pulse or exchang-
ing with such spins) behave as though they had been
saturated by the inverting RF pulse, while others be-
have as though there had been no inverting pulse at all.

Expressing the process in a series of relationships
illustrates the extent of the differences that may arise.
Thus, the long T, components in effect obey the follow-
ing relationship:

Son = Kp,exp[(—TE/T,,)(1 — 2exp(—TI/T,,)) +
exp(—TR/Ty,)], (3)

where S, is the observed signal for a narrow line com-
ponent, K is a scaling factor relating PD and signal, p, is
the narrow component PD, and the “n” (narrow line)
suffix relates to the properties of the long T, component.
Some spins within the bandwidth of the RF pulse or
exchanging with such spins behave as though they had
been saturated by the inverting RF pulse, so that:

Sow = KapweXpl[(=TE/T2)(1 — exp(=TI/Ty)]. (4a)
where the parameters in the relationship are as de-
scribed above, with the difference that the “w” suffix
refers to short T, components with wide spectral line-
widths.

The rest of the short T, components behave as though
there had been no inversion pulse at all, and, possibly,

only a very limited degree of saturation, so that:

Sow = Kepwexp(=TE/Ty)(1-exp(=TR/T,y). (4b)
One can invert the whole spin population by making the
inversion pulse very short in relation to T,. However,
this is not applicable to interleaved multislice studies,
since the bandwidth has to be very broad to ensure full
inversion. If the short T, components are of greatest
interest, long inversion pulses may be included to in-
vert and null long T, components, although there may

be some saturation of the residual short Ty compo-
nents.

Saturation

While inversion may be difficult to accomplish, satura-
tion is readily achievable with the use of long, high-
power RF pulses. With very short T, components alone,
no crusher gradients at all may be needed. The effects of
different strategies for saturation are summarized in
Table 1.

Off-Resonance Effects

The line shapes of the components present may vary
widely in width (i.e., components that are normally ob-
served by MRI are narrow, and those that are usually
invisible to MRI are broad).

In a conventional multislice spin-echo (SE) acquisi-
tion (17) the slices are excited in an interleaved manner.
The selection process uses a constant field gradient,
and the frequency of the RF excitation pulses is
changed for different slices. Since the spread of a broad-
line component may be tens of kHz, this type of excita-
tion may affect spins in adjacent slices. This effect has
been described for conventional sequences (18,19), but
it affects short Ty (broad-line) components to a much
greater degree. To prevent this effect from reducing the
signal, the slices must be distributed relatively widely
(e.g., separated by 6 kHz, as in the implementation
discussed here). This results in no detectable loss of
signal from cortical bone (T, ~ 420 ws) in a multislice
experiment. However, with this frequency offset there is
a reduction (5-10%) in the signal from skeletal muscle
due to magnetization transfer (MT) effects involving the
short Ty, components of the muscle (T, ~ 50 ps), which
is consistent with previous findings (20). All forms of
spin manipulation using RF pulses can result in this
type of problem. For example, even simple sequences
such as SE and inversion recovery (IR) can induce
changes in the broad lines, as can fat-suppression
methods that rely on RF pulses. An 18% reduction in
cortical bone signal intensity may be seen after the
application of a fat-saturation pulse 230 Hz off-reso-
nance. A relatively large effect is seen due to the close
proximity of the saturation pulse to the resonance fre-
quency. True off-resonance excitation does not result in
any net magnetization being created in the transverse
plane, and thus there is no signal available from this
source.

Figure 3 illustrates the effect of applying long excita-
tion pulses to two components: one with a Ty of 400 ps
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Figure 3. Simulation showing the residual longitudinal
magnetization after excitation with a rectangular 0.5-
msec 90° pulse (dashed) and a 4-msec 720° pulse (solid).
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(typical of cortical bone), and the other with a shorter T,
component of 50 us (typical of skeletal muscle). The 90°
pulse could be considered to be representative of a
simple chemical shift-selective (CHESS) pulse (21) if it
were applied in a 1.5T system at 230 Hz off-resonance.

The saturating effect due to RF irradiation on any
Lorentzian-shaped line is given by (22):

Sgr/S, = 1/(1 + tan2®T1/T2], (5)
in circumstances where v?B,?T,T, >> 1 tan ® = B,/
3By, where 3B, is the offset field from resonance at
which the RF irradiation of magnitude B; is applied,
and Sgr is the signal observed in the presence of the RF
irradiation.

