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Adiabatic radio frequency pulses are amplitude- and frequency (or phase)-modulated RF pulses with a high immunity to RF inhomogeneity
and frequency offsets. The adiabatic condition, which governs the rotation of the magnetization during an adiabatic RF pulse, is explained
graphically. Thereafter, the effects of different amplitude- and frequency modulation functions are demonstrated. The inversion and refocusing
properties of adiabatic full-passage pulses are discussed in detail. This article concludes by showing the utility of adiabatic RF pulses in a number
of in vivo magnetic resonance spectroscopy applications related to spatial localization, outer volume suppression, and broadband decoupling.
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Introduction used adiabatic full (or fast) passage (AFP) for magnetization

Radio frequency pulses are at the heart of every magnetic
resonance (MR) experiment. They are the principle tools to
achieve spin manipulations like excitation, inversion, and refo-
cusing. The range of RF pulse types is enormous and can
include RF amplitude, frequency, and gradient modulations.
The majority of MR experiments are performed with conven-
tional, amplitude-modulated RF pulses, which include hard
(i.e., square or unmodulated), Gaussian, sinc, and optimized
Shinnar-Le Roux (SLR)! pulses. When used in combination
with volume resonators that are characterized by a relatively
homogeneous RF transmit field, amplitude-modulated RF
pulses provide excellent results. However, the nutation angle
of amplitude-modulated RF pulses is linearly dependent on
the RF transmit field strength, B,. As such, their performance
strongly degrades when used in combination with surface coils
that allow more sensitive signal detection, and are also charac-
terized by an inhomogeneous RF transmit field. The spatially
varying nutation angle can lead to signal loss, undesired image
contrast and artifacts.

This short overview is focused on adiabatic RF pulses that
have simultaneous amplitude and frequency modulation. This
seemingly minor modification has major consequences on
pulse performance. Adiabatic RF pulses have an extreme tol-
erance to variations in RF amplitude. In addition, adiabatic
RF pulses have been shown to provide superior off-resonance
performance. Taken together, adiabatic RF pulses can provide
a convenient, user-friendly option to ensure maximum per-
formance in a wide range of experiments. While there is still
continuing development of adiabatic RF pulses, it should be
realized that their concept has been utilized since the very
first NMR experiments by Bloch? and Purcell et al.> who

inversion.

The theoretical principles of adiabatic RF pulses have been
reviewed in detail.*~® Here, we focus on their practical imple-
mentation, calibration, and applications. Following a brief
section on the theoretical foundations of adiabatic RF pulses,
emphasis is given to the choice of modulation functions
and their effect on off-resonance performance. The utility
of adiabatic RF pulses is demonstrated by three in vivo MR
spectroscopy (MRS) applications.

Theory
Modulation Functions

The amplitude B,(t) and frequency Av(t) modulations of
adiabatic RF pulses can be described in a constant phase,
frequency-modulated (FM) reference frame as

Bl(t) :Bl,maxfB(t) (1)

v(t) —v. = Av(t) = vy, f, (1) (2)

where By .. and v . are the maximum RF amplitude and
maximum frequency offset (in Hz), respectively, and v_ the
RF carrier frequency (in Hz). Note that some previous publi-
cations use angular frequency Aw(f) =2mwAv(t), instead. For
convenience, both B, () and Av(t) are expressed in units of Hz.
The Larmor equation can be used to convert units from Tesla
and Hertz, for example, B, (in T) = (2n/y)B, (in Hz), where
y is the gyromagnetic ratio (in rad T™!s™!). One of the most
common adiabatic RF pulses is the hyperbolic secant (HS1)
pulse”® for which the modulations are given by
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Figure 1. (a) Amplitude and (b) frequency modulation functions for a hyperbolic secant (HS1) adiabatic RF pulse. (c) Rotation of the effective field in
a frequency-modulated (FM) frame in which the orientation of B, (t) is constant along x'. (d) Phase modulation function as calculated from (b) using
equation (5). (e) Real (black, B,,) and imaginary (gray, B, y) components of B, (). (f) Rotation of the B, field in a constant-frequency, phase-modulated

(PM) frame

B,(t) =B sech (B (1 —2t/T)) (3)

1,max

Av(t) = v, tanh(B(1 — 2t/T)) (4)

where T'is the pulse length and 0 <¢ < T. B is a dimensionless
truncation factor that is typically defined as sech(g8) =0.01.
Figure 1(a) and (b) shows the RF modulations as defined by
equations (3) and (4). Figure 1(c) shows the trajectory of the
effective field B.(#), which represents the vector sum of B (1)
and Av(t). It follows that in the FM frame, the orientation of
the B, (#) field remains stationary along the x’-axis, whereas the
B, (t) field rotates from the +z'-axis through the +x’-axis onto
the —7/-axis.

