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Pulsed selective excitation theory and design in multiphoton
MRI

Victor Han®", Jianshu Chi?, Tanya Deniz Ipek?, Jingjia Chen?, Chunlei Liu&P
aDepartment of Electrical Engineering and Computer Sciences, University of California, Berkeley,
CA, USA

bHelen Wills Neuroscience Institute, University of California, Berkeley, CA, USA

Abstract

Excitation in MRI is traditionally done at the Larmor frequency, where the energy of each
radiofrequency photon corresponds to the energy difference between two spin states. However,

if multiple radiofrequencies are employed, then multiphoton excitation can also occur when

the sum or difference of multiple photon frequencies equals the Larmor frequency. Although
multiphoton excitation has been known since the early days of NMR, it has been relatively
unexplored in MRI. In this work, equations and principles for multiphoton selective RF pulse
design in imaging are presented and experimentally demonstrated. In particular, the case where
there are radiofrequency fields in both the traditional xy-direction and non-traditional z-direction
is considered. To produce the z-direction radiofrequency field, an additional uniform coil was
added to a clinical MRI scanner. Using this coil, two-photon slice-selective pulses were designed
to be equivalent to traditional pulses, producing similar excitation, slice profiles, and in vivo
images. Being the result of a combination of multiple radiofrequency fields instead of just

one, two-photon pulses have more flexibility in how their parameters can be changed. Although
individual multiphoton excitations are less efficient than their traditional counterparts, when the
z-direction radiofrequency field is spatially non-uniform, multiple multiphoton resonances can be
simultaneously used at different locations to produce simultaneous multislice excitation with the
same pulse duration but less tissue heating than a naive implementation. In particular, non-uniform
z-direction radiofrequency fields with negligible added tissue heating provided by oscillating

the MRI scanner’s gradient fields at kilohertz frequencies were used to excite multiple slices
simultaneously with less high-frequency xy-direction radiofrequency power. For an example three-
slice excitation, we achieve half the xy-direction radiofrequency power compared to the naive
approach of adding three single-slice pulses. For conventional or unconventional applications,
multiphoton excitation may be of interest when designing new MRI systems.
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1. Introduction

NMR excitation can occur not only at the Larmor frequency, but also at subharmonics

of the Larmor frequency, a phenomenon called multiphoton excitation [1-4]. Although
subharmonic excitation at high B, fields is very inefficient, the efficiency can be

greatly increased by using multiple frequencies to generate excitation instead of a single
subharmonic. When multiple RF fields (B, fields) are applied at different frequencies,
multiphoton excitation can occur when the sums or differences of integer multiples of
these frequencies equal the Larmor frequency [5,6]. With a proper choice of the RF
frequencies, multiphoton excitation becomes practical in high-field MRI where specific
absorption rate (SAR) may be a concern. In particular, SAR-negligible RF in the kilohertz
range along the z-axis (B,..) can be combined with traditional RF in the xy-plane (B,.,,)
with proper frequency offset to create multiphoton excitation. In our previous work [7],
we demonstrated the practicality of multiphoton excitation on a 3T clinical MRI scanner
using fast oscillating gradients as the source of a spatially varying z-RF field, and showed
that unintuitively, despite the general lower efficiency of multiphoton excitation, there can
be SAR advantages when exciting multiple slices simultaneously. Simultaneous multislice
excitations are used for simultaneous multislice (SMS) techniques [8-10], especially in the
case where separation between slices allows for parallel imaging in the slice direction with
little to no loss in SNR. Despite the advantage of accelerated imaging with reduced SNR
penalty, a major drawback of SMS techniques is the increased SAR from the simultaneous
multislice excitation.

In this work, we build on our previous work [7], describing the general principles of
multiphoton pulsed selective excitation, providing a formalized treatment with design
examples and implementations on a 3T scanner. There are two separate directions that

this paper pursues: multiphoton excitation via spatially homogeneous z-RF fields and
multiphoton excitation via spatially inhomogeneous z-RF fields. Whereas we only used
oscillating gradients as a source of inhomogeneous z-RF in a 3T scanner in our previous
work, here we also make use of an additional homemade coil providing homogeneous RF in
the z-direction. With the additional z-direction coil, we demonstrate pulse design principles
and additional flexibility, where the same excitation can be accomplished in several different
ways with the same pulse duration. We also show the practicality of two-photon excitation
with this additional coil for an in vivo head with excitation frequencies of 25 kHz in the
z-direction and the Larmor frequency minus 25 kHz in the xy-direction, showing in vivo
images in a very unique parameter regime.

While two-photon excitation with a homogeneous z-direction coil is likely to be useful only
for non-standard applications such as frequency-isolated simultaneous transmit and receive
[2,11], the examples with a homogeneous coil in this paper serve as a simpler case on which
to build further ideas. We show how the theory and concepts from the homogeneous coil
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case extend to non-homogeneous z-direction coils, which may be more useful for effective
B, shimming with multiphoton pulses and SAR-efficient pulses. In particular, we revisit
reduced SAR multiphoton multislice pulses using oscillating gradients. In our previous
work [7], we only described reduced SAR simultaneous multislice adiabatic pulses. While
adiabatic pulses are useful for invariance to RF amplitude, they have higher SAR than
their non-adiabatic counterparts. Here, by using some extra tricks, we show the design of
reduced SAR non-adiabatic multislice pulses with oscillating gradients. As an example, we
reduce the SAR of a three-slice excitation by one-half compared to the naive approach of
adding three single-slice pulses. Such a pulse may find more widespread application for
SMS techniques [8-10], helping to alleviate the SAR issues of the technique.

Whether for applications with extra hardware or for reduced SAR multislice RF pulses
without extra hardware, we hope that the theory and design examples presented here can
help guide multiphoton RF pulse design.

2. Theory

2.1

We treat the spatial and temporal dynamics of multiphoton excitation using the Bloch
equations for the purpose of designing general excitation pulses with single or multiple RF
coils. In the following derivations, we will make use of several terms which are defined in
Table 1. Note that based on the geometrical representation of the Schrddinger equation, the
Bloch equations of vector rotations are equivalent to the quantum mechanical description in
an ideal spin %2 system or any other ideal quantum mechanical two-level system [12].

Bloch equations for multiphoton excitation

The Bloch equations can be written as

_MX
. T,
M, 0  B(t) —B(1)|[M.
My =y|=Bt) O B.(1) M, + _sz
i) LB -w o e | T
-

@)

Ignoring relaxation and denoting the transverse magnetization

my, =M, +iM,,

@

and the transverse magnetic field as

B, = B.+iB,

©)
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taking the derivative of Eq. (2) and substituting terms from Eqgs. (1)—(3), the differential
equation for the transverse component of the magnetization can be rewritten as
dm.

dtxy = iy(MB,, — my,B;)

4)

For pulsed B fields over the time period from 0 to T, Eq. (4) with initial condition m,(r, = 0)
can be solved with integrating factors to be [13,14]

T . T
mo(r,T) = iy 1 M.(r,1)B,,(r,1)e= 7 /i Br.0)dT g

®)

Eqg. (5) describes the transverse magnetization resulting from excitation. Note that for small
flip angles, M.(r,7) ~ M, and can be taken out of the integral for simplicity. The spatial and
temporal profiles of the B fields provide the flexibility to design RF pulses that can optimize
the excitation profiles. For simplicity, we assume that the RF coils generate spatially uniform
fields with the addition of a linear gradient field. In addition to the standard RF coil in

the xy-plane providing B, ., fields, we also assume a RF coil in the z-direction providing

B, . fields. For additional flexibility, we also assume that the RF coil in the z-direction

can provide nearly constant uniform magnetic fields B, .. With these fields, in the Larmor
frequency rotating frame,

