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The methods and results discussed in the following Supplementary Material are intended to provide a
deeper understanding of the findings presented in the main manuscript. In particular, a brief summary
of previously published approaches of spin-lock based magnetic field detection is given. The different
REX preparation modules are discussed. The procedure for calculating magnetization trajectories
using Bloch simulations is described. Additional simulations for investigation of the influence of pa-
rameters on tgy, characteristics not discussed in the main manuscript are presented. Furthermore,
supplementary results of phantom and in vivo experiments are presented for the validation of the
tREX method.
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S.1 Approaches and developments in spin-lock based magnetic
field detection

The initial approach (SIRS) for spin-lock based magnetic field detection was introduced in 2008 by
Witzel et al [7]. The SIRS sequence starts with a 90° excitation pulse. The spin-lock pulse is subse-
quently applied resonantly and in phase to the transverse magnetization. After the SL pulse duration
tsr, another 90° pulse stores the magnetization in longitudinal direction. If there is no resonant
external field in the sample volume during the SL pulse, the magnetization relaxes with 77, during
tsr. If, on the other hand, resonant interaction occurs, a secondary magnetic resonance effect arises
and the magnetization tilts away from the SL axis (tilting angle 8). The magnetization along the SL
axis, which is stored in longitudinal direction before imaging, decreases beyond the T}, decay. The
measured signal saturation compared to an experiment without resonant magnetic field interaction
was estimated to be about 0.1% for realistic parameters using Bloch simulations [7]. Although the
rotary saturation effect is small, ultra-weak magnetic oscillations up to 0.2nT could be detected with
SIRS in phantom experiments [13].

In 2016 Jiang et al has found that the SIRS sequence in its original form has an adverse signal scaling
behavior with respect to the tilting angle 6 (Ssrrs o< 1 — cos() ~ 0°/2, for small 9) [10]. Therefore,
Jiang proposed a positive contrast technique by directly measuring not the saturated magnetization
component along the SL axis, but the excitation component perpendicular to it. In this context, a
resonant neuronal magnetic field oscillation (stimulus frequency fstim = fsr) acts like a pseudo RF
pulse, which leads to spin excitation in the rotating frame [15]. According to Redfield’s nomenclature,
we consequently referred to this effect as rotary excitation and abbreviate it as REX (Rotary EXcita-
tion). The magnitude of Mggx has a proportionality sin(0) ~ 6 for small tilting angles, resulting in a
significant signal increase (Sgrx > Ssrrs) [10]. In addition, the final direction of Mrgrx is sensitive
to the relative phase ¢ between the SL pulse and the external field [11].

This modified approach shows increased sensitivity in simulations and phantom experiments com-
pared to the SIRS technique [25, 29]. Extensive animal experiments in rats demonstrated the in vivo
detection of artificially generated magnetic fields as low as 0.5nT at physiological noise conditions in
brain tissue [29]. In 2019, Truong et al simplified this technique by omitting the second 90° flip back
pulse of the SL preparation and examined imaging of alpha activity in combination with single-shot
spiral acquisitions for the first time in human experiments [4]. By varying the relative phase ¢ between
SL and the neuro-electro-magnetic oscillations (NEMO), a sinusoidal variation of Sgrx is detected.
In vivo, ¢ is randomly varied and the standard deviation of the measured signal was evaluated for
direct detection of neuronal activity. However, limitations of the method regarding susceptibility to
By and Bj field inhomogeneities were identified in phantom measurements [25], in first results on
human brain examinations [4] and in statistical considerations [12].

S.2 REX preparation modules

The SL preparation modules originally developed for 17, quantification, which were used for REX
preparation in this work, are compared in Supplementary Figure 1. The basic concepts of B;" and
By compensated modules are assigned to the following original papers: rotary-echo spin-lock (RE-SL)
[20], composite spin-lock (C-SL) [19], balanced spin-lock (B-SL) [21]. The concept of adiabatically
prepared spin-locking was suggested by [22].
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Supplementary Figure 1) Sequence diagrams of the four SL preparation modules. In the S-SL
module, an adiabatic half passage (AHP) pulse is used to tilt the magnetization from the 4z’ direction
to the +x’ axis (rotating frame coordinates). Subsequently, a continuous wave spin-lock pulse is applied
along the +x’ axis. The RE-SL module is modified compared to S-SL, by dividing the SL pulse into
two parts with antiparallel directions. This bifurcation ensures that the SL pulse as a whole does not
lead to an effective rotation of the magnetization. Thus, an insensitivity to Bf inhomogeneities can
be achieved. In the C-SL module, an additional 180° pulse is inserted between the two spin-lock pulse
blocks for additional By compensation. The B-SL module contains a three-part SL pulse, where half
of the SL duration is applied along the +x’ direction and the other half along the —x’ direction. Also
an additional 180° pulse in the opposite -x’ direction is inserted. Thus, all rotations are effectively
canceled and the module is totally balanced.