On most modern spectrometers, adiabatic RF pulses are
implemented as amplitude and phase-modulated (PM) RF
pulses. The frequency and phase modulations are closely related
as phase is the time integral of frequency according to

t

0) zzn/Av(t)dt (5)

0

which, for an HS1 pulse evaluates to

T T sech (B (1 —2t/T))
PO="" ln[ sech() }

Figure 1(d) shows the HS1 phase modulation given by
equation (6). The derivation of a closed-form expression for
the phase modulation based on other frequency modulation
functions f, () may not always be possible. In general, a
closed-form expression is not required as the phase modulation
can be obtained through numerical integration according to

(6)

equation (5). In a constant-frequency PM reference frame, the
trajectory of the RF field can be described by two magnetic
fields B, (¢) and B, (1), along the x and y axes, respectively,
given by By, (t) =B, (t)cos ¢(t) and Bl},(t) =B, (t)sin¢(t) and
are shown in Figure 1(e). Figure 1(f) shows the trajectory
of the B(#) field in the PM frame. Whereas adiabatic RF
pulses are experimentally executed with amplitude and phase
modulation, the principles of adiabatic RF pulses and their
effect on the magnetization are best understood in the FM
frame with amplitude and frequency modulation.

Adiabatic Condition

So far, only the magnetic fields associated with the adiabatic RF
pulses have been considered. However, the ultimate purpose of
AFP pulses is to invert the longitudinal magnetization. Figure 2
shows the modulation of the magnetization duringan HS1 AFP
pulse in the FM frame x'yZ’. At the onset of the pulse, the effec-
tive field B.(0) is equal to the frequency offset v, along the
+7 -axis. The longitudinal magnetization is parallel to B,(0).
As the pulse is executed according to the modulations shown in
Figure 1(a) and (b), the frequency offset decreases and the RF
field along the x’-axis increases, rotating the effective field B, (¢)
away from the +Zz'-axis. As long as the effective field is rotating
slowly compared to its amplitude, the longitudinal magnetiza-
tion will remain parallel to B.(t) and therefore follows B, (¢).
Halfway through the pulse, both B,(7/2) and the magnetization
have been rotated to the x’-axis. If the pulse is terminated at
this point in time, it is referred to as an adiabatic half-passage
(AHP) pulse and it has achieved excitation. When the AFP pulse
is continued, the effective field is rotated toward the —z’-axis,
ultimately resulting in an inversion of the magnetization.
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The primary requirement for the magnetization to remain
parallel with B,_(#) is that the effective field rotates slowly. The
rate of change of B,(1) is equal to da(t)/dt, where «(t) is the
angle between B, () and the Z'-axis (Figure 2a). In a rotating
frame of reference in which the orientation of B (f) is always
along 7", the rate of change in B,(#) can be represented as a
vector along the y”-axis (Figure 2b). The B.(¢) and de(t)/dt
vectors together make up a total effective field B,'(t) around
which the magnetization is precessing. When the rate of change
de(t)/dt is small compared to B, (1), the B.(t) ~ B,/ (¢) and the
magnetization follows the effective field as described earlier.
When de(#)/dt is relatively large compared to B,(t), B,/(¢)
significantly deviates from B,(f) leading to erratic rotations of
the magnetization around B,/ (t).

