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Many types of NMR experiments demand the use of frequency-
selective pulses to invert magnetization within discrete frequency
limits. For certain experiments, only one side of the inversion band
must be sharply demarcated, in which case this transition band-
width can be narrowed when using an asymmetric adiabatic full
passage. In the present study, a highly efficient asymmetric adia-
batic full passage was created from a combination of two adiabatic
half passages which used different modulation functions (HS} and
tanh/tan). Each adiabatic half passage occupied a different
amount of time in the total pulse and performed one-half of the
inversion. On one side, HS} produced a sharp transition between
inverted and noninverted states which was approximately 2.5
times narrower than the transition bandwidth afforded by a sym-
metric hyperbolic secant pulse of equal length. On the other side of
the narrow transition band, the tanh/tan pulse achieved broad-
band inversion. These asymmetric pulses were applied to select
NH groups immediately adjacent to the water signal in water-flip-
back HSQC experiments using a double spin echo for the reverse

to 1150 Hz, with a transition bandwidth of only 77 Hz, which
is about 40% of the transition bandwidth produced by a hy
perbolic secant pulse (HS18,(9 of equal length. Here we
demonstrate how asymmetric AFPs can be created from
combination of two different adiabatic half passages that en
ploy modulation functions having analytical form. Simulations
and experiments show that these new pulses offer improve
performance as judged by their ability to achieve a narro\
transition band immediately adjacent to a broadband inversio
These pulses are applied to select NH signals in Fast-HSC
(FHSQC) (0) experiments.

In a frequency-modulated (FM) frame of reference whicl
rotates with the instantaneous frequency of the pwi@g, the
transverse and longitudinal field components (in frequenc
units) are

INEPT step. © 1999 Academic Press wl(t) - wTaXFl(t)s\(’ [1]
_Key Wor@s: adiabatic full passage; asymmetric pulses; selective Awlt) = [0, — o(t)]2’
spin inversion.
=[2 - AFR(1)]Z', [2]

In certain NMR experiments, it is desirable to excite pealﬁherewrlnax (=vyB™) andA are the amplitudes of the modu-
selectively on one side of a spectral region, while leaving othgfion functions, F(t) and F,(t) are dimensionless shape
peaks untouched. For example, a pulse that has a sharp ¥gfztions with values in the range of 0 to 1 andl to 1,
sition between noninverted and inverted states can be useqdgpectively,w, is the Larmor frequency, ang® is the reso-
HSQC @) experiments to refocus NH groups while avoidingiance offset wheF,(t) = 0. In the FM frame, the effective
interference from water signals. Recently, Rosenfeldal. field e, that a magnetization vector experiences is simply th
(2—4) derived asymmetric pulses that are based on the pringictor sum of the components given by Egs. [1] and [2].
ples of adiabatic full passage (AFP). These pulses produce afrannis and Garwood 11) and Kupe and Freemanlg)
asymmetric distribution of magnetization across the inversigpye developed an analytical procedure to derive modulatic
bandwidth, with the transition band on one side being mugfinctions that ensure a constant adiabaticity for all isochroma
narrower than that on the other side. Such pulses were orig)-inside the sweep range whew is crossing the transverse
nally designed for use in fat-suppressed MRI, in which th§lane (i.e., whem\w(t) = 0 andwe(t) = yBI™). When an
lipid methyl and methylene protons are selectively inverted amFP has this property, the pulse is said to possess offse
suppressed using WEFB)( Of the different asymmetric AFPs independent adiabaticity (OIA)L(Q). To derive OIA pulses, the
describedZ—4), the smallest transition bandwidth was attaineBM function (AF,(t)) can be calculated by integrating the
with a pulse generated via a modified version of the optimizaguare of the AM functiom, (t), which can be any continuous
tion procedure known as NOM (numerically optimized modfunction which best satisfies the requirements at hand. F
ulation) @, 7). With a 20-ms pulse length angB*/27m = 1 example, with the OIA pulse known as HS11), the time
kHz, this pulse 4) generated an inversion bandwidth of closgariable in the sech function is raised to iith power for the
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purpose of reducing the ped amplitude. The AM and FM
functions can be written as

AM(7) = 0™ secliBr") [3]

FM(T) = A JT sech(Br' "dr’, [4]

0

where 7 is normalized time €2t/T,, while T, is the pulse AE
length) defined in the intervakl = + = 1, andB is a 2
truncation factor, which for our purposes, is chosen such that
sech@) = 0.01.