B, =B, .(t)cos(w.t + ¢(1)) + Bpc (1) + G(t) - r,

(6)
B, = B, (f)cos((wy, — wy)t + 6(1)),
O
By = - Blvxy(t)sm((wxy - wﬂ)t + 0(’))’
®
B,, = B]_Xy(t)e_’-((ww — )t +0(1)) .
©)

Under these conditions, Eq. (5) becomes

my(r,T) = iy [T M.B, (e~ (@ = @)t +0(0) =iy [ By (t)cos(@.7 + p(r))dr

e—iyﬁTBDC,Z(T)dre—iy[TG(r) rdry,
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(10)

Under the condition of multiphoton excitation, w,, — w, = nw. [7], EQ. (10) can be rewritten as

(e, T) = iy [T M.B, (e i(net +0(0) =iy [ B (2)cos(@.7 + ¢(v))d

e—iyﬁTBDcJ(r)dreik(t) Ty

(1)

where —y [ G(t)dr = k(t) as in excitation k-space [15]. Eq. (11) shows that the contribution

of a spatially uniform B. pulse e=i7/;' B.A(t)cos(@:z + ¢(1))dz,—ir [ Boc.(1)d7 can be equivalent
to a phase/frequency modulation of the B,, pulse, represented by 6(z). However, if o, is
relatively large, bandwidth constraints in the RF system may make phase modulation of

the B,, pulse less practical. Phase modulating the B,, pulse to achieve excitation would

also cause the B,, pulse to have a frequency component at the Larmor frequency, as
expected since it is still standard one-photon excitation, which is not the case in multiphoton
excitation. While it is not standard terminology, for conciseness in this manuscript, we refer
to standard MRI excitation with only RF in the xy-plane as one-photon excitation.

2.2. Multiphoton selective excitation designs

2.2.1. Constant-B, . pulses—If B, . and ¢ are time invariant, i.e. a hard pulse, and
assuming that w. # 0, the integral involving B, .(r) in Eq. (11) can be evaluated analytically as
follows,
T . ¥Bi .
mxy(r’ T) =iy MZB,_Xy(t)e_’(”wZ’ + 9(1))9—1 wa

0
e—17Bpc (T —1),ik(t) - r gy

(sin(w.T + @) — sin(w.t + @)

.yBlvz . .
my(r. T) = i},e—szsm(a}zT + ¢),—iyBoc,:T

14

T B z . . s
o / M.By (1)1t + 00) =i o sin(t + §)girB e 1 oik(D) - ¥y
0

(13

Using the Jacobi-Anger expansion shown below, where J,,( —) is the Bessel function of the
first kind of order m,

B ;. 0 B .\ :
ethsln(a)zt +¢) — Z : Jm(}’wl’,z)e:m(a)zl +9),

m= — o0

(14)

Eq. (13) can be rewritten as

J Magn Reson. Author manuscript; available in PMC 2024 October 08.
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YBi: . . T .
my(r,T) = iye™! . sin(w,T + ¢)e—1yBDc,zT[ Msz(t)e_’(”wzt +6(1))

( i Jm( % )eim(cozl + )

oi7Boc, 1 1K(t) - T gy
= — 00 z

(15)

For a given n, i.e. n z-photon excitation, the integral in Eq. (15) is only significant for the
term involving m=n in that the fast oscillating terms mostly average out. If we assume that
the bandwidths of time-varying terms are small relative to w., Eq. (15) can be simplified as

(7B . _
m(r,T) = iye—z(ywlzv sin(w.T + ¢) — nq&)e—zyBDC, zTJn(Yf)l,z)
T . . .
/ MZBLxy(t)e_’e(t)gWBDc,ztelk(t) Ty
0

(16)

Eqg. (16) shows that, if B. is a hard pulse, it only adds a constant phase shift and amplitude
scaling to the excitation. The slice profile and selection are determined entirely by B,,.
Like in the one-photon case, the slice location can be chosen by setting 6(r) = Awt, where
Aw is some frequency offset. While not commonly implemented in modern MRI but used
historically, setting B, . to a non-zero value can also shift the slice.

Interestingly, in the multiphoton case, slice selection can also be achieved by shifting the
frequency of B. instead. Specifically, replacing w. with a new frequency of o. + Aw and
assuming By = 0, Eq. (10) becomes

m(r,T) = iy [T M.B, (1)e=i(@ = @)t + 0(1))=iv /)" B (v)cos((@; + Aw)r + p)d

e—iyﬂTG('r) “rdt gy

Then, following the same steps to Eq. (16) while keeping w,, — @, = nw. S0 that the frequency
of B,, stays the same, we get

. 7Bl,z . B
— jye—1i sin((w; + Aw)T + ¢ —n¢) Ybi 2
my(r,T) = iye ( @, (« ) ) J o T io

x /TMZBIYU(,)e—iG(t)einAwteik(t) Ty
0
(18)
The slice excitation location is determined by the frequency shift of Aw, the order of the

multiphoton excitation, and the amplitude of the gradients. The effect is similar to choosing
a different frequency for B,, via 6(z).

We see that when we have access to a uniform B. field, we are given three options for
positioning a slice with multiphoton excitation: shifting the frequency of B,,, adding a DC

J Magn Reson. Author manuscript; available in PMC 2024 October 08.
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B., or shifting the frequency of B.. As a side note, since a DC or constant B. field simply
shifts the slice, the same should be true for a chemical shift.

2.2.2. Shaped- B, pulses—If B, (z) is slowly varying compared to cos(w, .7) and ¢(z)
is slowly varying compared to «, .z, then we can make some approximations that give us

more design intuition than Eq. (11) in the general non-hard pulse case. We will make these
assumptions more precise later. With the trigonometric identity

cos(w,7 + ¢(7)) = cos(w,7)cos(¢(r))
—sin(w,7)cos(¢(7)),

(19)

we can rewrite Eq. (11) as

my(r,T) = iy [ TMZBllxy(t)e—i(ncozt+0(z))

e—iy[TBl,z(r)(cos(a)zr)cos((l)(r)) - sin(wzr)sin(qb(r)))dre—iyﬂTBDC,Z(r)dreik(t) Ty,

(20)
Using integration by parts,
[ "B, (r)cos(@.t)cos((z))dr
= B tereosto) | [ o)
x LB, (z)cos(p(x)ldx
(21)
and
[ " B, (0)sin(w.2)sin(¢(0))d
e Il
X 1By )sin(@(e)ldr
(22)
If the terms / 1) d g (coos(@()]dr and / (oD d g (osin(g(o))dr are

negligible, then

J Magn Reson. Author manuscript; available in PMC 2024 October 08.
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[ TB,_Z(r)(cos(wzr)cos(d)(r)) — sin(w,7)sin(¢(7)))dr

= [B.eostop e

[Bl (2)sin(p(r) —22T)

cos(co,‘r) }

t

= a(BI'Z(T)sin(sz + ¢(T)) — B, .(t)sin(w.t + ¢(T)))

(23)

by the angle addition identity. Plugging this back in, Eq. (20) becomes

T
my(r,T) ~ iyf M.B,; (¢
0

)e—i(nwzt + 9(’))e—iwlz(31,z(T)5in(sz + ¢(T)) — By .(t)sin(w.t + $(T)))pxy — iy[TBDC.Z(T)d‘reik(t) T

(24)
Applying Eq. (14) like before,

my(r, T) = ly/ M.B, (1)e —i(nw;t + (1))

- 7B z( )sm(sz"'(f’(T))e iv /" Bpc, (t)d ,ik(t) - r g

Z J (M)eim(w; + d>(t)))

m= — o0

(25)

This is just like Eq. (15), except that J, (VB‘ f(’)) im$(1) and B, (t) are also time-varying.