A rotation is said to be adiabatic when B, (¢) ~ B,'(t) through-
out the pulse, which can be represented by the inequality:

B 0] = /B0 + ave) > [ 40 %
with Av (8)
Vv
a(t) = atan( B0 ) (8)

Equation (7) is commonly referred to as the ‘adiabatic
condition’ and has been extensively used in the design and
optimization of modulation functions for AFP pulses.”!? Using
the vector diagrams and equation (7), it is now straightforward
to understand the high immunity of adiabatic RF pulses to
RF inhomogeneity. Figure 2(c—e) shows the RF modulation
B, (1), effective field B,(t), and rate of change da(t)/dt during
an HS1 pulse for various RF amplitudes. For a maximum
RF amplitude By ,,, of 1.25kHz, it is clear from Figure 2(c)
that |B.(t)| ~ |da(t)/dt| for a significant part of the pulse
when £~ T/2. As a result, the magnetization rotates around
B, (t), which significantly deviates from B, (t), leading to erratic
modulations of the magnetization as shown in Figure 2(f).
In other words, a 4 ms HSI pulse with a 2.5 kHz maximum
frequency modulation does not adequately satisfy the adiabatic
condition of equation (7) at B ., = 1.25 kHz thereby leading
to an incomplete inversion. The situation for B, . =2.5kHz
(Figure 2d and g) and 5.0 kHz (Figure 2e and h) is significantly
different in that the magnetization largely follows the effective
field from the +z to the —z-axis. Figure 2(d) and (e) reveals that
|B.(£)| > |da(t)/dt| throughout the pulse, ensuring complete
inversion. From Figure 2, it should be clear that an increase in
B max leads to different B (¢) and da(#)/dt modulation curves,
butaslongas |da(#)/dt| < |B.(t)| throughout the RF pulse, the
magnetization follows the effective field, thereby resulting in
inversion.

Using tools identical to those shown in Figure 2, that is,
vector diagrams and equation (7), it is straightforward to show
that HS1 AFP pulses only achieve inversion for frequency offsets
v that satisfy —v .. <v <v_.., that is, the inversion profile is
frequency selective. For frequency offsets v > v, the effective
field B, (¢) rotates away from the +2'-axis as Av(t) decreases and
B, (t) increases. However, as v(f) — v > 0 throughout the pulse,
the effective field never crosses the transverse plane. Instead,
B.(t) rotates back toward the +z'-axis. When the adiabatic
condition is adequately satisfied, the magnetization follows
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B.(t) as it rotates away from and then back to the +z'-axis,
leading to an effective rotation of 0° at the end of the pulse.

Tannus and Garwood used the adiabatic condition of
equation (7) to derive a general class of adiabatic modula-
tion functions that satisfy the adiabatic condition equally for
all frequencies |v| < [v,,..|- The details of these so-called offset-
independent adiabaticity (OIA) modulation functions can be
found in Refs 10, 11. One of the most useful groups of OIA
pulses is the HSn family, which can be described by:

Bl (t) = Bl,maxSeCh (:8(1 - Zt/T)n) (9)

t T
Av(t) = Av,, | 1-2 /sz(t)dt//fg(t)dt (10)
0 0

where 7 is an integer. Note that for n =1, the pulse reduces to
the HS1 pulse described earlier. Once the adiabatic condition is
satisfied, OIA pulses have some common features that include
a constant inversion profile for |v| <|v .| and an identical
average B, field, B, for the minimum B, ., necessary to
achieve inversion. The point at which the adiabatic condition
is satisfied varies widely among OIA and other AFP pulses.
Figure 3 shows the performance of three AFP pulses over a
range of B, amplitudes and frequency offsets. Figure 3(c—e) and
(h—j) shows the performance of the OIA pulses HS1 (Figure 3a
and b) and HS8 (Figure 3fand g) with different R values, where
R=2Av_, T Figure 3(m-o) shows the performance of an
optimized AFP pulse (Figure 3k and 1) that can be described
by:
By(1) = By tanh 6 (1 — |1 —2¢/T]))  (11)

and
Av(t) = v, tan (k (1 — 2¢/T)) / tan (k) (12)

which for £ =10 and x =atan(20) closely resembles an AFP
pulse with numerically optimized modulation (NOM) func-
tions optimized to give the largest bandwidth at the lowest RF
amplitude.”'?