Either individually or cumulatively, off-resonance ex-
citation may produce changes that are otherwise indis-
tinguishable from those of a deliberate MT sequence in
which prolonged off-resonance RF irradiation is used to
saturate broad-line spins. As previously shown by
Forsen and Hoffman (23), this has the effect of reducing
the apparent magnetization of the visible pool through
the relationship:

S, = (Sk—Sg)exp(—t/Ts) + Ss (6)

where Sy is the signal observed immediately after exci-
tation following a very long magnetization recovery
time, Sg is the signal obtained after a very long period of
irradiation, t is the duration of the RF irradiation, and
T)s is the time constant with which saturation is ap-
proached.

There are similarities in the use of UTE sequences
and MT techniques due to the fact that they both probe
the behavior of short T, species. In the case of MT
experiments, a two-pool system is generally assumed
(one pool is associated with free protons, and the other
with restricted protons or protons contained within
large molecules). The free proton pool has a long T, of
50-100 msec, and the restricted pool has a short Ty of
10-250 ps. With conventional MT imaging sequences,

213 The plot shows the effect of moving the excitation pulse

off-resonance. Two Ty values (50 ps (gray) and 40 ps
(black)) are shown.

the restricted proton pool is “invisible” and can only be
investigated via exchange processes with the “visible”
free pool. This leads to images that are weighted by the
relative sizes of the two pools and the rate of magneti-
zation exchange between them. Conversely, UTE se-
quences image the bound proton pool directly, and
therefore yield images that are weighted by the actual
size of the bound proton pool and its transverse relax-
ation rate.

UTE and MT methods are both applicable to spin
systems in which the signal is not imaged by conven-
tional techniques (e.g., Ty < 500 ps). Of these two meth-
ods, the UTE method is strongest at the longer end of
the range (e.g., =100 us), whereas the MT approach can
be applied to tissues with much shorter T,s. However,
the combination of MT techniques and UTE imaging
sequences could yield more information than the two
techniques applied separately. In this situation, two
distinct cases can be envisioned:

1. The short T, pool is relatively isolated from any
other pool, and little or no exchange takes place
(e.g., in cortical bone).

2. There is a free and rapid exchange between the
short Ty, pool and other pools (e.g., in skeletal mus-
cle).

In the first case the combination of MT and UTE may
not be practically useful, because the application of MT
pulses would saturate the bound proton pool and leave
no signal with which to create images (although MT
could be used to create Ty contrast within the short Ty
pool). For example, the application of a single MT pulse
applied 1500 Hz off-resonance, equivalent to a 540°
pulse applied on-resonance, leads to a 26% reduction
in the available signal from cortical bone.

In the second case the combination of MT and UTE
may provide more information about the rates of mag-
netization exchange between the short T, pool and any
other pools present. In a system with a long T, compo-
nent and a short T, component, as previously investi-
gated using MT alone, a combined UTE and MT se-
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quence could allow investigation of the recovery of the
bound pool after saturation via exchange with the free
pool. In a system with a short Ty pool (T ~ 500 ps) and
a very short T, pool, <10 ps, a combined UTE and MT
sequence could provide information about the very
short Ty, pool that is “invisible” with current techniques.

T,, Effects

T,, is a parameter that is studied with the use of pro-
longed RF irradiation. One usually performs such stud-
ies by locking the excited spins to precess around the
appropriately phased RF for periods typically on the
order of T,. Thereafter, the data are usually recovered
using conventional gradient-recalled echo (GRE) se-
quences (24). T, is a measure of what the T; of the
component being studied would have been at very low
field. It is generally substantially shorter than the ob-
served T;, and equals T, at the very lowest fields. If the
frequency of the spin-locking pulse is off-resonance,
the signals will appear to have another time constant
T1pofrs Where Ty < Ty, < T, < T1. Shaped RF pulses that
are being used to excite other slices could very well
partially excite and then lock a broad line in another
region. This is not very likely with simple pulses, where
the phases of the irradiation are constrained to be ei-
ther 0° or 180°, but as the pulse structure becomes
complex with the phase of the RF being varied quasi-
continuously, it becomes possible.

