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Abstract

Purpose: To optimize Relaxation along a Fictitious Field (RAFF) pulses for rotat-
ing frame relaxometry with improved robustness in the presence of By and B field
inhomogeneities.

Methods: The resilience of RAFF pulses against By and B} inhomogeneities was
studied using Bloch simulations. A parameterized extension of the RAFF formulation
was introduced and used to derive a generalized inhomogeneity-resilient RAFF (gir-
RAFF) pulse. RAFF and girRAFF preparation efficiency, defined as the ratio of the
longitudinal magnetization before and after the preparation (M,(T,)/M,), were sim-
ulated and validated in phantom experiments. Trapr and Ty raFr pParametric maps
were acquired at 3T in phantom, the calf muscle, and the knee cartilage of healthy
subjects. The relaxation time maps were analyzed for resilience against artificially
induced field inhomogeneities and assessed in terms of in vivo reproducibility.
Results: Optimized girRAFF preparations yielded improved preparation efficiency
(0.95/0.91 simulations/phantom) with respect to RAFF (0.36/0.67 simulations/phan-
tom). Tgirrapr Preparations showed in phantom/calf 6.0/4.8 times higher resilience
to By inhomogeneities than RAFF, and a 4.7/5.3 improved resilience to Bf inhomo-
geneities. In the knee cartilage, Tgirrarr (53 + 14 ms) was higher than Trapr (42 £ 11
ms). Moreover, girRAFF preparations yielded 7.6/4.9 times improved reproducibility
across By/B] inhomogeneity conditions, 1.9 times better reproducibility across sub-
jectsand 1.2 times across slices compared with RAFF. Dixon-based fat suppression led
to a further 15-fold improvement in the robustness of girRAFF to inhomogeneities.
Conclusions: RAFF pulses display residual sensitivity to off-resonance and pro-
nounced sensitivity to B inhomogeneities. Optimized girRAFF pulses provide
increased robustness and may be an appealing alternative for applications where
resilience against field inhomogeneities is required.
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1 | INTRODUCTION

Quantitative MRI is a rapidly growing research area as
it enables intra-subject comparable tissue characteriza-
tion.!™* Conventional MRI relaxation times, T; and T, are
most commonly used.” Rotating frame relaxation times,
such as T, offer complementary contrast information to
T; and T,, with increased sensitivity to slow molecular
motion and chemical exchange.5!

T,, describes the longitudinal relaxation in a rotat-
ing frame of reference (RFR), commonly measured dur-
ing radiofrequency irradiation through continuous-wave
spin-lock (SL) pulses. However, these SL pulses require
a high specific absorption rate (SAR) burden and are
highly susceptible to field inhomogeneities.!>!3 This hin-
ders their applicability in clinical practice, especially at
high field strengths (>3T). Improved resilience against
field inhomogeneities can be achieved with adiabatic
Ty,.'*'7 However, the pulses in adiabatic T;, commonly
exhibit a nonconstant effective and fictitious field, leading
to differences in sensitivity compared with conventional
SL pulses.'®19

To surmount the SAR constraints of continuous-wave
SL while still exhibiting favorable sensitivity to slow
molecular motion, Relaxation Along a Fictitious Field
(RAFF) was proposed.?’ RAFF pulses are amplitude- and
frequency-modulated (AM and FM) pulses that oper-
ate in a sub-adiabatic regime.?’ During the RAFF pulse,
the behavior of the magnetic field can be described in
a double-RFR, where the effective field in the second
RFR acts as a spin-locking field.!* Thus, RAFF general-
izes spin-locking for higher-order rotating frames, while
Ty, operates in the first RFR. This allows for larger
spin-locking field amplitude by increasing only the fic-
titious field component while maintaining the effective
field amplitude within SAR limits.?! Trapr times have
shown promise for tissue characterization in a num-
ber of preclinical and clinical studies across various
field strengths.!1?2-28 While conventional RAFF pulses
have shown moderate resilience against By inhomo-
geneities, they exhibit high sensitivity to B variations.?*
Resilience against off-resonances can be improved by
using RAFF in higher-order rotating frames (RAFFn),?
but sensitivity to B] inhomogeneity remains a barrier to
widespread clinical use.

In this study, we characterize the performances of
RAFF pulses in the presence of By and B variations at
3T. Next, we introduce a parametric formulation of the
conventional RAFF pulse to enable tailored off-resonance
and B resilience. Based on this we propose a Gener-
alized inhomogeneity-resilient RAFF (girRAFF) pulse to
improve both B, and B resilience. Data acquired in

phantom and in the calf muscle of healthy subjects are
used to compare the performances of conventional RAFF
and optimized girRAFF preparations in the presence of
field inhomogeneities. Quantitative mapping quality and
robustness to system imperfections are compared for
RAFF and girRAFF pulses in the knee cartilage. Finally,
the reproducibility of quantitative mapping using RAFF
and girRAFF is assessed in the calf and the articular carti-
lage of healthy subjects.

2 | METHODS

2.1 | girRAFF pulse design

RAFF pulses are amplitude- and frequency-modulated
radiofrequency pulses designed to achieve constant and
equal effective (Beg(t)) and fictitious field (F(t)) in the
second RFR?:

da(t)

Ao
F@) =y T

= Bes(?). €}

Here, y is the gyromagnetic ratio and a(t) indicates the tilt
angle of the effective field Beg(?) relative to the z’-axis in the
first RFR. The first RFR is defined by convention as rotat-
ing with the time-variant SL pulse frequency w; () around
the z-axis of the laboratory frame of reference (z = z’). The
second RFR, instead, is defined as rotating around y’ with
Besr(t), such that y =" and Beg(t) is locked on z”’. The
fictitious field F(¢) in the second RFR originates from the
rotation of Beg(t) around the y’-axis. During RAFF pulses
the magnetization is effectively locked along the effective
field in the second RFR:

E(t) = \/B2(0) + G~ da(t)/diy. @)

The RAFF AM and FM functions are given by:

@1(t) = Omax SIN(@maxt); (3)

Aw(t) = @max COS(@maxt), 4)

with wpax as the maximum pulse frequency. The pulse
duration is set to T, rarr = T to effectively achieve 90°

wm"\x
of rotation in both the first and second RFR.

The conditions in Equation (1) can be relaxed to allow
for constant but nonequal effective and fictitious field
strength, similar to the approach used by Liimatainen et al.
for RAFF dispersion measurements.?! To this end, we pro-
pose to generalize Equations (3) and (4) with 3 degrees
of freedom, 6, v, p. The proposed Generalized Inhomo-
geneities Resilient RAFF (girRAFF) amplitude and fre-
quency modulation functions can then be written as:
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©1(6) = Ormax sin(wm—axt - 9), (5)
\%

Awi (1) = Omax cos(a)%t - 0), (6)

with T girrarr = pTp RAFF-

Here v determines the ratio of the fictitious and effec-
tive field strength, with v=1 in conventional RAFF
(Equation 1), while large v values satisfy the adiabatic con-
dition. 6 denotes the starting angle of Beg(f) with respect to
the z’-axis (for RAFF: 0 = 0). Finally, p is the scaling coef-
ficient determining the girRAFF pulse duration relative to
conventional RAFF, where p = 1 yields the original RAFF
pulse duration.