From Figure 3, it follows that HS1 and HS8 pulses both
achieve OIA at R>40. The HS8 pulse achieves good perfor-
mance at By .~ 1.3kHz, whereas the HS1 pulse requires
B} max ™~ 2-5kHz to achieve the same inversion. When the dif-
ferent amplitude modulation functions are taken into account,
the average RF amplitude B, ¢ is roughly similar for both
pulses. The HS8 pulse is therefore a good choice when the
maximum RF amplitude is limited, whereas the HS1 provides
a sharper inversion profile with narrower transition bands. At
low R values, the HS8 pulse does not adequately satisfy the adi-
abatic condition, making the HS1 pulse the only valid choice.
The AFP pulse described by equations (11) and (12) behaves
very differently from the HS1 and HS8 pulses. Even though the
minimum R value to achieve adequate performance is much
higher, the pulse performs well at relatively low B, ... In addi-
tion, while HS1 and HS8 achieve frequency-selective inversion
independent of the applied RF amplitude, the inversion band-
width of the NOM AFP pulse increases with increasing B, ..
This is because the NOM AFP pulse does not exhibit OIA. As a
result, the NOM AFP pulse is an excellent choice for inversion
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over wide bandwidths, whereas the HS1 and HS8 are better
choices for frequency-selective inversion as required in spatial
localization. The exact performance of a given AFP pulse is
not easily deduced from visual inspection of the B,(f) and
Av(f) modulation functions. Instead, the pulse performance
should be calculated using the Bloch equations (Figure 3) or
experimentally calibrated (see section titled ‘Applications’).

AFP Refocusing

As shown in Figures 2 and 3, AFP pulses demonstrate a
superb performance for inverting longitudinal magnetiza-
tion (M, - —M,). However, other rotations such as excita-
tion (M, — M,) and refocusing (M, + iMy - M, — z'My) are
equally important for a wide range of experiments. The primary
difference between M, and M, during an AFP pulse is that M,
is initially parallel to B, (0), whereas M, is initially perpendicu-
lar to B.(0). When the effective field B, (t) rotates slowly relative
to its amplitude, that is, when |da(#)/dt| < |B,(t)|, M, remains

1
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parallel to B, (), which ultimately leads to spin inversion. Simi-
larly, provided that the adiabatic condition is satisfied, M, will
remain perpendicular to B,(#) throughout the pulse, leading to
an inversion of the xy-plane, that is, refocusing. However, the
refocusing properties are compromised as the transverse mag-
netization has acquired a phase angle B(#) due to precession
around B, (1) given by:

t

B(t) = Zn/Be(t)dt (13)
0

where B, () is the effective magnetic field given by equation (7).
Figure 4 shows the effects of an AFP pulse on the three magne-
tization components M,, My, and M,. The AFP pulse achieved
B, insensitive (Figure 4b) and frequency-selective (Figure 4c)
inversion when starting with M, before the pulse. Using M, or
M, as a starting point before the AFP pulse will lead to B, - and
offset-dependent signal dephasing (Figure 4d and e) according
to equation (13). The presence of RF inhomogeneity and dif-
ferent frequencies will lead to phase cancelation and signal loss.

o o
s s
s s
By(t
1() » »
0 10 -10 10
(b) RF amplitude, By nax (KHZ)
Au(t)
EE—
(a) Time (d) RF amplitude, By a (kHZ) (e) Frequency offset (kHz)
1 1
< < V
TE1/2 (TE1 + TE2)/2 s 3
B;(f)
- 1
0 10 -10 10
(9) RF amplitude, By ax (kH2) (h) Frequency offset (kHz)
1 1
2 o
s
Aut) S N — 2
s s
- 1
—» 0 10 -10
(f) Time (i) RF amplitude, By max (kHz) 0 Frequency offset (kHz)

Figure 4. Inversion and refocusing properties of (a—e) single and (f—j) double AFP pulses. (a) A single AFP pulse achieves (b) B,-independent
inversion above a minimum threshold B, and (c) frequency-selective inversion. (d, e) Using a single AFP pulse for refocusing leads to a (d) B and (e)
frequency-dependent phase. (f) A double AFP pulse sequence achieves an identity (or 21) rotation that is (g) B, independent and (h) frequency selective.
Using the AFP pulse pair for refocusing eliminates the (i) B, and (j) offset-dependent phase roll
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Figure 5. (a) Amplitude and (b) frequency modulations of a BIR-4 pulse, based on the modulation functions given by equations (11) and (12). (c) A
phase offset of the middle two segments by 180° + 6/2 leads to a final, B, -independent nutation angle of 8. (d) Phase modulation obtained by numerical
integration of the frequency modulation in (b) and the addition of the discrete phase jumps of (c)

In other words, a single AFP pulse is a good inversion pulse,
but it is a poor choice for signal refocusing as required in a
spin-echo sequence.