Magic Angle Effects

While it is technically difficult to acquire the signals
from short T, components, there are circumstances in
which alternative strategies can be of assistance. These
arise principally when the mechanism that determines
T, is ordered dipolar coupling (25). It has been observed
that this form of coupling exists between collagen and
water (26,27), and as a result this is the predominant
effect that determines the appearance of tendons and
ligaments on images (28). The relationship that deter-
mines the extent of dipolar coupling arises from classic
magnetism theory regarding the energetics of the inter-
action between two dipoles, and takes the form:

B = * (wo/4mwn(3cos?0 — 1)/13. (7)

B; is the change in observed field at the nucleus due to
a dipole of strength w at a distance r, where 0 is the
angle between r and By (the first term is a conversion to
SI units). Ultimately, this relationship can be used to
demonstrate that the magnitude of the effective value of
T, depends on the angle between the two dipoles, and
the main magnetic field. T, is at a maximum when the
angle 0O is given by:

3cos?0 — 1 =0 (8)

(or when O = 54.7°). Changing the orientation of certain
tissues to the magnetic field can result in dramatic
changes to Ty and hence the appearance of the tissues.

There may be other effects that can lead to manipu-
lation of the dipolar coupling relaxation mechanisms.

283

These include the possibilities raised by so-called RF
magic angle spinning (29). This will not be discussed
further here since the technique is still a long way from
application in clinical practice, and it is likely to be
restricted by RF energy deposition. A few initial studies
have looked at other methods associated with solid-
state MR, such as the use of the magic sandwich echo
(30). Both of these methods are designed to break the
dipolar coupling through the use of RF pulse se-
quences.

Susceptibility Effects

Changing the timing of data acquisitions of tissue can
have a very material effect on conspicuity when the
dominant contrast mechanism is susceptibility. Sus-
ceptibility effects can be manipulated by altering the
image matrix and slice width (31). As a consequence,
Ty* requires the specification of voxel dimensions and
the exact voxel location for which Ty* is being quoted.
Reducing the time to the acquisition of the first data
point allows susceptibility effects to be minimized. In-
travoxel dephasing (which can result in loss of signal) is
controlled by the relationship (ignoring the effects of Ty,
whether multicomponent or not):

Sdephase = KfpreiyaBrTEdr’ [9)

where p, is the PD in the selected voxel, 8B, is the offset
between the weighted mean field in the voxel and that at
location r, and Sgephase is the resultant signal. This re-
lationship means that cubic voxels are less prone to
artifacts from this source than highly asymmetrical
ones of the same volume, such as those frequently
required in order to get enough signal (through a thick
slice) without losing in-plane imaging resolution
through a limited acquisition matrix. Loss of signal is to
be distinguished from the possible offset of resonance
frequency of the voxel as a whole, leading to phase
offsets that are sometimes mapped. This is given by:

®, = yd8B,TE (10)
where &, is the phase deviation of the voxel when the
mean field in the voxel is offset from the reference field
by 8By. Susceptibility dephasing occurs with GRE se-
quences, and is considerably reduced with SE data
acquisitions. While dephasing due to susceptibility ef-
fects can be reversed using a refocusing pulse, as in a
standard SE sequence, dephasing due to susceptibility
will occur throughout the data acquisition and limit the
spatial resolution.

Susceptibility effects result in a transverse relaxation
time Ty*, which at most is as long as T, and may be very
much shorter. The two forms are related through Ty* =
1/(1/Ty + R), where R is the effective relaxation rate
due to susceptibility. This implies that Ty* relaxation is
exponential. While in general this is not true, it does
provide an interpretive formalism. When susceptibility
effects are significant compared to T, relaxation, and
the data are acquired using a GRE sequence, then Ty* is
the correct notation.
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Figure 4. Pulse sequence diagram for a basic UTE sequence.
The half-RF pulses are applied with the slice-selection gradient
G’, negative in the first half and positive in the second half. The
RF pulse is truncated and followed rapidly by the acquisition,
during which G’y and G’y are applied to obtain the radial
gradient. These gradients ramp up to a plateau during data
acquisition.