Figures S1-S3 illustrate the effects of the design param-
eters 0, v, and p on the pulse amplitude and frequency
modulation functions. Examples of effective field Beg(f)
and magnetization M trajectories for representative val-
ues of 8, v, and p are also depicted in the first RFR
in Figures S1-S3. As proposed for RAFF, the complete
preparation modules are formed by concatenating four
(gir)RAFF segments using a P-packet scheme, as described
by Liimatainen et al.?’

2.2 | Simulations

Bloch simulations were implemented in Python 3.6% to
study the performance of RAFF and girRAFF pulses in
the presence of By and B} inhomogeneities, neglecting
relaxation effects. The preparation efficiency of a pulse
module was defined as the ratio between the longitudinal
magnetization before and after the module (M,(T})/Mj).
Here, a preparation efficiency value of +1, indicating
fully balanced (gir)RAFF preparation schemes, with no
By/B] inhomogeneity-related distortions, was considered
optimal. Additionally, the magnetization trajectory length
throughout (gir)RAFF irradiation was measured as a met-
ric to ensure sufficient excursion of the magnetization and,
consequently, spin-locking efficacy. The trajectory length
was computed as the cumulative sum of the discretized
angular distances covered by the magnetization vector on
the Bloch sphere during simulations. All simulations were
limited by the peak B power (B =13.5 uT) and a whole
body SAR < 2.0 W/kg. For all pulses the peak amplitude,
®max, Was fixed to 500 Hz, in line with commonly used
spin-locking amplitudes at 3T.!° This yields a RAFF pulse
reference duration of T, rarr = 2.83 ms.

First, the pulse performance of RAFF was calculated
for a visualization region with off-resonances Aw" €
[—400;400] Hz and relative Bf scaling factors ; € [0, 1].

Next, the pulse performance of girRAFF was stud-
ied in the presence of field inhomogeneities. To find the

girRAFF parameter combination with optimal resilience
against field inhomogeneities the average preparation effi-
ciency (®) was calculated over a design region of Aa)‘fff S
[—400;400] Hz off-resonance and #; € [0.5,1] Bf scal-
ing for different 0, v, and p in the three-dimensional
girRAFF parameter space ((0,v, p) € [0°,5°, ... ,180°] X
[0,0.01, ... ,10] X [0,0.01, ... ,10]). Low magnetization
trajectory length (< 3.2z rad) cases were discarded to
avoid idle parameter configurations yielding low power
pulses with high preparation efficiency but no SL relax-
ation. The parameter combination (6, v, p) resulting in the
best pulse performance was selected as the optimal gir-
RAFF design for further investigation. Similarly to RAFF,
the performance of the optimal girRAFF design was ana-
lyzed across a visualization region with off-resonances
Awd € [-400;400] Hz and relative B} scaling factors
m € [0,1].

2.3 | Imaging

Imaging was performed on a 3T scanner (Ingenia, Philips).
All subjects provided written, informed consent prior to
participation in this research study.

2.3.1 | Pulse performance in phantom
Simulation results of By and B} performances for both
RAFF and the optimized girRAFF were validated with
phantom experiments using a bottle phantom (Spec-
trasyn 4 polyalphaolefin, ExxonMobil Chemical). The
preparation efficiencies were tested by modifying the
offset frequency Aw? € [-400,-375, ... ,400] Hz and
scaling the pulse amplitude by #; € [0.05,0.1, ... ,1.0]
for each Aw‘l’ff value. The pulse preparation efficiency,
M (T,)/M,, was estimated as the ratio of two bal-
anced steady-state free-precession images, one with and
one without preparation. The low-resolution balanced
steady-state free-precession images were obtained with the
following imaging parameters: resolution = 2 X 2 mm?,
slice-thickness = 8 mm, FOV = 204 x 204 mm?, flip-angle
=70°, TE/TR =1.37/2.7 ms and a SENSE factor of 2. A 4 s
gap between the two balanced steady-state free-precession
images was applied to allow for longitudinal magnetiza-
tion recovery (phantom T; ~ 242 ms). Phase images were
used to extract the signal polarity.

2.3.2 | Trarr and TgirraFF Mapping

In phantom, in vivo calf muscle and knee cartilage Trapr
and Tgrarr relaxation time mapping were performed
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by acquiring five spoiled gradient echo baseline images:
one with no preparation, three preceded by a (gir)RAFF
preparation and the final one preceded by a saturation
preparation. The saturation-prepared image was used to
capture the effect of the imaging readout® (Figure 1A).
10, 20, and 30 RAFF pulses or 1, 2, and 4 girRAFF pulses
were concatenated to obtain preparation modules with
varying durations. The pulse repetitions were interspersed
with 3 ms spoiler gradients to suppress stimulated echos
and aggravating excitation by off-resonance effects. After
each readout, a 3 s gap was applied to allow for longi-
tudinal magnetization recovery. All scans shared the fol-
lowing imaging parameters: resolution = 0.8 x 0.8 mm?,
slice-thickness = 3 mm, FOV = 181 x 181 mm?, flip-angle
= 15°, number of shots = 6, and a SENSE factor of 2. The
TE/TR was 2.5/7.9 ms, 2.4/7.8 ms, and 1.94/6.7 ms for
phantoms, calf, and knee cartilage imaging, respectively.

Trarr and Tyirarr relaxation time maps were obtained
in MATLAB (MathWorks) by fitting the following
three-parameter model,?! to account for the readout effect
of the imaging pulses:

3

S(t)=A-e "erar 4B (7)

2.3.3 | Trarr and Tgirrarr relaxation times
RAFF and girRAFF relaxation times obtained in the T,
Mapping and ECV Standardization in cardiovascular mag-
netic resonance (TIMES) phantom were compared to con-
ventional T; and T, times. The optimal girRAFF configu-
ration was used for T(gj)rarr mapping. Trarr and TgiRAFF
values were extracted for each vial of the TIMES phan-
tom using manually drawn circular regions of interest
(ROIs). Their mean and SD values were computed for 10
repetitions. The mean Trarr and Tgjrarr values were com-
pared with reference T; and T, values reported in Captur
et al.> via linear regression analysis. p-values < 0.05 were
considered to be statistically significant.