Conolly et al.''* were the first to recognize that the applica-
tion of additional AFP pulses could rewind the phase acquired
during the first AFP pulse. After the initial description of a
31 pulse, consisting of three AFP pulses of various lengths,
Conolly et al.'* subsequently proposed the use of two iden-
tical AFP pulses to rewind undesirable phase accumulation.
Figure 4(f) shows the pulse sequence element in which two
identical AFP pulses are surrounded by delays to form a dou-
ble spin-echo. The phase accumulated during the first pulse
according to equation (13) is canceled by the second RF pulse,
such that the transverse magnetization phase is constant as
a function of RF amplitude (Figure 4i) and frequency offset
(Figure 4;j). For the longitudinal magnetization, the AFP pulse
pair acts as a 27 pulse, bringing the magnetization back to the
+7-axis when the RF pulse satisfies the adiabatic condition.
The AFP-based double spin-echo element provides very robust
slice selection when the pulses are executed during magnetic
field gradients.

Adiabatic Plane Rotation of Arbitrary Nutation Angle

As noted, AFP pulses are an excellent choice for spin inversion.
While a single AFP pulse is not suitable for spin refocus-
ing, the combination of two AFP pulses allows the formation
of a perfectly refocused, frequency-selective spin-echo. When
an AFP pulse is only executed until its midpoint in time,
the pulse achieves B,-insensitive excitation albeit forfeiting
frequency selectivity. Unfortunately, the AFP pulse is not suit-
able for any other rotations that, for example, require plane

rotations or arbitrary nutation angles. The B, -insenstive rota-
tion using 4 segments (BIR-4) pulse is a plane rotation pulse
that can achieve arbitrary nutation angles with high immunity
to both RF inhomogeneity and resonance offsets. BIR-4 was
derived from composite pulses, which are composed of multi-
ple hard RF pulses that compensate each other’s imperfections.
Garwood and Ke'? generated a time-symmetric, composite
pulse 90°32180° g0 5,90, which can achieve an arbitrary
nutation angle 6 simply by changing the phase of the cen-
ter 180° pulse. The immunity toward RF inhomogeneity and
frequency offset could be greatly enhanced by replacing the
hard RF pulses with AFP pulse segments as shown in Figure 5.
Without the phase offset for the middle two 90° segments, the
pulse would simply generate an identity (or 360°) rotation.
However, with a phase offset of 180° + 6/2 for the middle two
segments, an arbitrary nutation angle 6 can be achieved. In
addition, the time symmetry of BIR-4 ensures that the net
rotation angle of the magnetization around the effective field
according to equation (13) is zero, thus making BIR-4 a general
purpose, plane rotation pulse. BIR-4 has found applications
in MRL!'>!® polarization transfer,!”!® spectral editing,'>?° T,
relaxation measurements,”*? and saturation transfer.??

Applications

The use of adiabatic RF pulses is widespread in MRS applica-
tions. This is not surprising as many MRS studies are sensitivity
limited and are therefore often performed with surface coil
transceivers. The immunity of adiabatic RF pulses to RF inho-
mogeneity ensures maximum sensitivity, while at the same
time providing convenient and user-friendly MR methods
that guarantee optimal performance without subject-specific

Volume 5, 2016

© 2016 John Wiley & Sons, Ltd.

1009



eMagRes

adjustments of RF transmit power settings. Here, three MRS
applications are discussed that demonstrate some of the features
of adiabatic RF pulses.