One example of the differing behavior of components
with similar short Tys arising from separate mecha-
nisms is the application of excitation pulses. This is
because with susceptibility effects, the individual p, de-
scribed above may have long Tys and hence will be
excited in the same manner as the components ex-
ploited in conventional MRI by the excitation pulses
(i.e., « = B in Eq. [1]). The net consequence of this is that
the material behaves as the ensemble of many small
samples, each with a narrow line shape but at different
frequencies. For this reason the excitation of short To*
species does not necessarily follow the general excita-
tion behavior of short Ty species.

UTE PULSE SEQUENCES

Many of the techniques used for the rapid acquisition of
data are not useful for short T2 tissues. The major
multiecho methods (rapid acquisition with relaxation
enhancement (RARE) (32) and echo-planar imaging
(EPI) (33)) are not useful because they depend on tis-
sues having a relatively long T, to maintain the utility of
their multiple data acquisitions. SE methods generally
present problems because it is difficult to produce an
effective 180° refocusing pulse for short T, relaxation
components. The fast acquisition method of most value
is likely to be turbo fast low-angle shot (Turbo-FLASH)
(84) and its variants.

A useful approach is one based on radial traverses of
k-space starting in the center (35,36). Acquisition on
the gradient ramp using nonlinear sampling (37) mini-
mizes the TE. The radially sampled data points can
subsequently be interpolated onto a rectangular ma-
trix, and conventional two-dimensional Fourier trans-
form (2DFT) processing can be used to form the image.

Tyler et al.

To achieve even shorter times for the excitation pro-
cess, it is necessary to avoid the use of a slice rephasing
gradient. This can be achieved by using a nonselective
pulse to acquire 3D data, and using the sensitivity
profile of the RF coils to restrict the region over which
signals are acquired.

An alternative in a 2D imaging experiment is to excite
the slice in two stages, and acquire half of the k-space
content of the slice profile each time using gradients
with opposite senses (38). If the excitation process is
arranged to terminate rapidly, data acquisition can be
started at the center of k-space almost immediately.
The two data acquisitions are then added together to
give the complete data content. An image requires a
minimum of 2mTR to acquire, where m is the number of
radial lines to be acquired. The pulse sequence is illus-
trated in Fig. 4.

One of the disadvantages of radial data acquisition is
that it samples a square field of view (FOV) rather inef-
ficiently. In practice, full coverage using center-out of
an n X n pixel image requires nm acquisitions (rather
than the n data acquisitions used in conventional rect-
angular sampling) or nm/2 if the data are sampled from
the center and conjugate reflection is used. An unin-
tended bonus of this requirement is that the center of
k-space is consequently oversampled, and low spatial
frequencies of the image have a better signal-to-noise
ratio (SNR) than high frequencies.

Other short-TE pulse sequences, such as single-point
ramped imaging with T1 enhancement (SPRITE) (39),
3D constant time (40) multipoint acquisitions (41), con-
tinuous wave methods (42), and swept frequency imag-
ing (43), have been used in solid-state or semi-solid-
state applications in in vitro studies. These techniques
show considerable promise, although they have yet to
be employed in patient studies.

CLINICIAL APPLICATIONS

The signal from tissues is typically multiexponential,
with protons in proteins and in water tightly bound to
proteins having Tss of about 10 ps. The T, of protons in
water, which is less tightly bound, increases into the
clinical range.

Using standard SE sequences, tissues with a Ty sig-
nificantly shorter than 10 msec are not detectable with
basic clinical MR systems, though with more modern
instruments using gradient echoes the limit is probably
closer to 1-2 msec.

From a clinical point of view, it is useful to divide
tissues into two general groups: those with a majority of
short Ty, components (Table 2) and those with a minor-

Table 2

Tissues With a Majority of Short T, Components
Meninges (dura) Falx Tentorium
Membranes Capsules Bands
Retinaculi Septae Fascae
Sheaths Nails Hair
Aponeuroses Tendons Ligaments
Menisci Labrii Periosteum
Bone Dentine Enamel
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Figure 5. Normal cortical bone. Difference UTE image (IR =
500/0.08 minus 4.5/250 msec at 1.5T, resolution = 512 X
512, FOV = 14 cm). The cortical bone is highlighted.

ity. The tissues with a majority often produce no signal
or a very low signal using conventional clinical pulse
sequences. The most common mechanism of relaxation
is dipolar dephasing. The remainder of tissues have a
variable content of short T, components. For example,
short T, components may be more prominent in white
matter in association with myelin than in gray matter.