If the bandwidth of Jm(”’g—m)eimﬂf) and the other time varying terms are small relative

to (m — n)w., then like with Eq. (15), only the term with m=n contributes significantly to
the integral. The fast oscillating off-resonant terms essentially average out in the integral,
whereas the resonant term with m=n is much more important. This results in

(6, T) ~ iy / M.By (e~ 00)g ( YBK(I))E_[(MTZ(T)““(“"T +o(I) ~nd(1)
e—iyﬁTBnC_ (T)d7,ik(t) - Ty

(26)

Eg. (26) shows that B,, and B. contribute to the excitation profile in a
similar way with B, ,,(r) corresponding to J, (yB‘ A )) and ¢~i9() corresponding to

Bl z
iz ( )wn(w T+ ¢(T)) - ndJ(t)) =iy [/ Boc.{(0)d7 which represent amplitude and phase

modulatlon respectively. So, amplitude and phase modulation can be done with B,, or B,
independently, or with a combination of the two. Amplitude modulation via B, . appears
more complicated due to the Bessel function, but this is due to the asymmetry of the

J Magn Reson. Author manuscript; available in PMC 2024 October 08.
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setup. In the two-photon case where r, the number of z-photons involved, is one, J, is

approximately linear for small values of %@ So, when our z-RF is like the standard

xy-RF where the RF amplitude is very small compared to the frequency, the effective z-RF
amplitude modulation is simply directly proportional to the actual amplitude modulation.
However, for excitation efficiency, we often want to operate in the regime where yB, .(¢)
becomes comparable to w. and beyond. In this regime, J, takes the form of a dampened,

aperiodic sine wave with a maximum value of about 0.58 at %(’) = 1.84. For higher order

¢4

excitations with » > 1, for small values of 7B tho Bessel functions are quadratic for

z

n =2, cubic for n = 3, etc. For larger values of %(t) the higher order Bessel functions also

become dampened, aperiodic sinusoids.

For phase modulation, the z-RF is very similar to the xy-RF, except that there is an extra
constant term, and the phase modulation is multiplied by the number of z-photons involved,
n. When » = 1 in the two-photon case, then z-RF phase modulation acts just like xy-RF
phase modulation. When more z-photons are simultaneously involved, somewhat intuitively,
they each contribute to the phase. When there is an additional coil producing z-direction
magnetic fields, not only can the RF vary the phase, but the additional B, . term can also
vary the phase.

2.2.3. Constant-B, ., pulses—If B,, is chosen as a hard pulse, Eqg. (26) becomes

. T
my(r, T) ~ iy B e~ 0 / MZJH(M)

@

e—i(MSin(sz +¢(T) —ng(t) +7 ﬁTBDcZ(t)dT) oik(D) - Ty

@,

@7

We can observe correspondences between Egs. (27) and (16). If B,, is a hard pulse, it

only adds a constant phase shift and amplitude scaling. The slice profile and selection are
determined entirely by B.. Slice position can still be changed with the same three options as
described in Section 2.2.1.

2.3. Simultaneous multislice excitation

In conventional one-photon excitation, multiple slices can be excited simultaneously by
modulating the B,, field, e.g. by a trigonometric function. However, this approach increases
the RF power and SAR deposition proportionally to the number of slices. With multiphoton
excitation, we can shift the modulation to the B, field. As the B, field has orders of
magnitude lower frequency, the resulting SAR increase is negligible. While a uniform B,
field or the corresponding frequency modulation of the B,, field can distribute RF power to
multiple frequencies, like the trigonometric modulation, neither have SAR benefits. Instead,
a non-uniform B, field can be used. In our previous work [7], we used fast oscillating
gradients as a source of spatially linearly varying z-direction RF. With this approach, a
single-frequency B,, field produced by a transmit coil can excite multiple spatial locations

J Magn Reson. Author manuscript; available in PMC 2024 October 08.
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with different local Larmor frequencies using different multiphoton resonance conditions,
thus reducing the need to increase transmit power. We previously used adiabatic pulses to
compensate for the nonuniform excitation caused by spatially varying B. field.

Here we analyze the design of non-adiabatic multiphoton multislice pulses more generally,
but with ¢ as a constant for simplicity. Rewrite Eq. (6) as

B. = (G,.(t) - r + B, .(?))cos(w.t + ¢) + G(t) - ¥

(28)

Now B consists of a uniform RF field as well as gradient fields, produced by the same
physical coils, split between a slowly-varying component (G) and an oscillating component
with frequency of w.(G, .). With Eqg. (28), Eq. (10) becomes

m(r,T) = iy [ TMZBl,xy(z)e—i((wxy — ay)t +6(1)

e—iy[T(G]‘z(r) T+ By (7))cos(w:7 + ¢)dT,ik(t) - Ty

(29)

If we design the RF pulses such that 1) w,, = o, and 2) G, .(¢) - r + B, .(¢) varies much
more slowly than cos(w.t + ¢), then, by applying the Jacobi-Anger expansion as in previous
sections, Eq. (29) becomes

my(e.T) iy [ M. Z (w)
Bl,xy(t)e’ma’zfe— 1(7(G1 (T) C:Z+ B, . (T))oin(a)zT + ) — m¢)e—i9(t)eik(t) Ty

(30)

Each discrete frequency (mw.) permits the selective excitation of a slice. The amplitudes of
these frequencies (J,,) are spatially dependent, which allows for reduced SAR, as described
before, while the uniform W:\Production\20042\025055MC\0001\Graphics term allows for more
flexibility to control the spatial dependence. Without the uniform term, only one-photon
excitation could have a contribution at the isocenter because for r = 0 and B, .(¢) = 0,we
would have Y J,(0)B, ,,(1)e"™®eim® = J,(0)B, ,,(1) as Bessel functions are zero at zero

except for the Oth order. If a uniform B, . field is not available, 6(z) can be utilized instead to
perform the same function, as shown in Section 2.1. Without any compensation, the various
J,, terms are likely not equal, thus producing slices with unequal flip angles. An example
method of equalizing the flip angles is given for example parameters in Section 3.6.

J Magn Reson. Author manuscript; available in PMC 2024 October 08.
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3. Methods

3.1. Overview of pulse design and simulation

To demonstrate the principles described in the theory, we simulated and implemented
five sets of related pulses, each set demonstrating a different principle. The first three
sets utilized a uniform B, field provided by an additional coil, while the last two sets
demonstrated multislice excitation with oscillating gradients and no additional hardware.
Simulations based on Eq. (1) were written in Python and the code is available at https://
github.com/LiuCLab/multiphoton-selective-excitation. To generate each pulse in the first
three sets, the following procedure was followed.

1. Generate a prototype pulse together with gradients using a conventional method
like the Shinnar-Le Roux (SLR) algorithm [16].

2. If designing a standard one-photon pulse, directly set B,, to the prototype pulse
and finish.

3. Else if designing a multiphoton or corresponding frequency-modulated pulse,
choose w..

a. Based on Eq. (26), choose values such that BLX,,(r)J,,(—yB;Z@)

equals the amplitude modulation of the prototype pulse,

and e—i0(t)p—i J/&Tzz(nsin(wj +(T)) - n(l)(t))e—[y S Boc -(2)dr eqquals the
frequency modulation of the prototype pulse. A different equation
instead of Eq. (26) may be used in specific situations, but the same
principle of matching amplitude and frequency modulations applies.
When either B. or B,, is chosen to be a hard pulse, they simply result in

scaling factors.
b. Shift the center frequency of the B,, pulse by naw..

To generate each pulse for Figs. 5 and 6, no additional hardware for the scanner was used,
and the specifics are described in Sections 3.5 and 3.6.

Brief details on each example pulse are compiled in Table 3.