3-D Spatial Localization

Image-selected in vivo spectroscopy (ISIS)** and localization
by adiabatic spin-echo refocusing (LASER)>% are two spatial
localization methods that are entirely based on adiabatic RF
pulses. ISIS is based on the inversion properties of AFP pulses,
whereas LASER is based on the refocusing properties of AFP
pulse pairs. Figure 6 shows the ISIS and LASER pulse sequences
with HS1 pulses for inversion/refocusing and a BIR-4 pulse
with modulations given by equations (11) and (12) for exci-
tation. The ISIS method sequentially executes the eight on/off
combinations of the three AFP pulses, which in conjunction
with an appropriate receiver phase cycle leads to 3-D local-
ization due to cancelation of signals that are not affected by

AFP AFP AFP  BIR-4
[on/off] [on/off] [on/off]  90°

RA de Graaf

all three RF pulses. Magnetic field crusher gradients follow-
ing each AFP pulse ensure the elimination of spurious signals
from outside the volume of interest. The main advantage of
ISIS localization is that it can be placed before any excitation
sequence, enabling very short or zero echo-time acquisitions.
The primary disadvantage is that multiple scans are required
to achieve 3-D localization, thereby introducing sensitivity to
subject motion and to system instability.

In 3-D LASER (Figure 6b), the AFP pulses are executed
following excitation, permitting single-scan 3-D localization at
the cost of a longer, minimum echo time (TE). On animal
scanners, the minimum TE is often determined by the avail-
able RF peak power and gradient slew rates, which typically
accumulate to TE ; values of 15ms or less. On high-field
human scanners, the minimum TE is often dictated by RF
power deposition making TE_;, 50 ms or longer. In order to
reduce TE while still retaining most of the 3-D LASER benefits,

By(®)

Gy(®)

Gy(t) I_I \

G,(1) J \
(a)

BIR-4
90° AF

Gy(1)

G,(t) _______f\__f\]\__]\

(b)

P AFP AFP AFP AFP  AFP
B, m A A A A A—I\/\/\/\/\PW
oo L Lnon/UIN

[ L L all N
[

Figure 6. 3-D spatial localization methods based on AFP pulses. (a) ISIS and (b) LASER. (a) The ISIS sequence requires a minimum of eight acquisitions
to execute all on/off combinations of the three AFP pulses in order to achieve complete 3-D localization. During the off condition, the gradients are
retained to keep the eddy current response identical for all acquisitions. As localization is achieved based on the longitudinal magnetization, any excitation
pulse sequence can follow the ISIS module. (b) LASER is based on the refocusing properties of AFP pulse pairs (Figure 4). By executing three AFP pulse
pairs along orthogonal directions, complete 3-D localization is achieved in a single acquisition. Surrounding each AFP pulse with unique crusher gradients

is essential for eliminating artifacts
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Figure 7. (a) MR image of the human leg at 7T indicating a 25mm x 10 mm x 20 mm volume and an 80 mm diameter surface coil transceiver.

(b) Calibration of the AFP pulse power (6 ms HS1, R =20) on 1-D spatial profiles. The RF power increases in steps of 2 dB, leading to a doubling of B

1,max

every three profiles. The signal from the 3-D localized volume increases with increasing RF power until the adiabatic condition is adequately satisfied

(B

1,max

~ 1.2kHz). Increasing the RF power further does not lead to improved performance but does increase the RF power deposition. (c) 3-D LASER

'H MR spectrum obtained without any secondary localization technique (TR = 4000 ms, TE = 150 ms, NA = 64)

the semi-LASER sequence has been described**?’ in which one

pair of AFP pulses is eliminated and replaced by a slice-selective
(but non-adiabatic) excitation pulse.

Figure 7 shows a practical example of 'H MRS based on
3-D LASER localization on the human leg at 7T. A visually
intuitive and straightforward manner to calibrate the AFP
pulses is to extend the LASER sequence with a readout gra-
dient during signal acquisition. Fourier transformation of the
gradient-echo signal provides a 1-D spatial profile of the local-
ized volume along the selected direction. Increasing the RF
power (Figure 7b) brings the AFP pulses closer to the point
where the adiabatic condition, equation (7), is adequately sat-
isfied. At about 0.9 kW, the intensity of the spatial profile levels
off, indicating that the adiabatic RF pulses have reached the
minimum threshold to satisfy the adiabatic condition. Increas-
ing the transmit power increases the power deposition without
any further benefit in sensitivity or localization quality. It is
therefore advisable to set the transmit power 1-2dB above
the minimum threshold power to ensure that the spatial local-
ization quality is maintained on all subjects, despite small
differences in RF coil performance. It should be noted that the
power requirements for the 3-D LASER AFP refocusing and
BIR-4 excitation pulses are most likely different, just as the
performance of AFP pulses varies with different modulation
functions (Figure 3). It is therefore advisable to calibrate the
AFP pulse power first (at a constant excitation pulse power),
after which the BIR-4 pulse power can be calibrated. Further
note that while a BIR-4 pulse may work satisfactorily on-
resonance at low RF power, it may require substantially more

RF power to achieve the desired nutation angle over the full
spectral width.