In disease, the concentration of short Ty components
may increase or decrease. The relaxation times T, and
T, may also increase or decrease. In general, an in-
crease in the T, is conventionally observed in a long
Ty-weighted sequence is accompanied by a decrease in
signal from short T, components. Diseases that in-
crease the concentration of short T, components in-
clude fibrosis (chronic), iron deposition, some stages of
hemorrhage, some stages of calcification, and various
deposition diseases (e.g., amyloidosis). Cellular infiltra-
tion may also increase the concentration of short Ty
components. More common is a reduction in the con-
centration of short T, components due to edema, infil-
tration, tumors, and other conditions. This produces a
loss of signal from short T, components on the images
that are derived from subtracting images obtained at
different TEs from each other (“difference images”).

In general terms, imaging of tendons, ligaments, me-
nisci, periosteum, cortical bone, and other short T tis-
sues has essentially involved low- or very-low-signal
structures. Such structures are now detectable with
the use of UTE techniques. This approach provides new
options to characterize tissue and to employ different
pulse sequences to change tissue conspicuity.

A variety of sequences were used to acquire the data
presented below. The timings for the sequences are
given in milliseconds in the figure legends (i.e., a TE of
0.08 means 80 ps). For the UTE sequences, we followed
the convention of using the TE to describe the time from
the end of the RF excitation to the beginning of data
acquisition, although this is an oversimplification (44).

Cortical bone is of particular interest (Fig. 5). Study of
this tissue puts a premium on quantification, as is the
case with existing techniques for bone densitometry. T,
increases significantly with age. Signal is available from
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both protons, which may reflect the organic matrix, and
phosphorus, which may be more closely linked to cal-
cium hydroxyapatite and reflect more closely what is
seen with conventional x-rays or x-ray-based densitom-
etry. Trabecular bone can also be seen (Fig. 6).

Contrast agents offer new options when combined
with UTE techniques through decreasing T;. Signal is
now available from tendons, ligaments, and similar tis-
sues, and this may be used to demonstrate enhance-
ment (6-8). The very short T, tissues previously pro-
vided no signal before or after enhancement. The
increase in signal due to the use of the UTE acquisition
at the shortest value of TE is a function of the Ty of the
tissue and the delay to the TE. A particular advantage of
gadolinium (Gd) chelates is that they enable one to
simultaneously detect increased signal in a short T,
component tissue, and suppress the signal from long T,
tissues and fluids. With magnetic iron-oxide particles,
the same general principles apply.

The difference image may also be of value because it
combines the anatomy from the first UTE echo with the
susceptibility contrast in the subsequent echo at a
longer TE. The meniscus is of particular interest. De-
spite intensive efforts, investigators have not been able
to distinguish the red from the white zone of the menis-
cus, or to detect contrast enhancement in either zone.
However, one can now achieve such a distinction with
UTE pulse sequences by using subtraction to selec-
tively reduce the signal from the adjacent perimeniscal
tissues (6-8).

The normal periosteum is a tissue of 1-2 mm thick-
ness that surrounds the cortical bone and is important
for bone nutrition and healing in fractures (Fig. 7). It
was previously undetectable in adults by MRI, but it
now can be seen with UTE sequences and shows en-
hancement after fractures. The deep layer of articular
cartilage can be seen (Fig. 8). Calcification may have a

Figure 6. Trabecular bone (IR = 500/0.08 minus 4.5/200
msec at 1.5T, resolution = 512 X 512, FOV = 14 cm). Differ-
ence UTE image of the skull. Trabecular bone can be seen
between the inner and outer tables.
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Figure 7. Periosteum, seen in the lower end of the tibia (arrow)
(UTE = 500/0.08 msec at 1.5T, resolution = 512 X 512,
FOV = 14 cm).

high signal (Fig. 9). In the brain, short T, components in
the white matter can be selectively imaged. The short Ty
components in the meninges and in certain diseases,
such as malignant melanoma, can also be detected (Fig.
10).