2.3.4 | Parameter space evaluation

The effect of design parameter changes in (gir)RAFF
was studied in phantom (T1IMES*?) and the calf mus-
cle of four healthy subjects (three males and one female,
26.5 + 2.1 year old). Tgrarr maps were acquired by
independently varying each parameter while keeping
the other two parameters fixed at the original RAFF
value (# =0°, v=1, and p =1). 0, v and p were varied
across the following ranges: 6 = [0°,18°, ... ,180°], v =
[0,1,2,3, ... ,10] and p=1[0,1,2, ... ,10], respectively.
Moreover, maps were acquired for (p,v), with p = V\/E

and v =[1,1.75,2.5, ..., 7], corresponding to the 1-degree
of freedom space where the optimal girRAFF solution was
found, as illustrated in Figure S4. In the TIMES phantom
experiments, relaxation times were evaluated using a cir-
cular ROI manually drawn in the vial that most closely
resembles the RAFF/girRAFF relaxation times of the mus-
cle tissue. In vivo, ROIs were manually drawn in the
central part of the calf muscle.

2.3.5 | Bgand B resilience

The effects of off-resonance and B inhomogeneity on
the mapping performance were investigated in isolation.
To this end, acquisitions were performed in the TIMES
phantom (three repetitions) and in the calf muscle of
three healthy subjects (two males and one female, 24.8 +
3.0 year old). For each pulse, maps were acquired at 13
off-resonance frequencies A = [-300, -250, ... ,300]
Hz in a first experiment and for 10 relative B inhomo-
geneities#; = [0.1,0.2, ... ,1] in a second experiment. The
Bo/Bj resilience of both pulses was quantified as the range
of By/B] inhomogeneities for which less than 10% devia-
tion in the relaxation time from the on-resonant case was
observed.

Next, mapping performance was measured for a com-
bination of By and B} field inhomogeneities, covering
the range of inhomogeneities reported for knee carti-
lage imaging at 3T%: Aw®" € {-150,0,150} Hz for each
n € {0.5,0.75,1.0}. Two sets of experiments were per-
formed. In the first set, RAFF and girRAFF were com-
pared with comparable preparation duration (Tprep, RAFF
= 28.3, 56.6, 84.9 mS, Tprep, girRaAFF = 22.2, 44.3, 88.6 ms).
In the second set, RAFF was performed with shorter
preparations (Tprep, rarr = 16.5, 34.0, 67.9 ms), to account
for the shorter in vivo Trapr relaxation times. For each
pulse, nine maps were obtained in the TIMES phan-
tom, in the calf muscle of one healthy subject (first set:
male, 28 year old, second set: female, 24 year old) and
the knee cartilage of another healthy subject (first set
only: male, 27 year old). Imaging parameters were the
same as described in Section 2.3.2, except for the sec-
ond set of phantom and calf maps, where a half-scan
factor of 0.6 was used to speed up the acquisition. For
phantom and calf maps ROIs were manually drawn.
For the knee cartilage, relaxation times were assessed
in manually drawn ROIs containing the central articu-
lar cartilage. The resilience against field inhomogeneities
of T(einrarr mapping was assessed with three cases: the
ideal case (Ip: m =1, Aw™ =0 Hz), an off-resonance
case (Ip,;: m =1, Aw" = 150 Hz), and an imperfect B}
case (Ig,;: m = 0.5, A" = 0 Hz). The variability of the
phantom, calf muscle and knee cartilage relaxation times
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FIGURE 1

(A) Schematic representation of the T(g)rapr Mmapping sequence comprising a baseline image with no preparation, three

T(girrarr-prepared images with increasing durations and one saturation-prepared image, interleaved by magnetization recovery delays. (B, C)
Radiofrequency (RF) pulse shapes: amplitude modulation (AM), frequency modulation (FM), and phase for both (B) RAFF (0 =0°,v =1
and p = 1) and (C) girRAFF (0 = 0°, v = 5.53 and p = 7.82). (D, E) M (orange) trajectory during RAFF and girRAFF pulses in the second
RFR, displayed over a Bloch sphere. The first RFR effective field Beg(t), the fictitious field F(¢), and the second RFR effective field E(t) are also

illustrated. Plots are included for the ideal on-resonance case (Aw$

off _

0 Hz) and for a simulated off-resonance value Aw‘l’ff =100 Hz.

Increased off-resonance resilience for girRAFF is indicated with better alignment of M with the z"/-axis for larger off-resonances.

was assessed using the following metrics: (1) relative
difference between the on-resonance case Aw‘l’ff =0 Hz

2o ey > and (2) rela-

Io+y,

Each metric was computed based on average Trarr and
Tgirrarr intensities I extracted from the corresponding
ROIs.

In a second cohort of five healthy subjects (four males,
one female, 27.4+3.1 year old), girRAFF and RAFF map-
ping was performed in the knee cartilage using Dixon
fat-water separation to exclude the effect of adipose

and AwS =150 Hz (AI lap, =

2(1,-Ty,)
Iy+lg,

tive difference across Bf conditions <AI laB, =

tissue on By and B] resilience. Dixon imaging was per-
formed with a multi-echo acquisition (three echoes, ATE
= 2.5 ms), and the following imaging parameters: res-
olution = 0.9 X 0.9 mm?, slice-thickness = 3 mm, FOV
= 181 x 181 mm?, flip angle = 15°, number of shots
= 3, SENSE factor = 2, TE/ATE/TR = 1.93/1.5/6.9 ms.
Imaging was performed for a single slice in the lateral
section of the knee articulation of each subject (three
left knee, two right knee). Artificial off-resonance of
AT = [-150,-75, ... 150] Hz was additionally induced.
Fat-suppressed Trarr and Tgirarr relaxation maps were
generated from the water-only images obtained with
a 3-point Dixon reconstruction. Robustness against By
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inhomogeneities was compared for the fat-suppressed
maps and maps without fat-suppression obtained from
the first echo of the Dixon scan. To this end, the rel-
ative difference between the on-resonance Aw?" =0
Hz and off-resonance cases Aa)(l’ff= [-150, =75, 75,150]

Hz was used <AI|AB0 = Zl; ZBO:[—ISO,—7S,75,150] %II:,) >
Mann-Whitney U-tests were used to assess the
statistical significance of differences between RAFF/-
girRAFF performance metrics with and without fat
suppression.

2.3.6 | Invivo reproducibility

Inter-slice reproducibility was investigated by acquiring
five on-resonance sagittal slices (slice gap = 3 mm) of the
knee cartilage for each subject. All scans were acquired in
a cohort of five healthy volunteers (three males and two
females, 25.2 + 2.7 year old). The same imaging parame-
ters as for the above-listed in vivo acquisitions were used
for this cohort, except for a longer recovery time between
each shot (4 s) to improve quantification accuracy.

The reproducibility of the knee cartilage relaxation
times was assessed using the inter-subject variability
(CoVgupject) and the inter-slice (CoVgice) coefficients of
variation. Mann-Whitney U-tests were used to assess the
statistical significance of differences between RAFF and
girRAFF performance metrics, p < 0.05 was considered
statistically significant.