S.3 Calculation of the spin-lock trajectories

For the simulation of the parameter-dependent Agrgx sensitivity, the calculation of magnetization
trajectories by an integration of the Bloch equations is required. The integration of the solution
function starts with M’(t = 0) = = [My,0,0]T at the beginning of the interaction between SL
and stimulus. My = 1 was set. The Bloch equations can be described as follows [16]:

Z’I’L’Lt -

d A fl/Tlp A Awgtatic 4 Awgtim (t) 0 M
= | My | = | —awgtee — Awgtim (1) ~1/Th, —wsr | - | M (5)
! 0 wstL, ~1/Ts,| | M.

Here T7, and T5, are the rotating frame relaxation times and ws; = 27 fs; = vBgz is the SL
amplitude. The parameter Awg®"¢ = 21 A f, was used for the consideration of static By imperfections.
The stimulus was assumed to be sinusoidal:

AwS™(t) = ~ - ABSH™ - sin[27 fopim - t + 0] (6)

where v is the gyromagnetic ratio. The effect of 180° pulses for the modules C-SL and B-SL was
simulated by matrix propagators [19, 21]. Since the duration of refocusing pulses is usually small
compared to tgy and their amplitude is significantly higher than fgr, these interactions with the
stimulus were neglected. For the calculation of an amplitude Argx, 10 simulations with linearly spaced



phases ¢ = 0...2m were carried out. For each individual simulation, the solution function for the 3D
magnetization trajectory was integrated until ¢ = tgy,. Subsequently, Agrgx was calculated using the
standard deviation of the 10 longitudinal magnetization values at the end of the SL interaction. The
step-size in the Runge-Kutta method was 2.5us. For the relaxation times, typical values for human
cortical gray matter were assumed (71, = 78ms, T1, = 117ms, [30, 31]) unless otherwise specifically
stated.

S.4 Simulation of Arpgx characteristics

In the following section extended results of the Bloch simulation are presented. Supplementary Figure
2 is intended to provide a geometric understanding of the magnetization trajectory. Thereby it becomes
clear for which reason minima and maxima are formed in the time course of the SL pulse (see Figure 5
and 8 in the main manuscript). The component of the magnetization which is imaged as REX weighted
contrast is the z component. Consequently, maximum Aggx values occur whenever the magnetization
is stored in the xz-plane. However, if the magnetization is stored in the xy-plane, the M, component
is zero and thus the signal disappears regardless of the relative phase. It is important to distinguish
the disappearance of the signal at certain phase relations from the general pulse duration dependent
minimum condition. The relative phase varies in the tREX experiments and can be random in real
in vivo TMRI experiments. Thus, determining Agpx as a standard deviation is not a problem, since
a field can be detected in a series of measurements. However, if the measurement is performed in a
minimum condition due to the choice of SL duration, no signal occurs for any relative phase and the
measurement cannot indicate the presence of a magnetic field. Supplementary Figure 3 and 4 show
that the relaxation times of the examined tissue as well as the field strengths of the oscillating stimulus
to be measured have no significant influence on the position of the Arpx maxima with respect to the
SL duration. This promises to maximize Agrgx also in vivo, where the field strengths as well as the
relaxation times vary locally, using the determined optimal parameter sets.
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Supplementary Figure 2) Magnetization trajectories of the four preparation modules. The result
of the Bloch simulation for the M, component (black) and the M, component (blue) as a function
of the SL duration shows individual characteristics of the preparation module. The M, component is
used for subsequent imaging. Consequently, Argx is maximized for SL durations for which the M,
component is stored in z direction. For RE-SL, C-SL and B-SL conditions exist, which lead to zero
M, storage. Here Agpx is minimized.