3.2. Slice excitation by one-photon, two-photon, and frequency modulation

Using the above procedure, the first three sets of pulses were designed to show that equal
slice profiles can be created in multiple ways. The first set used a one-photon pulse, a
two-photon with constant- B, . pulse, and a one-photon with frequency modulation pulse
corresponding to the two-photon pulse, all designed to excite the same slice profile. The
one-photon pulse was a SLR pulse generated using SigPy.RF [17]. The SLR pulse was
designed to have a time-bandwidth product of 6 and a duration of 6 ms. The corresponding
slice-select gradient was set to have an amplitude resulting in a 5 mm slice-thickness. A
rewinder gradient was added to give the standard excitation k-space trajectory.

J Magn Reson. Author manuscript; available in PMC 2024 October 08.
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The two-photon pulse was designed following Eq. (16) using a hard B. pulse. As Eq.
(16) shows, when exciting the two-photon resonance, the hard B. pulse effectively scales

B, by Jl(yB‘ ) but otherwise excites the same slice profile. So, to get the same flip
angle as the one-photon pulse, the same B, ., pulse as the one-photon pulse was used,

except that it was scaled by 1/J (7 - ) To excite the two-photon resonance instead of the

one-photon resonance, the frequency of the By, pulse was also decreased by xz. Note
that two-photon resonances can be excited with the frequency of the B,, pulse either
increased or decreased by w.. To make the B. pulse more easily implementable, ¢ = — z/2
to make it a sine wave that starts at zero instead of a cosine wave. The initial phase

of h W:\Production\20042\025055MC\0001\Graphics Was set to cancel out the resulting extra

(YBi: . . L .
constant phase term given by e—'(ywlz sin(w:T + ¢) ~ "¢) in Eq. (16). Due to limitations in
our amplifier’s output power described later in Section 3.7, the B, . amplitude was far

from optimal, making 1/11( ) about 6.98 instead of the optimal value of 1.72. This

and the other pulse parameters limited the maximum flip angle in our proof-of-concept
implementation. Thus, a max of 30°was used for all example implemented single-slice
pulses. See Supplementary Fig. 4 for simulations of 90° flip angles. The parameters and thus
constraints, however, are different for the multislice pulses described later.

The one-photon frequency modulation pulse is a pulse where frequency modulation of the
B,, pulse imitates the effects of the B, pulse. Specifically, in Eq. (11), the ¢=%¢() term is set
to be equal to the e~i7//" Bi.{(z)cos(@:7 + &(2))d term from the two-photon pulse. 6(r) represents
the phase/frequency modulation of the B, pulse. In this case, since the B, pulse is a hard

pulse, the integral can be directly evaluated, and so 6(r) = yf}"z(sin(a}ZT + @) — sin(w.t + P)).
Then, although there is no real B. pulse, there is a fictitious one, so like for the two-photon

pulse, B, ., again needs to be multiplied by 1/J1(7 L ) to achieve the same flip angle as

the original one-photon pulse. The major difference between the two-photon pulse and the
frequency modulated pulse is that the two-photon pulse makes use of a real RF B, field in
the laboratory frame of reference while there does not exist one for the frequency modulated
pulse in the laboratory frame of reference. As a result, despite its center frequency being
offset by w., the frequency modulated pulse actually has some frequency components at the
Larmor frequency in the laboratory frame of reference while the two-photon pulse does not.

The designed pulses are shown in the first column of Fig. 2.

3.3. Slice shifting with @,,, constant B., or w.

The second set of pulses dealt with slice shifting for a two-photon pulse, and equal shifts
were designed using 6(z), B, .(t), Or Aw in Eq. (18). All three pulses were the same two-
photon pulse from Section 3.2, except shifted in position by the three methods. Setting

0(t) = w,/1.t, Where w,; ... i1s Some offset frequency, is the standard method of changing slice
location by exciting a different local Larmor frequency along the slice-select gradient. From
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the theory, changing the frequency of the B,, pulse in a two-photon pulse shifts the slice
position of the two-photon pulse by the same amount as it would for the corresponding
one-photon pulse.

Instead of changing the B,, pulse frequency, changing the local Larmor frequencies

by adding a uniform near-DC magnetic field, B, .(t), is another method that has been
historically used to change the excitation location. Here, we set B, .(t) to a constant during
the excitation and removed it for the rest of the pulse sequence to show that again, the
two-photon slice position changes the same amount as a one-photon slice position would.

Finally, changing Aw in Eqg. (18) to change slice position is unique to two-photon pulses.
Instead of changing the B,, pulse frequency, we can change the B. pulse frequency by an
equal amount to shift the slice. Just like in the B,, pulse frequency case, changing the B.
pulse frequency excites a different local Larmor frequency along the slice-select gradient.
When Aw is not insignificant compared to . though, Eq. (18) shows that the Bessel function

YBi.:
+ Aw

scaling factor changes. So, in this case, B, ,, was multiplied by 1/J1( ) instead.

The designed pulses are shown in the first column of Fig. 3.

3.4. Amplitude-modulated B, ,, and B, . pulses

The third set of pulses was designed to show flexibility in choosing how the amplitude
modulation can be split between B, ,,(r) and B, .(¢r) based on Eq. (26). Because of the
additional assumption of slow variation of B, .(r) relative to w, used for deriving Eq. (26),

the pulse length was increased from 6 ms to 24 ms to allow for slower B, .(¢) variation.
Alternatively, o, could be increased instead, but our experimental setup did not allow for it,
which will be elaborated more upon in Section 3.7. The first pulse in this set was the same as
the second pulse from Section 3.2, except with a 24 ms duration instead of 6 ms.

The second pulse in this set moved all the amplitude modulation from B, ,,(¢) to JI(”;—Z(’)).
That is, B, ,,(r) was made a time-invariant hard pulse with an amplitude equal to the

maximum of B, ,,(r) from the first pulse and J, (7 EG )) was set to be a scaled version of

B, ,,(t) as a function of time from the first pulse with the same maximum value of B, .(¢) as

in the first pulse. Because J‘(”%(I)) is a nonlinear function of B, .(r), a bounded optimization

function from SciPy [18] was used to find the values of B, .(r) needed to give the correct

values of J (yB‘ At )) at every time point. As a result, the product B, ,,(¢)J. (yBC‘;(’)), which is

the total effective amplitude modulation of the two-photon pulse as shown in Eq. (26), was
the same for the first and second pulses for all time.

The third pulse in this set was split into two halves. The first half had a hard pulse for B, ()
while the second half had a hard pulse for B, .(r). The product B, ,,(1)J., (yB‘ =0 )) was still the

same for this pulse for all time, thus producing the same slice profile.
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The designed pulses are shown in the first column of Fig. 4.

3.5. Unequal-flip-angle multislice excitation and shifting

For the fourth set of pulses, the earlier uniform B, field was replaced by linearly spatially

varying oscillating gradients and the additional coil was removed. These oscillating

gradients were added to a one-photon SLR pulse to demonstrate multislice excitation, and

a spatially shifted version based on Eqg. (31) was designed. The first pulse of this set

was the same as the first pulse from Section 3.2, except 12 ms in duration and with an

additional oscillating gradient of frequency 3 kHz superimposed on the slice-select gradient.