3 | RESULTS

3.1 | Bloch simulations
Figure 2A shows the RAFF performance plots for
(m., Aw®™) € [0,1] x [—400,400] Hz in simulations. Here,
RAFF preparations present moderate resilience against By
inhomogeneities, with a bandwidth of 318 Hz for a 10%
tolerance threshold. Figure 2B shows the pulse perfor-
mance for girRAFF with parameters § = 0°, v = 5.53, p =
7.82. With these parameters, girRAFF has an increased
off-resonance bandwidth (536 Hz) yielding a larger homo-
geneous pulse performance compared with RAFF. The
average preparation efficiency @ over the design window
(dashed black rectangle in Figure 2A,B) is considerably
higher for girRAFF (® = 0.95) preparations than for RAFF
(® =0.36).

Figure 3A depicts the average pulse performance
across the inhomogeneity design region for various
girRAFF pulses in the three-dimensional parameter space.

Preparation efficiency and magnetization trajectory length
are depicted in Figure 3C,D for the two-dimensional
planes in the parameter space intersecting with the orig-
inal RAFF pulse parameters (§ =0°, v=1 and p = 1).
All cross-sectional plots indicate an increased ® for small
preparation duration factors p and small values of v. Simul-
taneously, however, the magnetization trajectory length
drops substantially for small p and v (Figure 3C,D, left
and middle), indicating no effective spin-locking behav-
ior caused by reduced effective field amplitudes. A pat-
tern of high preparation efficiency and trajectory length
is observed for p = V\/E (Figure 3C,D, middle). Improved
performance is also shown for higher harmonics (p =
n\/iv, n=2,3, ...). The optimal combination of parame-
ters for girRAFF is found for 6 = 0°, v = 5.53 and p = 7.82

with p & \/Ev.

3.2 | Pulse performance in phantom
Figure 2C,D depicts the experimental validation of the
simulated pulse performances for the same By and B}
range. The averaged preparation efficiencies over the
design region are ® = 0.67 for RAFF and ® =0.91 for
girRAFF, confirming the improvement in robustness for
girRAFF over RAFF observed in simulations. In visual
inspection, the simulated RAFF pulse performance closely
matches the hyperbolic shape observed in the phantom
experiments, also exhibiting a comparable bandwidth.
Similarly, good agreement between simulations and phan-
tom experiments is visually apparent for girRAFF. The
location of the low-resolution speckle structure for low
n values agrees well between simulation and phantom
performance.

3.2.1 | Trarr and TgirraFr relaxation times
Figure S6 shows the Trarr and Tgirarr trends as a func-
tion of T; (Figure S6A) and T, (Figure S6B) in the TIMES
phantom vials. Ty rarr values are consistently higher than
Trarr- The relaxation times in the central phantom vial are
measured as Trarr = 62 + 14 ms and Tgirarr = 71 + 16
ms, respectively. Linear regression analysis yields that nei-
ther Trarr nOT Tyirrarr are linearly dependent on Ty (Trarr
vs. Ti: R? = 0.001, p = 0.94, Tgirarr vs. T1: R* = 0.09,
p = 0.44). While a linear dependence is observed for both
RAFF and girRAFF as a function of T, (Trarr Vs. Ta: R?
=0.87, p < 1073, Tgirrarr Vs. To: R? = 0.99, p < 107%), dif-
ferential behavior is still observed, particularly for short T,
times.

85U8017 SUOWILIOD BAER.D 8|qedl|dde au Aq peusencb ae S9pie YO ‘8SN JO S8InJ Jo A%eiq1 8ulUQ AB]IM UO (SUONIPLOD-PUR-SUBIAL0D A8 1M AfeIq Ul |UO//SdNL) SUORIPUOD PUe SWs 1 8y} 885 *[¥20zZ/0T/E0] U0 AkiqiTauliuo A8|IM ‘Wiea AISRAIUN EoIuYDe L AQ 6TZ0E WIL/ZO0T OT/I0p/L00 A8 |im Azeiq 1 Ul juo//Sdny Wouy pepeojumod ‘9 ‘vZ02 ‘¥65222ST



COLETTI ET AL. . . . . 2379
Magnetic Resonance in MedlcmeJ—
4 RAFF girRAFF )
(A) Simulation preparation (B) Simulation preparation 00
. 1.
r 0.75
- 0.50
Phantom preparation ))  Phantom preparation preparation - 0.00 §°
s
r—0.25
- —0.50
-0.75
0.0 -1.00
-400  —200 400 —400  -200
°ff (Hz) /
FIGURE 2  Preparation efficiency (M,/M,) obtained with relaxation along a fictitious field (RAFF) (A, C) and generalized

inhomogeneity-resilient RAFF (girRAFF) (B, D) pulses for (7;, Aa)‘l’ff) € [0, 1] x [—400,400] Hz in simulations (top) and in phantom

experiments (bottom). Here Aw?

indicates the off-resonance value and #; is the ratio between the effective and nominal Bf power. The

dashed rectangle indicates the design region used for pulse optimization. In simulations, an average of 0.36 and 0.95 was measured for RAFF,
and girRAFF, respectively. In the phantom, a single RAFF preparation of 2.83 ms resulted in an averaged M, of 0.67 and a single girRAFF

preparation (7.82

T, rarr) Tesulted in an average of 0.91 for the upper half-plane. Improved resilience against field inhomogeneities is

obtained for girRAFF compared to RAFF, shown in the enlarged off-resonance bandwidth for the homogeneous performance plane close to 1.

3.3 | Parameters space evaluation

Figure 4 shows the Tgrarr relaxation times across var-
ious parameter changes in the phantom and in the calf
muscle. The parametric change of 6 (Figure 4A) demon-
strates a cyclic behavior with a maximum around 0 = = /4
and a minimum around 6 ~ 3z /4 both in phantom and in
vivo. Changes in p lead to only minor alteration in TgjrAFF,
except for p = 1 (Figure 4B). For the parametric change of
v, increasing relaxation times are obtained for increased
By (t) strength relative to F(t), both in the phantom and
calf, except for v =0 (Figure 4C). Finally, the paramet-
ric change for p = v4/2, in Figure 4D, shows only minor
changes in Ty rarr for increasing p and v.

34 | Bpand BI’ resilience

Figure 5, shows the field inhomogeneities performances
of RAFF and girRAFF, studied individually with dense
m and Aw" sampling. For phantom and in vivo calf
mapping, on-resonance maps with the manually drawn
ROIs containing a vial or muscle tissue are shown in

Figure 5A,B, respectively. For both, the calf and phantom,
Tgirrarr shows less than +10% deviation over a large range
of off-resonances (bandwidth = 447 + 31 Hz in phantom,
496 + 14 Hz in the calf), while Trarr times are marked with
large deviations in the presence of smaller off-resonances
(bandwidth = 74 + 23 Hz in phantom, 104 + 8 Hz in the
calf). For both pulses, a By shift of approximately 50 Hz
off the center frequency is visible, likely due to imperfect
shimming. For relative B performance, RAFF exhibits
increased relaxation times at decreased effective B] and
exceeds the +10% bound for #; < 0.89 (SD = 0.04) for
both phantom and calf. girRAFF remains within the tol-
erance for a larger range, 0.48 <#; <1 (SD = 0.01) and
0.42 < n; £ 1(SD =0.03), in the phantom and calf, respec-
tively. Thus, girRAFF yielded 6.04x (phantom) or 4.77x
(calf muscle) larger By bandwidth than RAFF, as well as
4.73x (phantom) or 5.27x (calf muscle) better resilience to
B} inhomogeneities.