MR SYSTEM ISSUES

It is reasonable to ask what sort of modifications are
needed to make clinical MRI systems useful for evalu-
ating short T, components of tissue, and whether spe-
cialized machines may be useful for studying tissues
such as tendons, ligaments, and cortical bone.

Level of By

Given the limited possibilities for the use of fast imaging
methods and the fact that even multislice acquisitions
may be difficult, one might assume that higher B, fields

Figure 8. Normal patellar cartilage UTE (TR/TE = 500/0.08
msec at 1.5T, resolution = 512 X 512, FOV = 12 cm) image.
The deep layer of the cartilage is highlighted (arrow).
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Figure 9. Transverse image of the patellar showing calcifica-
tion. Fat-suppressed UTE image (TR/TE = 500/0.08 msec at
1.5T, resolution = 512 X 512, FOV = 12 cm). The calcified
tissue has a high signal (arrows).

with consequent SNR improvements would be desir-
able. However, the disadvantages of higher field
strength include an increase in T; and decreased op-
tions for the application of RF pulses owing to the ad-
ditional SAR constraints. As such, low-field systems
(with consequently shorter T,s) may offer advantages.
Further, the primary contrast mechanism that is avail-
able for manipulation in UTE is T;, and the range of
values of T is reduced at very high fields.

It is much easier to image less abundant nuclei, such
as phosphorus and sodium, at higher fields. If there is
value in the use of very short TE imaging for proton
studies, it is that there will likely be gains from studies
using other nuclei. Generally, the hardware issues are
very similar, apart from the complication of needing
dual-channel RF systems. It is likely that in UTE imag-
ing, the “optimum” field strength will depend on the
exact area of application.

Gradient System

The gradient performance (i.e., slew rates and ampli-
tudes) should be as high as possible. It is desirable to
ramp down the slice-selection gradients very quickly,
since any lag between the end of the RF excitation and
the end of the slice-select gradient results in signal
dephasing. The alternative of this is to begin ramping
down the slice-selection gradient during RF excitation.
However, this approach can cause excitation of spins
outside the desired slice, and it may not be possible to
correct this precisely (although the variable rate selec-
tive excitation (VERSE) method (45) can reduce these
out-of-slice errors to a minimum). This slice selection
requires careful attention when imaging faint signals in
the presence of strong out-of-slice signals (e.g., beneath
a surface coil). The additional acquisitions used in the
half-pulse method make it sensitive to errors caused by
eddy currents, because they are established by oppo-
site-polarity slice-selection gradients.
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Figure 10. Malignant melanoma me-
tastases to the brain. Transverse con-
ventional 2DFT (left; TR/TE = 500/20.0
msec, matrix = 256 X 512) and differ-
ence UTE (right; TR/TE = 500/0.08,
matrix = 512 X 512) images, both ob-
tained at 1.5T. The meninges is thick-
ened and much more obvious on the
UTE image (arrows).

The other fast gradient operation is performed during
data collection. In practice, data must be collected as
the acquisition gradients are ramped up, with the use of
nonlinear sampling. A sinusoidal or other gradient
shape can be used, and constant gradient level is not
necessary. With nonlinear sampling, the first data point
can be acquired before the encoding gradient is actually
present, as was the custom for at least one of the early
MRI systems (46). A delicate synchronization of ac-
quired data with regridding is therefore required, which
is sensitive to timing errors of 1 ws and can be prob-
lematic for oblique imaging if gradient axes have even
slightly different temporal responses. Therefore, gradi-
ent systems for UTE should be self-shielded and have
reproducible, well-characterized behavior, and should
be identical for each gradient axis.

A second criteria for the acquisition gradients relates
to the period for which data are recovered. In practice,
data should be recovered for as long as possible (within
machine constraints), or for as long as the Ty (or To*)
permits. In the latter situation, an optimal SNR is ob-
tained from acquisitions in which data are recovered for
a duration on the order of Ty. Based on tissue T, values
measured during our studies, we believe a useful target
for the data acquisition would be a duration (ta.q) of 250
ws. Assuming a 300-mm FOV (V), and a matrix size (M)
of 256, the minimum gradient amplitude (G,;;) needed
is given by:

Gmin = TM/ vtV (11)
Gmin = 40 mT/m for the above parameters. However,
Gmin assumes a square gradient pulse, which is impos-
sible to achieve in reality. With a rise time of 75 ps, the
actual gradient strength would have to be ~57 mT/m.
dB/dt would then be 228 T/second at 300 mm from the
machine axis. It may be that a minimum duration of
350 ps will have to be accepted for regulatory reasons
as far as whole-body coils are concerned.