With an AFP, the transition bandwidths are determined by
the specific AM function used, provided that the frequency
sweep rangeXA) is larger than the intrinsic bandwidth pro-
duced by this AM function by itself1(1). For example, as
increases in H& and the AM function approaches a rectangu-
lar shape, the transition regions in the inversion profile become
less sharp. Conversely, by setting< 1, the width of the s |
transition regions decreases at a cost of incre&edmpli-
tude. Likewise, the transition bandwidth can be narrowed using — T
other similar AM shapes that approach a delta function, such agig. 1. Asymmetric adiabatic inversion pulse of length composed of
the Lorentzian function1(1, 12. the first half of the AFP [H§ R = 10] for 0.9 T, and the second half of the

By numerically solving the Bloch equation, we determine@FP [tanh/tanR = 100] for 0.1T,. Bi(t), AF,(t), and (t) represent the
the widths of the transition regions afforded by HS1yHg <  Shapes of the AM, FM, and phase-modulated (PM) functions, respectivel

. . . With most spectrometers, implementation can be simplified by using the P!
1), and the Lorentzian pulse. For convenience, the d|fferef[]iction instead of the EM function.
inversion pulses were described by the dimensionless variable
R defined as 13, 19

(t)

o()

about 40 kHz. This AFP can be constructed from the following
R=A-T,/m=bw-T, [5]  adiabatic half passage and its time-reversed adiabatic h

passage®, 16, with AM and FM functions given by
wherebw is the total bandwidth of the frequency sweep (in

Hertz) andT, is the pulse length in seconds. The nomenclature AM (1) = w™tanH £2t/T,] 6]
used here to describe each AFP is [AM/FM functioRsjalue i
used to construct the pulse]. The transition bandwidths were EM(t) = A tar{ k(1 — 2t/T))] 7]

compared among [HSR = 5.56], [HS, R = 5.56], [HS, tan k] ;
R = 5.56], and[Lorentzian,R = 5.56]. Unless specified
otherwise, all comparisons were performed With= 2 ms and where¢ = 10, tank] = 20, and 0= t = T,/2.
vBI™2m = 15 kHz, and the transition bandwidth was defined Considering that HSis capable of producing a sharp tran-
as the frequency range in which0.95 < M,/M, < 0.95. sition, while the tanh/tan pulse can achieve fast broadbatr
The transition bandwidths of [HSR = 5.56] and of[Lorent- inversion, a combination of these two types of pulses we
zian,R = 5.56] were roughly the same, and were two-thirdexpected to yield an efficient asymmetric AFP. We first use
of the transition bandwidth of [HSIR = 5.56]. Toreach 7200 points to sample the shape of fH8 = 10] and 800
acceptable performance, [ESR = 5.56] required a much points for [tanh/tanR = 100], andthen combined the first
higher peakB, amplitude with only marginal reduction in thehalf of [HS}, R = 10] and the second half of [tanh/taR,=
transition bandwidth. Therefore, we used iHSilses in the 100] toform the asymmetric adiabatic pulse shown in Fig. 1
work described below. denoted [H§ R = 10, 0.9T,; tanh/tan,R = 100, 0.1T,].
Recently, we have demonstrated the ability to perform falsiiS; and tanh/tan accounted for 0.9 and U1 respectively.
broadband inversion using AM and FM functions based on For [HS1,R = 5.56], [HS, R = 5.56], and [H$, R = 10,
hyperbolic tangent (tanh) and tangent (tan), respectivEdy. ( 0.9 T,; tanh/tan,R = 100, 0.1T,], the relative transition
For example, when using [tanh/taR,= 110] with T, = 192 bandwidths were %, and3, respectively (Fig. 2). The different
ws andyBT™/2m = 20 kHz, inversion efficiency correspondingR values were necessary to center the transition regions at t
to M, /M, < —0.98 can beachieved across a bandwidth ofsame offset, but do not affect the transition widths. Thes
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FIG. 2. Simulated transition band for different inversion pulses: [HS1,
R = 5.56] (-7, [HS}, R = 5.56] (---), and [H§ R = 10, 0.9T,;
tanh/tan,R = 100, 0.1T,] (—), and their correspondingly experimental
profiles: [HS1R = 5.56] (), [HS}, R = 5.56] (), and [H$, R = 10, 0.9
T, tanh/tanR = 100, 0.1T,] (O). All of the pulses were set td, = 2 ms,
and yB™/27 = 15.0 kHz during the simulations and experiments.

pulses were tested on a Varian UnityPlus 500-MHz spectrom-
eter equipped with a 5-mm triple-resonance PFG probe, RF
waveform generator, and a shieldedradient unit. Inversion
experiments{180°—G—90°—acquire}, were performed on
a sample of 1% LD in D,O, doped with 0.1 mg/ml GdGl
Figure 2 also shows that the experimental inversion perfor-
mance agrees with Bloch equation simulations.

Figure 3 shows a contour plot of the simulatétl/M,
profiles that are produced with [HR = 10, 0.9T,; tanh/tan,

the width of the transition region gradually increases (a phe-
nomenon that also occurs with other pulsd$, (ncluding
HS1). In the inverted region, the bandwidth increasegBg™
increases, due to the use of tan frequency sweeps, 17. It
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FIG. 4. Simulated inversion contours of (a) [HSR,= 40] and (b) [HS,
R =76, 0.95T,; tanh/tanR = 70, 0.05T ] as a function of resonance offset

. mas - £ and RF amplitudeyB™. T, = 20 ms. Contour levels are labeled in terms
R =100, 0.1T,] when usingT, = 2 ms. AsyB;™ increases, gy /m,.

with T,. Other pulse parameters (e.g,,¢, andk) can also be
adjusted to tune the performance of asymmetric adiabat

should be noted that botyB™ and the(2 axis scale inversely pulses.
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FIG. 3. Simulated inversion contours of [HR = 10, 0.9T,; tanh/tan,
R = 100, 0.1T,] as a function of resonance offs@tand RF amplitude/B7"™*.
T, = 2 ms. Contour levels are labeled in terms\of/M,.