In Figure 6A,B, the first set of phantom girRAFF
and RAFF maps, acquired with comparable RAFF and
girRAFF preparation durations, for nine different B,
and Bf inhomogeneity combinations are shown. For the
on-resonant case (n; =1, Aw‘l)ff =0 Hz), the relaxation
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FIGURE 3

(A) Visualization of the pulse efficiency for the generalized inhomogeneity-resilient RAFF (girRAFF) three-dimensional

parameter space within the bounds: (0, v, p) € [0°,180°] X [0, 10] X [0, 10]. The pulse peak power (wp,y) Was fixed to 500 Hz. For each

parameter combination, the preparation efficiency M, /M, was averaged over the region (1, Acu‘l’ff) € [0.5,1] x [-400,400] Hz. The optimal

shape parameters, identified by an exhaustive search of the parameter grid for the maximum ®, while maintaining a magnetization trajectory

length above 10, were # = 0°, v = 5.53 and p = 7.82. (B) Schematic representation of 6, v, and p parameters effect on the girRAFF pulse

shape. (C) Two-dimensional preparation efficiency and (D) Trajectory length maps, obtained by fixing one parameter at a time (6 = 0 in the

center, v = 1 on the left, and p = 1 on the right). All two-dimensional plots indicated an increased averaged M, for small values of p and v,

which was accompanied by a dramatic drop in trajectory length.

times in the muscle-like vial are measured as Trarp = 74 +
2 ms and Tgrarr = 98 + 3 ms, respectively. Visually con-
sistent mapping quality is obtained for girRAFF across the
studied range of By and B} inhomogeneities, with only
minor differences between the off-resonance and #; val-
ues. RAFF mapping yields larger fluctuations in the mea-
sured relaxation time for all studied field inhomogeneities.
Similar results are shown in the Tgrarr maps of the
calf muscle acquired in the presence of artificially induced
field inhomogeneities (Figure 6C,D). The average relax-
ation time in the selected ROI is Trarr = 34 + 1 ms and
TgirrarFr = 50 + 1 ms at on-resonance. Across By field inho-
mogeneities, RAFF has a AI|sp, of 48.2% and 56.3% in the
phantom and calf, respectively. girRAFF shows increased

consistency with AI|xp, of 6.3% in the phantom and 7.9%
in the calf. Resilience to B} inhomogeneities is also higher
for girRAFF (AI|ap, = 9.4% in phantom, 12.2% in the calf)
than for RAFF (AI|ap, = 45.7% in phantom, 49.1% in the
calf).

Phantom and calf girRAFF and RAFF maps obtained
in the second set of experiments are shown in the Support-
ing Information Figure S7. Here adapted RAFF prepara-
tion durations are used to achieve comparable exponen-
tial decay fractions between RAFF and girRAFF. Mildly
improved resilience to By and B inhomogeneities is
observed using adapted RAFF preparations (Al|sp, =
40.6% in phantom, 45.8% in the calf, AI|ag, = 42.3%
in phantom, 41.8% in the calf) compared to the Trarr
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FIGURE 4 Quantitative assessment of Tgirarr for (A) 6 € {0,187, ... ,180°},B) p € {0,1,2, ... ,10} and (C) v € {0, 1,2, ... ,10} in

the TIMES?? phantom (blue) and in the calf muscle (orange). Tyirrarr dependency on the pulse parameters is also investigated for p = V\/E
withv € {1,1.75,2.5, ... ,7}, along which the optimal combination of girRAFF parameters is found. Phantom and calf results show good

agreement for the investigated parameters.

maps obtained in the first set. However, even with
adapted preparation delays the resilience of RAFF against
off-resonances is still ~4.8 times lower than for girRAFF
in phantom and ~4.3 times in the calf. Similarly, the
resilience to B} inhomogeneities is ~5.0 lower in the phan-
tom and ~4.7 times in the calf.

Trarr and Tgirarr relaxation maps, acquired for dif-
ferent combinations of By and B} inhomogeneities in the
knee cartilage are depicted in Figure 7A,B. Trarr = 42 +
11 ms Tgirrarr = 53 = 14 ms are found in the knee carti-
lage for the on-resonance condition. Higher variability can
be observed for Trapr maps across inhomogeneity condi-
tions compared with Tgirarr. The AI|ap, scores, averaged
across the 5 subjects, are significantly higher for RAFF
(AI|ag, = 61%) than girRAFF (AI|ap, = 8%, p < 1073), as
shown in Figure 7C,D. Similarly, the RAFF pulse is signif-
icantly less resilient against B inhomogeneities (AI|ap, =
54% for RAFF, 11% for girRAFF, p < 107%), as shown in
Figure 7A,B.

The comparison of Trarr and Tyrarr knee cartilage
maps obtained with and without Dixon fat-suppression
for five different values of By inhomogeneities (Aw®™) is
shown in Figure 8. Trapr maps acquired both with and
without fat suppression display high variability in the pres-
ence of By, inhomogeneities (AI|ag, = 40% without fat
suppression, Al|ag, = 47% with Dixon fat suppression,
p < 1072). Specifically, Trarr values show a trend of sub-
stantial reduction for increasing |A@®T|. The influence of
adipose tissue in the proximity of the knee cartilage cre-
ates areas of enhanced Trapr Which partially balance the
trend of decreasing Trarr for increasing |Aw?™|, leading to
areduced Al|ag, coefficient. On the other hand, girRAFF
maps show overall more homogeneous values across dif-
ferent Aw?™ conditions. However, localized hyperenhance-
ment is visible in the proximity of adipose tissue in the
knee joint, especially for Aw?" >0 Hz (red arrows in
Figure 8B). These regions of hyperenhancement are visibly

suppressed with the use of Dixon fat-water separation. As
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FIGURE 5 (A,B) Phantom and in vivo calf relaxation along a fictitious field (RAFF) maps, respectively. For RAFF and generalized
inhomogeneity-resilient RAFF (girRAFF), a circular region of interest (ROI) containing a vial or muscle tissue was selected to assess
relaxation time for different off-resonance (Aa)‘l’ff) and relative B (;) values. Off-resonance performance of RAFF (blue) and girRAFF
(green) (C) in the phantom vial and (D) in the calf muscle for Aa)‘l’ff € {-300,-250, ... ,300} Hz obtained for Bimax =13.5 yT. Relative B}
performance of RAFF and girRAFF (E) in the phantom and (F) the calf muscle for ; € {0.1,0.2, ... ,1} obtained for Aa)‘l’ff = 0 Hz. Increased
off-resonance and relative Bf resilience is obtained for girRAFF compared with RAFF in the phantom and in the calf. Ty;gapr Oscillations
remain lower than 10% for a 447 + 31 Hz wide frequency range compared with 74 + 23 Hz for RAFF in the phantom. In vivo, a 496 + 14 Hz
wide frequency range is obtained for girRAFF compared with 104 + 8 Hz for RAFF. For relative BI“ performance, Tgirrarr the ranges are:

0.48 <n; <1and 0.42 < n; <1 in the phantom and calf, respectively. Trarr €xceeds the tolerance for #; < 0.89 for both phantom and calf.
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FIGURE 6

(A,B) Phantom and (C,D) in vivo calf relaxation along a fictitious field (RAFF) and generalized inhomogeneity-resilient

RAFF (girRAFF) maps obtained for each combination of (Aw‘l’ff, n) € {—150,0,150} Hz x{0.5,0.75,1.0}. Both phantom and calf maps show
high variability for RAFF preparations across inhomogeneity combinations. Tgirrarr maps, on the other hand, show good resilience to system

imperfections.

a result, fat suppression significantly improves the robust-
ness of Ty rarr maps to By inhomogeneities (AI|ap, =
6% without fat suppression, Al|ag, = 0.4% with Dixon fat
suppression, p < 107%).

3.5 | Invivo reproducibility

Figure 9 displays one of the sagittal slices acquired for all
five healthy subjects and an example of the five sagittal

Trarr and Tgirarr slices for a representative subject. The
inter-subject analysis across all field inhomogeneities and
slices yields CoVypjecs = 27% for RAFF, while girRAFF
shows improved reproducibility with CoVgupjects = 14%
(p < 1072). Moreover, Tgirrarr maps yield homogeneous
relaxation times across all slices (CoVyjice = 10%), Whereas
Trarr are characterized by higher variability across the
five slices (CoVgice = 16%, p < 0.01), with decreased val-
ues in lateral and medial extremities. Moderate relaxation
time variations across slices, however, could also be caused
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FIGURE 7 (A,B)Invivo maps, for both relaxation along a fictitious field (RAFF) and generalized inhomogeneity-resilient RAFF

(girRAFF), obtained for each combination of Aw‘l’ff € {—150,0,150} Hz and ; € {0.5,0.75,1.0}. Manually segmented cartilage Trarr and
Tgirrarr Values are displayed over a baseline image acquired with no preparation. Improved consistency is shown for girRAFF in the knee
cartilage, as shown in the plots (C) and (D) illustrating the AI|,p, and AI|,p, , respectively, for each subject and then averaged over all subjects.

by the intrinsic T(girarr anisotropy, as shown in previous
studies,*3> as well as differences in partial voluming of the
thin ROIs.

4 | DISCUSSION

In this work, the resilience of RAFF pulses against field
inhomogeneities was investigated. Both simulations and
phantom experiments showed strong susceptibility to
changes in the B field and moderate resilience against
off-resonances for RAFF. A parametric formulation of
RAFF was introduced to explore pulse shapes that yield
constant but nonequal effective and fictitious fields. The
resilience of these pulses to By and B} inhomogeneities
was investigated to find the optimal candidate for robust
rotating frame relaxation mapping. For the optimal param-
eters, girRAFF showed 4.77 and 5.27 times increased
resilience against B, and B} inhomogeneities in the
human calf, respectively, while maintaining good tissue
contrast and mapping quality in phantom, calf, and knee
cartilage imaging.

RAFF represents an emerging biomarker for tissue
characterization and has already proven sensitivity to pro-
teoglycan concentration in articular cartilage, making it
a promising candidate for osteoarthritis detection.*® Pre-
vious RAFF mapping studies focused on ex vivo sam-
ples or animal models of the knee cartilage and were
performed at preclinical systems with ultrahigh field
strengths (9.4T).11:34-38 In healthy subjects at 3T, Tourais
et al. recently reported an average of Trapr = 45.2 £ 11.3
ms,?” which is in close agreement with the values obtained
in this study. Optimized girRAFF preparations yield longer
relaxation times compared with RAFF, a trend consis-
tent with findings by Liimatainen et al.?! Specifically, they
found a significant dependence of RAFF relaxation times
on the ratio between the effective and fictitious field com-
ponents (equivalent to v in our study). The lowest Trarr
values were measured when the effective field strength
was almost equal to the fictitious field strength (corre-
sponding to values of v just below 1), whereas higher
Trarr When the effective field was much stronger or much
weaker than the fictitious field. This dependence is con-
firmed by the phantom and in vivo results in Figure 4C.
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FIGURE 8 Example Trarr (A) and Tgirarr (B) relaxation maps of the articular cartilage, acquired in a healthy subject with Dixon

fat-water separation (top) and without fat suppression (bottom), for various artificially induced off-resonance values. Trarr maps show strong

variability across the off-resonance conditions with and without fat suppression. The variability is visually reduced in the Tgjrarr maps.

Residual artifacts are observed in the Ty rarr maps in areas close to adipose tissue (red arrow). Dixon fat-water separation successfully

alleviates these artifacts leading to visually homogeneous maps across the off-resonance conditions.

The variability in the measured Ty rarr times for differ-
ent v hints at differential sensitivity to underlying physical
processes such as dipole-dipole interactions or chemical
exchange when moving from the sub-adiabatic condition
toward an adiabatic regime. Evaluation in patients is war-
ranted to fully characterize the sensitivity of RAFF and
girRAFF pulses to underlying tissue composition and their
pathological state alterations.

RAFF pulses were originally proposed as an alter-
native to conventional continuous-wave T, preparations

for robust rotating frame relaxation quantification with
limited SAR burden. As Liimatainen et al. have shown
in their original study, Trarr relaxation displays a pat-
tern of sensitivity to molecular motion that is similar to
T1.adiab and T, adiab,>° and related to continuous-wave Ty,
and T,, relaxation times. Thus, RAFF pulses were pro-
posed as an alternative to conventional continuous-wave
rotating frame relaxation techniques with the promise of
comparable clinical sensitivity. Initial studies showed a
moderate increase in off-resonance bandwidth up to ~100
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FIGURE 9

Example of in vivo (A) relaxation along a fictitious field (RAFF) and (B) generalized inhomogeneity-resilient RAFF

(girRAFF) maps obtained in the knee cartilage of five healthy subjects. For a representative subject, examples of five different sagittal maps

are shown below. Cartilage Tgirrarr values appear more homogeneous than Tyarr across the five subjects (CoVgypjects = 27% for RAFF, 14%
for girRAFF, p < 0.01) and 5 slices (CoVyjces = 16% for RAFF, 10% for girRAFF, p < 0.01).