The AC or oscillating component of the gradient was chosen to have an amplitude of 1.5

times the amplitude of the DC or slice-select component of the gradient. By choosing

7(Gi:z-T)
@;

this ratio of amplitudes and using a hard pulse for the gradients, =1.5atthe

Y(Gy: 1)
.

z

two-photon resonance locations, = 3 at the three-photon resonance locations, and

so on. This is because as we move to higher order resonances, «., the frequency of the
z-photon provided by the oscillating gradients, remains the same while r, the position of

the multiphoton resonance, gets multiplied by the number of z-photons involved as the

local Larmor frequency changes with the DC component of the gradient and the resonance
condition is at integer multiplies of w. offset from the isocenter Larmor frequency. A ratio

of 1.5 was chosen because J,(1.5) and J,(3.0) are near the maximum points of J,(-) and

J,( ) respectively. As a result, the two- and three-photon excitation bands are about 0.5
times as efficient as the one-photon band in terms of B,, strength. However, as noted before,
these extra multiphoton bands are excited using the same B,, as the one-photon band,
essentially being provided without extra RF energy deposition in a subject. Because SAR is
proportional to (fB,)z, where £ is the frequency of the RF, the RF energy deposition from
the Kilohertz oscillating gradients (G, . or B, .) is negligible, at least for our RF strengths. The
total SAR savings depend on how many bands are used. For example, in the case of three
bands and the gradient parameters chosen, integrating B: ., for each pulse we have 0.62 times
the SAR for the multiphoton pulse compared to an equivalent composed of three one-photon
pulses scaled, shifted, and summed. In the case of five bands, we have 0.48 times the SAR
for the multiphoton pulse compared to an equivalent composed of five one-photon pulses,
scaled, shifted, and summed. The pulse length was set to 12 ms instead of 6 ms due to
gradient slew rate limits. If the pulse were shorter, both the DC and AC parts of the gradient
would be larger for the same time-bandwidth product and slice thickness. To prevent errors
from discontinuous gradients, ¢ was set to —z/2 for a sine wave instead of a cosine wave.

With o.T = 72z radians, this gives an extra linearly spatially varying phase described by

_ .7Gl.z(T) - r. T . . . .
emiT o —sin(@.T'+ ) jn eq. (30). To remove this, the rewinder gradient after the pulse was

z

adjusted to give the opposite linearly spatially varying phase.

The second pulse of this set was the same as the first pulse, except that the frequency

of the B,, pulse was changed. This pulse was made to demonstrate that with the spatially
non-uniform B, . field provided by the oscillating gradients, shifting the slices is not the
same as in Section 3.3. If the frequency of the B,, pulse is changed, then the slices are
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shifted, but the flip angles of each slice do not remain the same because the Bessel function
order and/or the argument to the Bessel function changes at each excited slice.

The third pulse of this set demonstrates that based on Eq. (30), a spatially uniform B, .(¢)
term can change the spatial zero point of G, .(7) - r, thus making it as if the oscillating
gradients were shifted in space. When this is used together with the standard shift of the
frequency of the B,, pulse from the second pulse in this set, then the slices are shifted with
preserved flip angles. To show that this can be implemented without the extra hardware of an
additional B, coil, the B,, pulse frequency modulation equivalent was used instead. That is,
6(r) was used to provide the same effect as a uniform B, .(¢) term as described in Section 3.2.

The designed pulses are shown in the first column of Fig. 5.

Equal-flip-angle multiphoton multislice excitation

Due to the differing multiphoton excitation efficiencies, the pulses in section 3.5 have
unequal flip angles for each excited slice. However, by shifting and summing multiple scaled
versions of multiphoton multislice pulses, we can achieve equal flip angles. For the fifth set
of pulses, we show an example of this for three simultaneously excited slices. The designed
pulses are shown in the first column of Fig. 6.

The first three rows of Fig. 6 individually show the pulses to be summed. The fourth row

is a pulse created by the direct summation of the pulses from the first three rows, resulting
in equal flip angles, and the fifth row is a pulse created by the naive multislice method of
summing three shifted single-slice SLR pulses without an oscillating gradient. The summed
multiphoton multislice pulse has a clearly lower B, ,, amplitude than the naive multislice
pulse, and integrating B: ,, for each pulse we have 0.48 times the SAR for the summed
three-slice multiphoton pulse compared to an equivalent composed of three one-photon
pulses shifted and summed. Note that this is better than 0.62 times the SAR for three
unequal flip angle slices from section 3.5 because the comparison one-photon pulse for three
equal flip angle slices has greater SAR than the one-photon pulse for three unequal flip
angle slices.

To get equal flip angles for the three slices of the summed multiphoton pulse, each
pulse to be summed must be properly scaled. The left slice of the summed pulse is
composed of the two-photon excitation of the first pulse (first row in Fig. 6), the one-
photon excitation of the second pulse (second row in Fig. 6), and the three-photon
excitation of the third pulse (third row in Fig. 6). The center slice is composed of

the one-photon excitation of the first pulse, the two-photon excitation of the second
pulse, and the two-photon excitation of the third pulse. The right slice is composed of
the two-photon excitation of the first pulse, the three-photon excitation of the second
pulse, and the one-photon excitation of the third pulse. Thus, to calculate the scalings of
each pulse, if p, is the scaling of the first pulse, p, is the scaling of the second pulse,

and p, is the scaling of the third pulse, then to get equal flip angles we must have

2 1(1.5) + poJo(0) + psJ»(3.0) = pJo(0) + p,Ji(1.5) + psJ (1.5) = p,J1(1.5) + p,J»(3.0) + piJo(0). If
we set p, = p, and add an additional normalization constraint that
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pJi(1.5) + p,Jo(0) + pJ5(3.0) = 1, then we can directly solve for the scaling factors as p, = 0.43
and p, = p, = 0.51.

The first row of Fig. 6 is the same as the first row of Fig. 5, except scaled by p, = 0.43.
The second row of Fig. 6 is the same as the third row of Fig. 5, except scaled by p, = 0.51.
The third row of Fig. 6 is the same as the third row of Fig. 5, except scaled by p, = 0.51
and shifted in the opposite direction. Again, the fourth row of Fig. 6 is the sum of the
first three rows, and the fifth row of Fig. 6 is the sum of three individual single-slice
pulses. For consistency with the previous examples, the flip angles were chosen to be 30°.
Supplementary Fig. 5 is a 90° flip angle version of Fig. 6. Note that the flip angle is not
constrained in the same way as for the single-slice pulses.

3.7. General pulse experimental implementation details

All experimental implementations were done on a GE 3T MR750w scanner (General
Electric, Waukesha, WI, USA) with a liquid phantom, a GE 16-channel knee coil array

for reception, and custom gradient echo sequences (GRE) written using the HeartVista
platform (HeartVista, Inc., Los Altos, CA). The imaging plane was set to be perpendicular
to the slice select axis to view slice profiles. An in-house built solenoid coil (18 in. diameter
and 20 in. length with about 450 puH of inductance and 1 O of resistance) was used

to generate a uniform B. field [19] (Fig. 1). B. waveforms were generated by a Siglent
SDG6022X arbitrary waveform generator (Siglent Technologies Co., Ltd., Shenzhen, China)
and amplified by an AE Techron 7224 amplifier (AE Techron, Inc., Elkhart, IN) in voltage-
controlled current mode. The current from the amplifier was fed into the solenoid using a
pair of 12 AWG speaker wires with speakON connectors that went through a waveguide
from the console room into the scanner room. To easily allow for a nearly constant B. pulse
superimposed with the B, . pulse, the coil was not tuned and matched. However, a high
voltage 1000 pF chip capacitor (Manufacturer Product Number 222522K00102JQTAFILM,
Knowles Precision Devices, Norwich, United Kingdom) was placed in parallel with the coil
near the output of the amplifier to reduce near-Larmor frequency noise and interference.
This capacitor resonates with the coil, but at a frequency well above those used in this study.

To synchronize the B,, and B, pulses, a 7.5-cm-diameter copper loop on a PCB was used

to simultaneously probe the B,, and B. fields. It was connected to an oscilloscope and the
loop was oriented almost entirely in line with the B. coil such that the induced voltage on
the loop would be similar for both B,, and B. despite the orders of magnitude difference

in frequencies. The delay times of the pulse sequence trigger and the waveform generator
were adjusted until the B,, and B. pulses overlapped in time with a precision of 2ys.