REX Amplitude A e, [1/M,]

—1 0.0

120 160 200

160 200 0 : 40 | “ 80 '
spin-lock time tg, [ms]

120

Supplementary Figure 3) Influence of the Tj, relaxation time on the REX amplitude as a function
of the SL pulse duration. Here, 17, was varied from 25...150ms in 25ms steps and 15, = 1.5 x T, was
assumed. The REX amplitude shows maxima and minima for different SL pulse durations, as known
from Supplementary Figure 2. Arpx decreases with shorter T}, times, whereby the qualitative course
and the position of local maxima is independent of the 77, time of the tissue under investigation.
However, the relaxation times determine the position of the global maxima.
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Supplementary Figure 4) Field strength dependence of the REX amplitude. a) Bloch simulated
REX amplitude curves for different magnetic field strengths of the transmitted oscillating field. The
field was assumed to be ideally sinusoidal with an amplitude between 0.1nT and 100nT. The qualitative
course as well as the position of the maxima is essentially not dependent on the field strength for all
four preparation modules. However, at high field strengths (100nT) a deformation can be seen. For
high field strengths, a component perpendicular to the direction of the SL pulse is generated shortly
after SL pulse onset. Consequently, 15, relaxation, which occurs in addition to 77, relaxation for
components not aligned along the SL axis, has a noticeable effect for a longer duration at high field
strengths. b) The course of the REX amplitude of the four modules at their respective optimal SL
durations overlap, so that the individual plots are indistinguishable. The systematic deviation from the
linear fit for high field strengths occurs due to saturation. As seen in subfigure a), the T5, relaxation
plays an important role for high field strengths.



S.5 Validation of gradient waveforms for tREX experiments

In order to validate the implemented tREX method, in which the magnetic field oscillation is projected
onto the tissue under investigation, it must first be shown that the built-in gradient system can indeed
produce waveforms in the lower nT range. For example, if rotary excitation with an oscillatory stimulus
of InT was to be transmitted in a slice with an isocenter distance Az = 10mm, the z-gradient amplitude
has been set to 100nT/m (according to Eq. 3 in the main manuscript). This corresponds to just
0.00022% of the nominal maximum value 45mT/m and thus represents a high technical challenge at the
lower limit of the gradient system. Supplementary Figure 5 shows the measured gradient trajectories
for different relative phases and amplitudes. The evaluation demonstrates that the built-in gradient
system can be used for this purpose.
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Supplementary Figure 5) Measurement of gradient trajectories for tREX validation at a stimulus
frequency of 50Hz in the Agarose phantom in an offcenter slice Az = 25mm (slice thickness 2mm).
Subfigure a) shows the measured gradient trajectories for different relative phases ¢ (0...2m, 10 steps)
between SL pulse and the transmitted waveform with 100nT amplitude. The relative phase for the
tREX measurements can be adjusted precisely. b) shows the measured gradient waveforms over one
period for ¢ = 0 and for different peak field strength values. The sinusoidal waveforms shown in b)
were fitted according to Eq. 1. The free parameters are the amplitude, the phase, the modulation and
an offset. In c) the R? values of the fit for AB§!™ between 0.1 and 100nT (14 steps) are plotted. The
fitted amplitudes illustrated in subfigure d) show high agreement with the set values over the entire
examined range. Below 0.5nT, however, no oscillation could be detected. In this range the limit of the
accuracy of the gradient system is reached.

S.6 Extended measurement results

Supplementary Figure 6 and 9 present the fitted parameter maps associated with the measurements
in Figure 4 and 7 of the main paper, respectively. Here all four modules are shown in comparison,
whereas in the paper only selected results were shown. The pixel-wise fit according to Eq. 1 was
performed in Matlab using implemented fminsearch() algorithms. According to Eq. 3, the amplitude
a(7) is proportional to the standard deviation, which serves as the measure of existing magnetic field