Hz.202° However, this came at the expense of a loss of
resilience against Bl+ field inhomogeneities, with simu-
lated Tgrapr times significantly impaired for #; < 0.8.%°
These results are well in line with the results obtained in
this study, where a bandwidth of 74 + 23 Hz and 10% tol-
erance to B] inhomogeneities were measured in phantom
for RAFF. In this study, we proposed a RAFF optimiza-
tion, girRAFF, based on the combined study of both By

and B} inhomogeneities. By relaxing the RAFF condition
(Equation 1), introducing 3 degrees of freedom, constant
yet not necessarily equal effective and fictitious field com-
ponents are achieved. In agreement with previous find-
ings,” our results show that the average preparation effi-
ciency improved for higher fictitious field ratios (v < 1).
However, even better performances were achieved for v >
1, with the optimal value found for v = 5.53. Increasing
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v values yield an increasingly strong effective field com-
ponent with respect to the fictitious field, gradually mov-
ing from a sub-adiabatic to an adiabatic regime. Accord-
ingly, the analysis of contrast sensitivity in the presence
of dipole-dipole interactions showed that girRAFF falls
between the sensitivity profiles or RAFF and T, adiab-
Notably, optimal girRAFF performances were observed for
configurations where p = n\/§v. This parameter combina-
tion corresponds to cases where the argument of girRAFF
amplitude and frequency modulation functions ranges
from 0 to 180° within a single P-packet. Thus, the effective
field completes a full 180° inversion, leading to increased
robustness against field inhomogeneities in the optimiza-
tion.

Higher rank RAFF pulses (RAFFn, with n > 2)
were previously proposed as a solution to improve the
pulse resilience to By field inhomogeneities.” RAFFn
pulses generalize the RAFF conditions of equal and
time-invariant effective and fictitious field components to
higher-order RFRs. Observed in the second RFR, these
pulses are characterized by a higher fictitious field compo-
nent with respect to the effective field. A joint optimization
of By and B} inhomogeneity resilience, as proposed in
the current study, can also be applied to RAFFn pulses.
The expected degree of B, and B inhomogeneities greatly
depends on the target application. For body imaging at
3T, commonly observed off-resonances and Bl+ inhomo-
geneities are in the range of +300 Hz, and +60%, respec-
tively.>>#*> In the knee cartilage, only a limited number
of studies has investigated B, and B} inhomogeneities.
However, a reduced impact for both B, (<150 Hz) and B}
(>75%) inhomogeneities has been reported.>* These appli-
cations may be sufficiently covered by the design regions
chosen for the girRAFF pulses. However, for imaging at
ultra-high fields, a similar optimization of higher-order
RAFF pulses may provide a promising way to further
improve off-resonance tolerances. Thus, the comparison of
girRAFF with higher-order RAFF pulses and their combi-
nation with a parametrization approach remain interest-
ing subjects for future work.

The bandwidth of a single pulse module was studied
in the simulation and phantom experiments (Figure 2).
Phantom experiments closely reproduced the results from
simulations, with the exception of a lower resolution and
the contribution of relaxation effects during (gir)RAFF
preparations. Relaxation effects caused a minor reduction
in preparation efficiency values in the optimal plateau
region for phantom experiments. This effect is more visi-
ble for girRAFF, which has longer preparation time, than
with RAFF. In both cases, however, the difference in
preparation efficiency between simulations and phantom
experiments was <4% in the plateau region thanks to the
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use of only a single (gir)RAFF module and a phantom
with long relaxation times (Spectrasyn Ti,adiab/T2p.adiab
= 176.16 ms/98.53 ms'”*?). Thus, the preparation effi-
ciency variations due to relaxation effects in phantom did
not overshadow those caused by field inhomogeneities
targeted by the study. However, to obtain reliable quan-
tification, multiple repetitions of the pulse module are
required to enable sufficient sampling of the relaxation
curve. The girRAFF module is 7.82 times longer than
RAFF (Figure 1C), thus, requiring fewer repetitions to
achieve the same preparation duration. Taking the in vivo
relaxation time (Trapr = 34 +1 ms vs. Tgrarr = 50+ 1
ms), effectively 5.32 times fewer repetitions are needed
for comparable relaxation curve sampling. As a result,
the differences in bandwidth between girRAFF and RAFF
are further exacerbated in phantom and in vivo mapping
results, leading to an overall +504.1% bandwidth increase
in girRAFF versus RAFF for phantom mapping experi-
ments, compared with 66.67% in single module phantom
experiments.

This study has several limitations. The proposed pulse
optimization was only applied to RAFF in the second
RFR, as this pulse was available for reference compari-
son. Nevertheless, the approach could be applied to a wide
variety of pulses for rotating frame relaxometry, such as
continuous-wave and adiabatic T, and T,, preparations,
higher-order RAFFn pulses, and more, as resilience to
field inhomogeneities remains a common limiting factor
at high field strengths. Furthermore, only a small num-
ber of healthy subjects were included in the evaluation
of the pulses. Ultimately, thoroughly characterizing the
sensitivity of novel relaxation parameters to pathological
alterations in tissue composition is necessary to validate
their diagnostic value. The theoretical sensitivity to molec-
ular motion at different correlation times derived in this
and previous studies?® for giRAFF and RAFF pulses does
not capture the true complexity of relaxation processes in
vivo. The model used was limited to dipole-dipole inter-
actions and neglected contributions from other relaxation
mechanisms, such as chemical exchange and diffusion,
which are important drivers of in vivo rotating-frame relax-
ation. Thus, ultimately only in vivo clinical validation can
fully determine the parameter sensitivity and diagnostic
values of the proposed Tgirarr relaxation.

Finally, the proposed technique was only tested in vivo
on the calf muscle and the knee cartilage, where both
By and B} inhomogeneities are limited in normal condi-
tions. Other anatomies, like the heart or the liver, might
present stronger field inhomogeneities and, thus, bene-
fit more from the use of an optimized girRAFF prepara-
tion for rotating frame relaxation mapping. The scope of
this study was kept on anatomies characterized by rather
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homogeneous By and B fields to avoid introducing addi-
tional confounders in the quantitative analysis of the pulse
performance.

5 | CONCLUSIONS

Our results show that SL relaxation measurements using
RAFF exhibit moderate resilience against off-resonances
but strong susceptibility to B inhomogeneities. A
parameterized RAFF (girRAFF) formulation allowed
for the derivation of preparation pulses with improved
resilience against field inhomogeneities in phantom.
Quantitative mapping obtained with girRAFF showed
only minor variations across field inhomogeneities in
vivo. Thus, girRAFF may provide a promising tool for
clinical applications in body imaging at 3T where larger
off-resonance resilience is needed. Further investiga-
tion of its sensitivity toward pathological remodeling is
warranted.
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SUPPORTING INFORMATION
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online version of the article at the publisher’s website.

Figure S1. (A) Radiofrequency (RF) shapes: amplitude
modulation, frequency modulation, and phase for the
changing parametric behavior of 6 with respect to RAFF
(6 =0° v=1 and p =1) as default. (B) Corresponding
magnetization behavior for all RF shapes in the first rotat-
ing frame of reference. Indicating the magnetization vector
(M(t), orange) with its trajectory and the effective field
(Bei(t), blue).