Outer Volume Suppression

Spatial localization is an important component of any MRS
study and adiabatic RF pulses can be utilized in a num-
ber of them as described for ISIS and LASER. For relatively
homogenous ‘volume’ coils, non-adiabatic localization meth-
ods such as stimulated echo acquisition mode (STEAM)?® and
point-resolved spectroscopy (PRESS)?? can provide reasonable
localization at short TE values without high RF power deposi-
tion. However, modest RF inhomogeneity, imperfect RF pulse
profiles, and finite T, relaxation times can all compromise
localization performance. In these cases, localization can be
significantly improved by employing a secondary localization
method such as outer volume suppression (OVS).

OVS is achieved with a frequency-selective excitation pulse
followed by a magnetic field crusher gradient. Figure 8(a)
shows the OVS performance of a 1 ms conventional, amplitude-
modulated SLR pulse at B .. = 1.5 kHz. As the nutation angle
of a single pulse is close to 90°, the OVS performance is good
and covers about 6.0 kHz. As the OVS module is repeated three
times to enhance the insensitivity to RF inhomogeneity, a slight
mismatch (of up to +10%) of the 90° nutation angle does not
severely compromise the OVS performance. Figure 8(a) also
shows the OVS performance of a 1-ms HS4 pulse (R=20) at
B} max = 1.5 kHz. While OVS based on HS4 pulses executed
under nonadiabatic conditions has the same sensitivity toward
RF inhomogeneity as the SLR-based OVS shown in Figure 8(a),
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Figure 8. Outer volume suppression based on AFP pulses. (a) At an identical maximum RF amplitude B

Lmax of 1.5kHz, an AFP pulse (HS4, 1 ms,

R =20) can achieve excitation of a >20kHz bandwidth, almost four times as large of that obtained with a conventional SLR excitation pulse. (b, c) The
chemical shift displacement of lipids (black line) relative to water (gray line) will reduce from about 20% of the slice width for the (b) SLR pulse to about
5% for the (c) HS4 pulse. (d) MR image obtained with an 80 mm diameter surface coil indicating the 3-D STEAM volume (30 mm x 15 mm x 20 mm)
and the OVS slice (20 mm thick). (e) 1-D spatial profile along the Y dimension perpendicular to the surface coil transceiver. The STEAM slice selection
in the Y direction was removed in order to visualize the water and lipid signals in the skull region (top trace). With optimal transmit power settings, the
AFP-based OVS removes all signals from the skull without affecting the brain signal (bottom trace). (f) Power calibration of the OVS based on 2 ms HS4
(R=20) AFP pulses. As the AFP pulses are operating in a non-adiabatic power regime, the OVS performance improves up to B, ..~ 700 Hz after which
it deteriorates with higher power settings. The profiles are acquired at power settings separated by 2 dB units. (g, h) 3-D STEAM 'H MR spectra obtained

(g) without and (h) with AFP-based OVS (TR =4000 ms, TE =20 ms, NA = 64)

there are two distinct advantages for using HSn pulses for OVS.
First, as discussed previously®*° the frequency-selective profile
of HSn pulses remains constant even when executed in a non-
adiabatic power regime. As such, the OVS slice profile is well
behaved despite the presence of strong RF inhomogeneity.
For most amplitude-modulated pulses, the frequency-selective
profile greatly deteriorates when the nutation angle deviates
from the range for which the pulse was optimized. In those
cases, the OVS slice profile can be heavily distorted and even
suppress desirable signals. Second, at the same maximum
RF amplitude of 1.5kHz, the HS4 pulse achieves >20kHz
bandwidth, more than three times that achieved by the SLR-
based OVS. This increased bandwidth reduces chemical shift
displacement artifacts, which are especially prominent at high
magnetic fields (Figure 8b and ¢).