Rosenfelcet al. (4) compared the performance of [H3 =
40] with their numerically optimized asymmetric AFP using
T, = 20 ms. A similar asymmetric adiabatic pulse can also b
created using HSand tanh/tan; namely, [HSR = 76, 0.95
T,; tanh/tan,R = 70, 0.05T,]. In this pulse, HSwith R =
76 was used to center the sharp transition ban@/@tr = 1
kHz. Figure 4 shows th&1,/M, contours of [HS1R = 40]
and [HS, R = 76, 0.95T,; tanh/tanR = 70, 0.05T,] as a
function of @ andyBI™ for T, = 20 ms. [H$, R = 76, 0.95
T,, tanh/tan,R = 70, 0.05T ] achieves a narrow transition
and wide inversion bandwidths. Table 1 lists the transition an
inversion bandwidths produced by the different pulses de
scribed above.

Figure 5 compares the peak intensities from the first incre
ment of 2D FHSQC 10) experiments with different NH de-
tection schemes in the reverse INEPIB)(step. The experi-
ments were performed on a Varian Unity Inova 800-MH:z
spectrometer equipped with a 5-mm triple-resonance PF
probe, RF waveform generator, and a shielded triple-axis gr
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TABLE 1
Calculated Transition and Inversion Bandwidths at Various yB™ and T, for Different Adiabatic Pulses

Pulse T,(msy vBI*/27 (kHz) Transition bandwidth (kH2) Inversion bandwidth (kHZ)
[HS}, R = 10, 0.9T,; tanh/tan,R = 100, 0.1T,] 2 15 0.916 15.2
2 10 0.788 11.7
20 1 0.079 1.2
[HS}, R = 76, 0.95T,; tanh/tan,R = 70, 0.05T] 20 1 0.077 1.7
[HS1,R = 40] 20 1 0.197 1.8

*T, = 2 ms for water suppression in FHSQC, whilg = 20 ms for lipid suppression in WEFT.

® Defined as the frequency range in whiet9.95 < M, /M, < 0.95.
¢ Defined as the frequency range in whiell < M, /M, < —0.95.

dient unit. The sample was 1.5 mWN-labeled staphylococcal tively. A phase ramp for an offset of 2000 and 9900 Hz wa:

nuclease at pH 6.8 and 25°C. For comparison purposes,
WATERGATE 3—9—19 module X9) was first applied to

deled to [HS R = 10, 0.9T,; tanh/tan,R = 100, 0.1T,]
and [HS1,R = 33.4], respectively, to avoid exciting the water

obtain the spectrum for the NH region (Fig. 5a). Figure 5b wassonance. Wheif, = 2 ms, the transition bandwidths for

obtained with a double-echo approad®)(using [HS, R =
10, 0.9T,; tanh/tanR = 100, 0.1T,] for *H and [HS1R =
60, 0.9T,; tanh/tanR = 70, 0.1T,] for **N. Figure 5c was
obtained in an identical manner, except [H&l= 33.4] and
[HS1,R = 20] were used for théH and N pulses, respec-

LIS LS S B L S B S L B B B B B B S S B B B S B B S R |

11 10 9 8 7 6 5 ppm

[HS1,R = 33.4] and[HS1, R = 5.56] aresimilar, and the
inversion bandwidths are 14.6 and 0.7 kHz, respectively. Ur
like WATERGATE, the adiabatic double-echo sequence prc
vided optimal performance for a wide range of RF powe
settings, and can be applied to the adiabatic version of FHSC
experiments for automation purpos@4)( Since the evolution
due to coupling constantkis reduced during adiabatic pulses
(22-29, the period used in the reverse INEPT step had to k
extended to 6.2 ms when using the AFPs (Figs. 5b and 5¢
while it was 5.6 ms with WATERGATE (Fig. 5a). With the
asymmetric pulse (Fig. 5b), the peak intensities were rough
the same as those obtained with WATERGATE (Fig. 5a). Th
spectrum obtained with the symmetric pulse (Fig. 5¢) show
significantly reduced peak intensities toward the water res
nance, in accordance with the simulation which predicted tf
transition bandwidth to be-2.1 kHz (Fig. 2).

In conclusion, we have shown that asymmetric inversio
pulses constructed from tanh/tan and;Hi@ctions can yield
broadband inversion while creating a sharp transition on or
side of the inversion profile. These pulses have been exploit:
in water-flip-back HSQC experiments to select NH group.
while avoiding excitation of water. Pulse parameters (dvg.,
T,) can be easily adjusted to optimally meet other experiment
needs.
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