B, . amplitudes were calibrated with a custom calibration program in HeartVista such that
equivalent one- and two-photon pulses produced equal mean signal for the center one-fifth
of a 1D projection. In detail, the scanner was programmed to repeatedly output excitations
with 1D readouts using either just a standard one-photon B,, pulse or a frequency-offset and
scaled B,, pulse with a trigger for the B. pulse. The frequency-offset and scaled B,, pulse was
verified to produce no excitation without a simultaneous B. pulse. For only the frequency-
offset and scaled B,, pulse, the pulse sequence triggered the waveform generator to generate
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corresponding frequency B. waveforms to the amplifier, which produced current into the
B. coil (Fig. 1). The output voltage scaling of the waveform generator was increased until
the mean of the center one-fifth of the values of the Fourier transforms of the 1D readouts
for both excitations were approximately equal to a precision of about 1%, limited by noise.

Based on the fact that for the two-photon resonance, the B,, pulse is effectively scaled by

l/Jl(%), the B, max amplitude was determined to be about 0.17 mT at 25 kHz, which

was limited by the amplifier. To prevent phase/frequency drifts between the scanner and

the waveform generator, the waveform generator's clock was synchronized to the 10 MHz
reference signal from the scanner. Although the amplifier was operated in voltage-controlled
current mode, it was found that when used, the DC component of the B, waveform from

the waveform generator had higher gain than expected. So, it was experimentally reduced in
magnitude compared to the AC component by decreasing it until the slice location for the
second pulse in Fig. 3 was correct.

All w./27 values used with the additional B, coil were 25 kHz because the amplifier could
not produce large enough B, . amplitudes for use with practical B, ,, values at higher w.
frequencies with this coil. Because of this relatively small ». value, the slice-select gradients
were constrained to be relatively small in order to keep the frequency-offset B,, pulses from
exciting off-center slices in the phantom and fulfill the assumption that only a one or a
two-photon resonance is significant. This translated to small time-bandwidth products or
long RF pulses. Time-bandwidth products were also limited due to increasing peak B, .,

values with increasing time-bandwidth products. Since peak B, ., values need to be scaled by

YBi.:
[

1/J1( ) for two-photon pulses to achieve the same flip angle, small B, . amplitudes make

this scaling value large and potentially impractical.

Under informed, written consent and procedures approved by our institution's IRB, a healthy
volunteer was scanned with the same GRE sequences as the phantom experiments to

show the in-plane images resulting from the selective excitation for one- and two-photon
excitation. The parameters of the in vivo scans were: TR/TE = 200/6.6 ms, FA =10°, 20°, or
30°, FOV = 256 X 256 mm?, matrix = 256 x 256, 1 slice of 5-min thickness, 125-kHz readout
bandwidth, 53-sec scan time. For the two-photon pulses, 25 kHz w./2x, =25 kHz offsets

t0 w,,/27z, 0.17 mT B, . amplitude, B, ., was 6.98 times larger than for the corresponding
one-photon pulses.

4. Results

4.1. Slice excitation by one-photon, two-photon, and frequency modulation

Fig. 2 shows the simulations and experimental results of the pulses described in Section

3.2. The first row corresponds to the one-photon pulse, the second row corresponds to the
two-photon pulse, and the third row corresponds to the frequency-modulated one-photon
pulse. The first column plots the excitation portion of the pulse sequence, the second column
plots the simulated results of the excitation based on Eq. (1), and the third column shows the
slice profile imaged via a plane perpendicular to the slice-select axis. A close-up view of a
part of the excitation pulse sequence denoted by the dotted red lines is provided in the right
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side of the first column, and a line plot of the intensity across the center of the slice profile
image is also provided in the third column.

As shown in Fig. 2, one-phaoton, two-photon, and frequency-modulated one-photon pulses
produce the same slice-selective excitation when designed to be equivalent. The simulated
and experimental slice profiles appear as expected. The |B,,| values for the two-photon

and frequency-modulation pulses are larger by a factor of (113 ) = (42 518(170)) = 6.98 by
Ji —lz J| ==
@;

25000

design to achieve the same flip angle as the one-photon pulse. If larger B. values could be
1

e
1

pulses with a 1.08 mT B, . amplitude, which achieves W = 1.72 for w./2x = 25 kHz.
J| B
@

achieved, could be as low as 1.72. See Supplementary Figs. 1 and 2 for simulated

4.2. Slice shifting with w,,, constant B, or .

Fig. 3 shows the simulations and experimental results of the two-photon pulse from Fig. 2,
except shifted in position by three different methods as described in Section 3.3. The first
row corresponds to shifting via changing w,,, or equivalently a linear 6(¢). The second row
corresponds to shifting via B, »(t), and the third row corresponds to shifting via changing
o.. The columns are analogous to Fig. 2. When a two-photon pulse is used, it can be shifted
by a change in w,,, the addition of a constant B., or a change in .. The changes in ,, and
ApexGraAbsGraphic are small compared to w,, and w., S0 the differences in the plots are a
little difficult to spot. However, in the close-up views of the pulse sequences, the phases can
be seen to slightly differ. For the second row with a constant B., note that the B, subplot has
a slight negative offset relative to the dotted lines representing zero field.

As shown in Fig. 3, the three ways of shifting the slice can produce equivalent shifts.

4.3. Amplitude-modulated B, ,, and B, ; pulses

Fig. 4 shows the simulations and experimental results of two-photon SLR pulses with a
time-bandwidth product of 6 and a duration of 24 ms, as described in section 3.4. The

first row corresponds to the pulse with amplitude modulation fully in the B,, pulse, the
second row corresponds to the pulse with amplitude modulation fully in the B, pulse, and
the third row corresponds to the pulse with amplitude modulation in both the B,, and B.
pulses. Making the pulses have longer durations allows the assumption that the modulation
of the B. pulses is slow compared to the frequency . to be better satisfied. Given the proper
equipment, . could have been increased by a few times instead of the duration of the pulse.
See Supplementary Fig. 3 for simulated pulses with a duration of 6 ms and «./2z = 150kHz.
All three pulses have essentially the same slice profile, but in the second and third row, some
passband ripple can be seen. These ripples disappear with better satisfied assumptions as
shown in Supplementary Fig. 3.
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4.4. Unequal-flip-angle multislice excitation and shifting

Fig. 5 shows the simulations and experimental results for the multislice excitation pulses
described in Section 3.5. The first row demonstrates the principle of getting free unequal
slices by taking a base one-photon pulse like in the first row of Fig. 2 and adding an
oscillating gradient waveform to the slice select gradient. This creates a spatially varying B, .
field. From the combination of the effects of a slice-select gradient and a spatially varying
B, . field, excitation occurs whenever multiphoton resonance conditions are met. Slices are
excited whenever the local Larmor frequency determined by the slice-select gradient is
offset from the xy-RF center frequency by an integer multiple of .. Unlike in the previous
examples, here we wanted multiple multiphoton resonances to be in the field of view instead
of just one. The isocenter has a one-photon resonance. The two bands immediately adjacent
are two-photon resonances, and if the field of view is large enough to contain them, the

two after that are three-photon resonances, etc. For the first pulse in Fig. 5, despite B,,

being exactly the same as a single-slice SLR pulse, many extra excitation bands are created.
The extra bands, however, have unequal excitations due to varying multiphoton excitation
efficiencies.

As shown in the second pulse in the second row, shifting w,, does not equally shift all of the
pulses. At the isocenter, because there is no B, . field, there can only ever be a one-photon
resonance. This can be fixed by either adding a uniform B, . field such that the isocenter can
have multiphoton resonances, or by using the corresponding frequency modulation of the B,,
pulse. The final pulse in Fig. 5 goes the frequency modulation route.