Figure 8(e) shows 1-D spatial profiles of the human brain at
7 T (Figure 8(d)) along the Y direction, perpendicular to the
plane of the surface coil transceiver. The spatial profile shows
clear signals from water and lipids in the skull region that are
largely removed with OVS without affecting the brain signal.
Experimental calibration of OVS transmit power (Figure 8f)
is similar to that of the LASER AFP pulses with the exception
that the OVS pulses behave non-adiabatically. Therefore, the
OVS performance does not level off, but rather hits a maximum
before deteriorating at higher power levels. The immunity of the
non-adiabatic OVS module can be increased by repeating the
OVS modules or by imposing additional amplitude modulation
between the OVS modules.*® Figure 8(g) shows a 3-D STEAM-
localized '"H NMR spectrum from the human brain at 7T
without OVS as a secondary localization method. The spectral
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Figure 9. Adiabatic 'H decoupling during *'P MRS of the human brain
at 7T. 3'P MR spectra obtained (a, ¢) without and (b, d) with adiabatic
'H decoupling. The decoupling scheme is based on 8 ms HS4 pulses
executed at B, . ~0.3kHz (R=10). The signals from phospho-mono-
esters, PC and PE, and phospho-di-esters, GPC and GPE, demonstrate
a noticeable improvement in spectral resolution. Signals from P;, PCr,
ATP, and NAD*/NADH do not show a significant effect either due to the
absence of "H->'P scalar coupling (P; and PCr) or due to the short T,
relaxation time constants and hence broad lines (ATP and NAD*/NADH)

quality is high as judged by the narrow spectral lines and the high
sensitivity. However, visible artifacts from extracranial lipids are
visible in the 1.0—-2.0 ppm region. These lipid signals obscure
signals from lactate and alanine and may even compromise the
rest of the spectrum when sufficiently intense. Figure 8(h) shows
the same spectrum acquired in the presence of complementary
HSn-based OVS modules. The majority of the spectrum is
unaffected, but the artifactual lipid signals have been suppressed
to below the spectral noise floor.

Heteronuclear Decoupling

Broadband decoupling in heteronuclear NMR is a valuable
technique to enhance sensitivity and achieve spectral simplifi-
cation. Heteronuclear decoupling based on composite pulses
built into a decoupling super cycle is still the most popu-
lar choice for in vivo applications. However, composite pulse
decoupling has a limited bandwidth, is dependent on the RF
power, and may randomly affect signal outside the decou-
pling bandwidth. Broadband decoupling based on adiabatic
RF pulses was proposed for in vivo phosphorus-31 (*!'P)
NMR by Luyten et al' It gained enormous popularity in
high-resolution, liquid-state NMR when composite decou-
pling was no longer able to accommodate the large bandwidths

eMagRes

encountered at very high magnetic fields.>>~* On high-field
animal MR scanners, adiabatic RF pulses are a necessity to
achieve broadband carbon (**C) decoupling during proton
(*H) MRS.* Unfortunately, high RF power deposition pre-
vents the use of adiabatic RF pulses on high-field human
scanners for broadband '*C decoupling.’® The smaller scalar
couplings associated with *'P NMR allow for longer adiabatic
RF pulses, thereby greatly reducing the RF power requirements.
Figure 9 shows adiabatic 'H decoupling based on 8 ms HS4
(R=10) pulses applied to >'P NMR of the human brain at
7T. The decoupling pulses are incorporated into a 20-step
supercycle designed to minimize decoupling sidebands.*® It
can be seen that the phosphomonoester signals of phospho-
choline (PC) and phosphoethanolamine (PE) and phosphodi-
ester signals of glycerol-phosphocholine (GPC) and glycerol-
phosphoethanolamine (GPE) sharpen up significantly due to
the removal of the 'H—3'P scalar coupling splittings. While
the «-ATP, NADT, and NADH resonances also have extensive
'H—3!P scalar couplings, the multiplets do not exhibit signif-
icant sharpening, likely due to the short T," relaxation time
constants. In this example, adiabatic RF pulses were primarily
used for their improved off-resonance performance at low peak
power. The immunity toward RF inhomogeneity provided a
level of convenience, but was less critical for the final result.
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