oscillations under real conditions with non-adjustable phase. The parameter b(7) indicates the offset.
The signal oscillation with varying relative phase is not distributed around zero, but shows an offset
due to field inhomogeneities. The distribution of this parameter thus indicates the susceptibility of
the preparation module to field inhomogeneities. Banding artifacts appear for all modules, but are
clearly attenuated for C-SL and B-SL and the offset is reduced overall. The phase shift ¢(7) shows
structures in the phantom for the uncompensated S-SL module, while the phase is largely constant for
the other modules within the sample. The modulation m(7) is not equal to one if the frequency of the
magnetic field oscillation is not exactly resonant to the spin-lock frequency (REX resonance condition).
Supplementary Figures 7 and 10 show the corresponding By and Bj field maps in the phantom and
in human brain. The REX weighted images corresponding to Figure 8 of the main paper are shown
in Supplementary Figure 8.
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Supplementary Figure 6) Spatial distribution of fit parameter values in the agarose phantom. 20
relative phases were measured at a stimulus frequency of 50Hz and 50nT field strength with optimal
SL durations of the respective modules. The four fit parameters should be constant in the tREX
slice under ideal conditions. However, a(7) shows significant attenuation at the edge of the phantom
for S-SL and RE-SL,due to B; inhomogeneities (Supplementary Figure 7). Furthermore, b(7) shows
increased values for S-SL and RE-SL and approximately zero magnitude for C-SL and B-SL. ¢(7) shows
variations within the tREX slice only at S-SL. The modulation parameter m(7) is approximately one
for all modules. A detailed evaluation can be found in the following Supplementary Table 1.
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S-SL 0.169 £0.032 | 0.067 £0.055 | 1.498 £0.906 | 0.999 £ 0.006 | 0.999 &+ 0.001
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Supplementary Table 1) Detailed evaluation of fit parameters and R? maps corresponding to Sup-
plementary Figure 6. The data are the mean and standard deviation values of the whole tREX slice.
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Supplementary Figure 7) Results of By and Bf' mapping in the tREX slice in the phantom ex-
periment. As can be seen in the left offresonance map, the field within the phantom shows a high
homogeneity with a mean frequency variation of only Afy = —2.3 + 3.5Hz. This indicates that the
2nd order shimming routine has a good performance in the experimental setup. The Bf map in the
phantom shows that higher SL amplitudes (= 110...115%) are present in the central, inner area of
the phantom and lower SL amplitudes (= 85...90%) near the phantom edge. This leads to the REX
resonance condition not being met throughout the whole tREX slice.
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AgrEgx calculation.
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Supplementary Figure 9) Spatial distribution of fit parameter values in the in vivo measurements.
20 relative phases were measured at a stimulus frequency of 50Hz and 50nT field strength with optimal
SL durations of the respective modules. The fitted a(7) maps are in good agreement with the calculated
Agrpx maps in Figure 8 in the main paper calculated by standard deviations. Furthermore, b(#) shows
increased values for S-SL and RE-SL and significantly reduced magnitude for C-SL and B-SL. ¢(7)
shows significant variations within the tREX slice for S-SL and variations in the skull bone for all
modules. The modulation parameter m(7) is approximately one for C-SL and B-SL in brain tissue
and exhibits clear inhomogeneities for S-SL and RE-SL. A detailed evaluation can be found in the
following Supplementary Table 2 for brain tissue.
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I la| \ bl \ o m R?
S-SL 0.095£0.017 | 0.144 £0.086 | 1.454+0.794 | 0.982 £ 0.051 | 0.982 +£0.012
RE-SL || 0.078 £0.017 | 0.086 £0.047 | 1.473 £0.129 | 1.051 £ 0.035 | 0.985 £ 0.014
C-SL 0.093 £0.015 | 0.0524+0.019 | 1.594 £0.088 | 0.995 £ 0.026 | 0.991 £ 0.007
B-SL 0.099 £0.009 | 0.058 £0.022 | 1.540+£0.122 | 1.009 £ 0.027 | 0.993 £ 0.003

Supplementary Table 2) Detailed evaluation of fit parameters and R? maps corresponding to Sup-
plementary Figure 9. The data are the mean and standard deviation values of the brain tissue ROI
used in the main manuscript.
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Supplementary Figure 10) Results of By and B;” mapping in the tREX slice in the in vivo ex-
periment. The dashed line marks the brain tissue ROI, which was used in the main manuscript. By
field inhomogeneities are visible, especially near the frontal sinus, compared to the rest of the brain
tissue. The field inhomogeneities outside the brain tissue, in the vicinity of the skull bone, are of no
significance for the REX measurements, since this area is not of interest in application-related mea-
surements. The average frequency offset Afy in brain tissue was 15.9 + 4.8Hz. The B]” map shows
a field distribution similar to the phantom experiments. The values range from = 85...115% in the
measured FOV and the mean and standard deviation in the brain tissue ROI is 99.9 4 6.2%.
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