Figure S2. (A) Radiofrequency (RF) shapes: amplitude
modulation, frequency modulation, and phase for the
changing parametric behavior of p with respect to RAFF
(6=0° v=1 and p =1) as default. (B) Corresponding
magnetization behavior for all RF shapes in the first rotat-
ing frame of reference. Indicating the magnetization vector
(M(t), orange) with its trajectory and the effective field
(B (0), blue).

Figure S3. (A) Radiofrequency (RF) shapes: amplitude
modulation, frequency modulation, and phase for the
changing parametric behavior of v with respect to RAFF
(6=0° v=1 and p =1) as default. (B) Corresponding
magnetization behavior for all RF shapes in the first rotat-
ing frame of reference. Indicating the magnetization vector
(M(t), orange) with its trajectory and the effective field
(B (2), blue).

Figure S4. (A) Radiofrequency (RF) shapes: amplitude
modulation, frequency modulation, and phase for the
changing parametric behavior of the line p = \/\/5 with
respect to RAFF (6§ =0°, v=1 and p = 1) as default. B)
Corresponding magnetization behavior for all RF shapes
in the first rotating frame of reference. Indicating the mag-
netization vector (M(t), orange) with its trajectory and the
effective field (B (£), blue).

Figure S5. Trarr and Tgirarr relaxation times obtained in
various vials of the TIMES phantom as a function of the
T; (a) and T, time (b). Linear regression analysis shows no
correlation with T, times for either Trarr and Tgirrarr- A
linear dependence on T, times is observed for both RAFF
and girRAFF. However, differential behavior remains vis-
ible, especially for short T, times (b, right plot).

Figure S6. Trarr and Tgirarr relaxation times obtained in
various vials of the TIMES phantom as a function of the

T; (a) and T, time (b). Linear regression analysis shows no
correlation with T, times for either Trarr and Tgjrrarr. A
linear dependence on T, times is observed for both RAFF
and girRAFF. However, differential behavior remains vis-
ible, especially for short T, times (b, right plot).

Figure S7. Second set of (A-B) phantom and (C-D) in-vivo
calf RAFF and girRAFF maps obtained for each combi-
nation of (A9, 1) € {-150,0,150} Hz x{0.5,0.75,1.0}.
This set of maps was acquired with shorter RAFF prepara-
tion durations (Tprep rarr = 16.5, 34.0, 67.9 ms), to account
for the shorter in vivo Trapr relaxation times and achieve
comparable relaxation decay sampling between RAFF and
girRAFF. Trends are comparable to those observed in the
first set of phantom and calf maps, displayed in Figure 5.
Both phantom and calf Trarr maps show high variability
across inhomogeneity combinations. Tgjrarr maps, on the
other hand, depict improved resilience to system imperfec-
tions.

Figure S8. Magnetization trajectory length, computed as
the cumulative sum of the discretised angular distances
covered by the magnetization vector on the Bloch sphere
during simulations. The trajectory length is measured in
radians and low trajectory length (< 3.2z rad) cases were
discarded to avoid idle parameter configurations yielding
low power pulses with high preparation efficiency but no
spin-lock relaxation.

How to cite this article: Coletti C,

Naaktgeboren R, Tourais J, Van De Steeg-Henzen C,
Weingirtner S. Generalized
inhomogeneity-resilient relaxation along a fictitious
field (girRAFF) for improved robustness in rotating
frame relaxometry at 3T. Magn Reson Med.
2024;92:2373-2391. doi: 10.1002/mrm.30219

APPENDIX.

Relaxation rates were derived for both RAFF and gir-
RAFF methods using second-order perturbation theory of
dipole-dipole interactions.?%* The relaxation rates during
amplitude- and frequency-modulated RF irradiation were
previously described for a system of nuclei with spin I and
gyromagnetic ratio y by Michaeli et al. in Eq. 7 and 8 of
Reference 19, as:

3sin*a(f)
1+ 402,072

1 | 3sin®a(t)cos?a(t)
2 2
10kga | 1+ w2 (D7

R adian(f) =

8 — 6sin’a(t)

2.2
1+ 4wz,

2 + 3sin®a(f)

2.2
1+ wgz;

(A1)
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where A = cos?(6(f)) and B = sinz(é(t)), with 6(t) as the
angle between the magnetization and the effective field.
Rrarr and Rgirarr relaxation rates were compared
with Ry,, Rz, R1p adiab and Ry, adiap for different correlation
times. Conventional T;, and T,, relaxation was obtained
for a constant-amplitude on-resonance RF irradiation,
with @w; = 500 Hz and T, = 30 ms. Adiabatic spin-lock
preparations were obtained using hyperbolic secant
pulses, with a)’lnax = 500 Hz, T, = 30 ms, f = 6.9,
fmax = 450 Hz, as previously used for in vivo imaging

COLETTI ET AL.
and
Ry adian(t) = [3(30032(1(1‘) —1)?
’ 40k 44
30sin®a(t)cos?a(t) 3sina(t)
2 2 2 2
1+ 02 (D7 1+ 402, (D)7 (A2)
L20- 6sin‘a(t) 8 + 12sin’a(t)
1+ w? 1+ 4wt}
where
17,43
1/kaq = 21 + V)A?yr5z.. (a3 at3T

Here, 7 is the reduced Planck constant (A = 1.0546 x 10~3*
Js), r is the internuclear distance (r = 1.58 A, 7. is the

correlation time and a(¢f) = tan™! <Z;—((zt)) )).

To compute RAFF and girRAFF relaxation rates for dif-
ferent correlation times 7., RAFF and girRAFF amplitude
and frequency-modulation functions can be used to extract
the (gir)RAFF pulse amplitude w;(t), its off-resonance
Aw(t) and the effective field amplitude weg(t). The effec-
tive field evolution throughout the preparation pulse was
obtained from Bloch simulations and used to derive the
resulting Ry, adiab and Ry, adiab at €ach time point. Using
a quasi-static approximation, the final relaxation during
RAFF or girRAFF irradiation can then be expressed as:

T,

p
RginraFF = = (AR1padiab(t) + BRoyadiab(1) ) dt, (A4)

2Ty Jo

Figure S5 shows the relaxation rates and relaxation
times as a function of the correlation time z.. Relaxation
rates of RAFF and girRAFF fall between Rj,adiap and
R3,.adiab and show similar trends across the range of cor-
relation times. The relaxation time trend of RAFF and
girRAFF show less similarity to conventional continuous
wave R;, and R,, at a single frequency. Compared with
RraFr, Rgirrarr falls closer to Ry, adiab. Together with the
relaxation rates observed in phantom and in vivo, these
results suggest that Ryrarr exhibits intermediate contrast
weighting between Rrarr and Ry adiab. Thus, girRAFF may
be a promising candidate for the depiction of pathologies,
that have been studied with T1, agiab and Trarr, including
myocardial and in the liver fibrosis,*>! cartilage degener-
ation and concentration of proteoglycans,’*>> Alzheimer’s
and Parkinson’s diseases,’®>7 breast tissue lesions,*® and
tumors, 61
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