4.5. Equal-flip-angle multiphoton multislice excitation

Fig. 6 shows the simulations and experimental results for the mutlislice excitation pulses
described in Section 3.6. The simulated and experimental slice profiles look as expected and
the profiles of the summed multiphoton multislice pulse (row 4) and the naive multislice
pulse consisting of three individual one-photon single-slice pulses (row 5) look essentially
the same. The multiphoton multislice pulse halves the SAR without any increase in

pulse duration for the equivalent one-photon multislice pulse. While the excitation profiles
produced by the multiphoton pulse were essentially the same as a one-photon 12 ms SLR
pulse with a time-bandwidth product of 6, our choice of pulse duration was limited by the
gradient slew rate, especially on our wide-bore scanner. The gradient slew rate requirement
can be decreased by reducing the time-bandwidth product at the expense of worse slice
profiles or by reducing the AC to DC gradient ratio at the expense of reduced SAR benefits.
Decreasing the slice spacing also decreases the required gradient slew rate because the
resonance conditions occur at lower w. values. As a potential downside, the multiphoton
pulse also produces extra bands beyond the three center ones, which are not shown for
clarity. Also, although it is very minor and not easily observable, because the B, . field
produced by the oscillating gradients is linearly varying within each slice, there may be
slight variation in excitation efficiency within each slice, producing a slight ramp along the
slice profile. This effect is somewhat cancelled out by the addition of multiple shifted pulses
though.
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4.6. In vivo one-photon and two-photon excitation

Using the same one-photon and two-photon pulses as in Fig. 2, Fig. 7 shows the in-plane
results of the one-photon and two-photon pulses in vivo in three different orientations.
Difference images are also given as one-photon minus two-photon for each pair. There is
significant shading in the images because the same knee coil for reception used for the
phantom experiments was wrapped around the head, and because the coil was designed for
a knee, the coverage of the head was not complete. Since the body coil was used for RF
transmit, the transmit field was relatively uniform. No significant differences between the
images are visually observed for this set of parameters. To clearly show differences or the
lack of them, linear registration in the Fourier domain was applied before subtraction in the
image domain. The subtraction images are red for locations where one-photon was larger
and blue for where two-photon was larger. The resulting differences are of similar order of
magnitude to the background noise. SNR values were calculated for white matter regions of
interests by taking the mean of at least 300 white matter voxels and dividing by the standard
deviation of 10,000 background voxels. The results are tabulated in Table 2. The one- and
two-photon SNR values are essentially the same, with any differences in SNR and the
subtraction images potentially caused by inhomogeneity in the B, coil. An optimized, more
homogenous B. coil is the subject of future work. Otherwise, the one-photon and two-photon
images appear to be of similar quality. Overall, there is no significant unexpected effect in
vivo with our parameters and excitation 25 kHz away from the Larmor frequency.

5. Discussion and conclusions

We describe the basic principles of multiphoton selective excitation by utilizing multiple
magnetic fields controllable in all three axes. The analysis is based on the Bloch equations
and results in an extension of the classical excitation k-space formulation [15] and beyond.

We showed that when w. is large enough, the distinction between the xy- and z-direction RF
becomes smaller, and the ability to modulate B. instead of B,, gives extra flexibility to the
multiphoton RF designer. We demonstrated how the same slice profiles can be achieved in
many ways. For the simple case with a homogenous B. coil and relatively low w. though, the
use of a hard B. pulse and modulation of B,, usually optimizes SAR and pulse duration.

Setting SAR and pulse duration aside, the flexibility of multiphoton pulses can be used

in more unique situations. Since multiphoton pulses do not have any RF at the Larmor
frequency, a pulsed version of frequency-isolated simultaneous transmit and receive like
in [11,20] could be implemented. In this case, it may be useful to modulate the B. pulse
instead of the B,, pulse if a constant B,, pulse makes the separation between the B,, pulse and
the received signal in the xy-direction easier, for example by subtraction. When designing
a new scanner from the ground up, shimming coils or other coils that generate B. fields

to traditionally compensate for drifts in the B, field may add modulation to their duties,
and in return, the traditional RF transmit signal chain may be reduced in complexity. In an
extreme case, the traditional B,, RF could simply only need to turn on and off, which is
potentially useful if a very high Q coil is used at ultralow fields where SAR is less of a
concern. The bandwidth of the B,, coil can be effectively increased during a transmit pulse
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by using B. modulation while higher SNR from a high Q factor can be obtained during a low
bandwidth signal readout. As another application, knowledge of B,, RF field distributions
and the theory described here can potentially allow one to measure unknown kHz frequency
B. fields in time and space.

In a more standard high-field setting, the benefits of multiphoton excitation emerge when
non-uniform B, fields are used together with multiple resonances, both one-photon and
multiphoton. Although two-photon pulses were mainly used as examples, the theory shows
that there are direct extensions to higher-order multiphoton pulses. The pulses in Figs.

5 and 6 exemplify this and show that by allowing non-uniform B. fields, more spatially
complex excitation can be achieved with reduced SAR and no increase in duration. Since
multiphoton pulses can be easily designed based off of standard one-photon pulses, further
SAR reduction with other methods such as VERSE [21] should be compatible. While the
three-slice reduced SAR example in Fig. 6 is already directly applicable to simultaneous
multislice [8-10] applications without extra hardware, even further reductions in SAR are
potentially achievable with multiphoton parallel transmit and higher channel-count spatial
encoding fields, for example by directly compensating for the non-uniformity of the pulse in
Fig. 5 or by providing more optimally distributed B, . fields over space. With high channel-
count B, and B,, coils, individual coils may use different combinations of slice-shifting and
modulation methods to achieve more optimal excitations (profile, uniformity, SAR, etc) in
the presence of various spatial non-idealities such as B, and B, inhomogeneities. As shown
in the theory, changes in B. ,c, or alternatively changes in B,, do the same exact thing to
multiphoton pulses as they do to standard one-photon pulses. Since the equations also hold
for B. »c as a function of position, the effects of B, inhomogeneity are exactly the same

for one-photon and multiphoton pulses. With the added flexibility of multiphoton pulses

in combination with one-photon pulses, however, more can potentially be done to combat
B, and B, non-idealities. Different slice-shifting and modulation methods may enable more
spatial control because, even if they come from the same coil, B. fields to change local

B, fields may not have the same spatial profile as B, . fields due to differing interactions
between the object being imaged and the fields at different frequencies. Furthermore, if one
coil can be used to produce both B, . and B, ,, fields, then the spatial effects of modulating
one versus the other will be very different simply due to one being a z-direction field

and the other being a xy-direction field. Interestingly, due to the non-linear nature of
multiphoton excitation, two-photon, three-photon, and higher order excitations will also all
have different spatial excitation profiles for a non-uniform B, . field originating from the
same coil. Given optimization procedures that take into account all of these different ways
of spatially controlling the excitation with different spatial profiles, we expect that custom
arrays of coils able to produce both kHz and Larmor frequency fields will bring out more of
multiphoton excitation's potential in MRI.

Data availability

The data/code is available at https://github.com/LiuCLab/multiphoton-selective-excitation.
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Appendix.

Assumptions for shaped-B, . pulse analysis

Let us discuss a little about the assumptions from Section 2.2.2. They are listed in the
following.

sin(w; r)
@,

L / M d —[B..(7)cos(#(r))]dz is negligible compared to | B, .(z)cos(¢(7))—

2. / M d —[ B, .(z)sin(¢(7))|d~ is negligible compared to

@,

B psintaoy=<e)]
’ The bandwidth of /. (yBl Z(l)) im$(1) js small relative to (m — n)w..