Substantially higher rates of change of field can be
obtained from localized coils, in which the gradients are
of limited physical extent. Head-only coils, with which
dB/dt figures of 600-1000 T/m/s are achievable, are a
case in point. However, as far as UTE imaging is con-
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cerned, confining its use to the brain and the extremi-
ties may prove unduly restrictive.

RF System

A major requirement for the RF receiver system is that
it should recover very quickly. High-resolution spec-
trometers have recovery times of <1ps, since it is im-
portant that they do not lose data from solid samples.
Fast switching between transmit and receive modes has
not been a major requirement in clinical MRI, but it is
likely to become more important as TE is reduced to-
ward zero. This will have an impact on detector coils.
Such coils are likely to be saturated by the excitation RF
pulses, and (particularly if they are of high Q) require
time to recover. As mentioned above, the slice-selection
method used and the limited possibilities for the use of
fast acquisition methods mean that two excitations will
be needed. One possible approach for reducing the total
acquisition time in this case is to use partial parallel
imaging strategies, such as sensitivity encoding
(SENSE) (47) and simultaneous acquisition of spatial
harmonics (SMASH) (48). The use of large arrays of
small, fairly low Q coils could then become an attractive
option.

Higher peak RF transmitter fields than are currently
in use will be desirable. Hard pulses have to be genu-
inely hard, so a useful target might be to achieve a 180°
pulse in 10 ps for proton imaging. This means that peak
B; should be on the order of 1.2 mT. This level of RF,
while of great interest for T,, studies, is likely to cause
safety regulators concern, and will require even more
precise monitoring of the RF load delivered to the pa-
tient than is done already. The RF power amplifier levels
required by this target for whole-body operation are
extreme, and will require a major engineering effort.
Therefore, it is likely that these B; levels will normally
be generated only over small regions of the body.

Data Processing

UTE imaging requires very high sampling rates. Sub-
stantial oversampling is desirable to facilitate the use of
nonlinear sampling or a much faster sampling rate. In
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Refs. 29 and 30, the actual rate at which samples were
acquired varied by more than a factor of 10, and with a
mean sampling time in the range of 5-10 ps and a
temporal resolution of 100 ns, the total acquisition time
was 10-100 msec. To acquire UTE data, one could use
oversampling instead of varying the rate of sampling,
and the samples could be retrospectively selected, in-
terpolated, and aggregated. Thus, with a target mean
sample interval of 1 us, the true sampling rate would be
at least 4 MHz, and preferably 5 MHz or more.

Safety

While By levels are unlikely to raise any new concerns,
both the gradient field switching levels and particularly
the RF fields suggested here are likely to present safety
challenges.

The proposed RF excitation field level is not techni-
cally impossible to achieve, particularly if dedicated
transmitter coils are used. It must be remembered that
the RF field power level increases as the square of its
amplitude. However, for a given flip angle, the actual
total power increases linearly with the field amplitude
because the duration of the exciting pulse falls as its
amplitude is increased. On the other hand, spin-lock-
ing methods use long pulses, and the maximum avail-
able amplitude is likely to be needed for relatively long
times. The mean power deposited can be reduced by
very large increases in TR or by the use of substantially
lower levels of By. Safety limits are actually a moving
target, with levels often set by regulators in the absence
of experimental data. In the past, engineers have
pushed at these limits; clinicians have found a use for
the facilities on offer, and, for want of contraindica-
tions, in time the regulators have tended to relax limits.
Thus the upper field limit (By) has risen from 2T to 4T,
with investigational device exemptions as high as 9.4T.
Gradient strength limits have risen from 10 mT/m to 60
mT/m or more. Only RF limits, for which there are more
experimental data, have remained relatively stable, al-
though safety issues are subject to ongoing debate (49).

CONCLUSIONS

UTE imaging has considerable potential and will benefit
from new tailored equipment to maximize its perfor-
mance. The clinical utility of this approach has yet to be
established, but the initial results are promising
enough to justify further development.
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