For more intuition on assumption 1, since it is a bit difficult to compare an integral with a
value, we can apply integration by parts again to obtain

/ M 9 (B, (e)cos(d()ldr

[d [B1.()cos(6(0))] °°5(“’ ’>] f —cos(e:7)

d2
X — By (7)sin(¢(7))]d=
dr

(A1)

For the first term on the right hand side of Eq. (A1) to be negligible, we want
d d
E[BI,Z(T)COS(‘b(T))] < By .(t)cos(¢(z)) or E[BLz(T)COS(Qﬁ(T))]

w: , o,
assumption becomes more reasonable as w. increases. For the second term, we can continue
to expand it with integration by parts infinitely, obtaining more terms with higher and higher
order derivatives. In the same spirit as the slowly varying amplitude approximation [22]
often used in optics though, we can often directly consider these higher order derivatives to

be negligible. Assumption 2 follows the same logic.

< B, (7)cos(¢(r)) for all time. This
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In order for assumption 3 to be true, B, .(r) and ¢(r) must be slowly varying such that
the Fourier transforms of their relevant terms have negligible frequency components near

(m — n)w., SO that e_i”a’zt.fm(wtu—’z(t))eim(wzt +¢(0)) only consists of fast oscillating components

when m is not equal to n. Since J,, is a nonlinear function, generally, harmonics of ”Z—Z(’)

are produced and for the assumption to be true, these should also have negligible frequency

components near (m — n)w.. As long as the variation in yﬂz)—zm is relatively small though,

the power in the harmonics generated by Jm(yi)—f(’)

}/Bl s z(t)

¢4

) is also likely small. To make this

assumption more easily satisfied, Jm( ) instead of B, .(r) can be directly designed just

like B, ,,(t). Then, with a target Jm(%(t)) B, .(t) can be solved for.
Note that unlike Eq. (18), the frequency/phase modulation of the B. pulse in Eq. (26) does
not appear inside the Bessel function. This is because in Eq. (26), the equivalent of w. > Aw

is assumed.
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Pulse
Sequence
Trigger

Scanner

4

Waveform
Generator

A 4

Amplifier

Fig. 1. MRI System Setup with a B, Coil.

For experiments that need a uniform B, field, the pulse sequence triggers a waveform
generator. The output of the waveform generator gets amplified by an amplifier in voltage-
controlled current mode, and the current goes to a big solenoid, which produces a magnetic
field in the same direction as B,. A smaller picture of the solenoid before it was encased is
shown on the left. A knee coil for reception wraps arounds a phantom inside the solenoid.
The body coil is used for B,, transmit.
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Fig. 2. Waveforms, Simulations, and Results for Corresponding One-photon, Two-photon, and
Frequency Modulation Pulses.

The excitation pulse sequence, simulation, and experimental results are shown for
corresponding one-photon, two-photon, and frequency modulated one-photon pulses. The
dotted red lines indicate where the close-up view of the pulse sequence is. From the close-
up, the frequency modulation of the final pulse can be more easily seen. All pulses are 5
mm slice thickness and have a time-bandwidth product of 6. The profiles are the same in
both simulation and experiment. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3. Waveforms, Simulations, and Results for Corresponding Slice Position Shifts with @,,,

Constant B, or w,.

The excitation pulse sequence, simulation, and experimental results are shown for equivalent
slice shifts using a change in w,,, a DC B, field, and a change in .. The dotted red lines
indicate where the close-up view of the pulse sequence is. From the close-ups, the first pulse
has a slightly slower B,, phase variation, the second pulse has a slight negative DC offset
with a ramp at the end in the B, field, and the third pulse has a slightly higher .. The

first pulse uses a slower phase variation because ., was originally shifted to be lower than
the Larmor frequency for this two-photon excitation. So, to increase the slice position, an
increase in m,, means a slower phase variation in the Larmor frequency rotating frame. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 4. Waveforms, Simulations, and Results for Corresponding Pulses Using Modulation in

B, ., B, or Both.

The excitation pulse sequence, simulation, and experimental results are shown for equivalent
two-photon pulses with modulation in B, ,, B, ., or both. With the longer pulse duration,

the oscillations on B, . are no longer easily visible, thus better satisfying the assumption

that modulation on B, . is slow compared to .. The dotted red lines indicate where the
close-up view of the pulse sequence is. In the close-ups, it can be seen that B. is still

indeed oscillating, and that w,, is still offset by the same amount. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 5. Oscillating Gradients Generate Free Extra Slices, Which Should Be Shifted Using Both a
Change in w,, and Frequency Modulation or a B, . Pulse.

The excitation pulse sequence, simulation, and experimental results are shown for simple
unequal flip angle multislice pulses. The first row is the same pulse from the first row of Fig.
2, but with a duration of 12 ms and the addition of an oscillating gradient to produce extra
bands for free. The second row shows that simply changing o,, does not uniformly shift the
bands. To properly shift the bands, as shown in the third row, a uniform B, . or the equivalent
frequency modulation of B,, as used here is needed.
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Fig. 6. Summing Shifted and Scaled Multiphoton Multislice Pulses Results in Equal Flip Angle
Reduced SAR Multislice Pulses.

The first three rows are shifted and scaled versions of the first row from Fig. 5. The
summation of these three pulses is shown in the fourth row. The fifth row shows a
comparison pulse created by summing three standard single-slice pulses. The summed
multiphoton multislice pulse of the fourth row has a clearly lower B, ., amplitude compared
to the naive multislice pulse of the fifth row. In fact, the SAR of the multiphoton pulse is half
that of the naive multislice pulse.
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Fig. 7. In Vivo Single- and Two- Photon Selective Excitations Produce Similar Images When
Designed to be Equivalent.

The same single- and two-photon selective excitation pulses from Fig. 2 were used for
slice-selective in-plane imaging of a healthy volunteer. 10, 20, and 30°flip angles are shown.
The maximum flip angle was limited by the peak B, ., amplitude required for the given
pulse parameters and maximum B, . amplitude available. Difference images are red for
greater signal in one-photon scans and blue for greater signal in two-photon scans. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Table 1

Variable Definitions.

Variable Definition

M, M, M, Magnetization vector components

M, Equilibrium magnetization

B, B, Transverse magnetic field vector components

B, Main static magnetic field strength

T,T, Longitudinal and transverse relaxation times

T Duration of RF pulse

y Gyromagnetic ratio

m,, Transverse magnetization vector in complex notation

B, Transverse magnetic field in complex notation

B ., Amplitude of transverse RF magnetic field

B. Total longitudinal magnetic field

B Amplitude of longitudinal RF magnetic field

Bpe.. Uniform near-DC longitudinal magnetic field

N Larmor frequency (y By)

w, Longitudinal RF angular frequency

Aw Shift in longitudinal RF angular frequency

Wy, Transverse RF angular frequency
Longitudinal RF extra phase

0 Transverse RF extra phase

G Gradient vector for spatial encoding

G,.. Oscillating component of gradient vector for excitation

k Excitation k-space vector

Bessel function of the first kind of order m
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White Matter SNR for In Vivo Scans.
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Two-Photon Axial (30° FA)
One-Photon Sagittal (10° FA)
Two-Photon Sagittal (10° FA)
One-Photon Sagittal (20° FA)
Two-Photon Sagittal (20° FA)
One-Photon Sagittal (30° FA)
Two-Photon Sagittal (30° FA)
One-Photon Coronal (10° FA)
Two-Photon Coronal (10° FA)
One-Photon Coronal (20° FA)
Two-Photon Coronal (20° FA)
One-Photon Coronal (30° FA)
Two-Photon Coronal (30° FA)

31.2
31.5
52.3
51.6
62.2
62.0
37.8
37.7
57.9
59.8
62.9
65.5
24.4
245
40.4
39.5
41.7
47.0
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