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Abstract

Purpose: Sodium triple quantum (TQ) signal has been shown to be a valu-
able biomarker for cell viability. Despite its clinical potential, application of
Sodium TQ signal is hindered by complex pulse sequences with long scan
times. This study proposes a method to approximate the TQ signal using a
single excitation pulse without phase cycling.

Methods: The proposed method is based on a single excitation pulse and
a comparison of the free induction decay (FID) with the integral of the
FID combined with a shifting reconstruction window. The TQ signal is cal-
culated from this FID only. As a proof of concept, the method was also
combined with a multi-echo UTE imaging sequence on a 9.4 T preclinical
MRI scanner for the possibility of fast TQ MRI.

Results: The extracted Sodium TQ signals of single-pulse and spin echo
FIDs were in close agreement with theory and TQ measurement by tra-
ditional three-pulse sequence (TQ time proportional phase increment
[TQTPPI)]. For 2%, 4%, and 6% agar samples, the absolute deviations of the
maximum TQ signals between SE and theoretical (time proportional phase
increment TQTPPI) TQ signals were less than 1.2% (2.4%), and relative
deviations were less than 4.6% (6.8%). The impact of multi-compartment
systems and noise on the accuracy of the TQ signal was small for simulated
data. The systematic error was <3.4% for a single quantum (SQ) SNR of 5
and at maximum <2.5% for a multi-compartment system. The method also
showed the potential of fast in vivo SQ and TQ imaging.

Conclusion: Simultaneous SQ and TQ MRI using only a single-pulse
sequence and SQ time efficiency has been demonstrated. This may leverage
the full potential of the Sodium TQ signal in clinical applications.
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Sodium MRI, sodium triple quantum coherences, multiple quantum coherences, SodiumTQ,
multi-quantum
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1 | INTRODUCTION

The Sodium nucleus has attractive NMR and MRI
properties both from physical and a biomedical
perspective.!»?

Sodium ions play a vital role in several trans-
port processes across the cell membrane as well as
electric signaling between neurons.> For example, the
sodium-potassium pump maintains a large concentration
gradient between the intracellular and extracellular space
by continuously removing Sodium ions from the cell.*?
This pumping process consumes up to two-thirds of the
cellular energy. Hence, a breakdown of the energy sup-
ply results in a failure of the sodium-potassium pump and
thus an influx of Sodium ions into the cell. Alterations in
the intracellular sodium concentration are linked to sev-
eral other vital cellular processes and consequently reflect
early pathophysiological changes.?

The ?*Na nucleus has a spin of 3/2; therefore, the
Sodium electrical quadrupole moment interacts with sur-
rounding electric field gradients created by the molecular
environment.>® In the case of a slowly fluctuating elec-
tric field gradient, as for instance during ion interactions
with proteins and other macromolecules, these electric
quadrupole interactions cause biexponential relaxation
and allow the formation of triple quantum (TQ) coher-
ences subsequent to the single quantum (SQ) coher-
ence.>’"!! The weighted mean value of the intra- and
extracellular Sodium concentrations, the tissue sodium
concentration (TSC), can be determined from the sodium
SQ signal to gain valuable noninvasive information about
cell viability and physiology.!~>1%13 However, the SQ sig-
nal does not allow the differentiation between increased
intracellular sodium concentration and increased extracel-
lular volume.'# On the other hand, the TQ signal has been
shown to have a higher weighting toward the intracellular
sodium content than the SQ signal.'>?> Both sodium sig-
nals are potential valuable biomarkers for cell viability.?3-23
A combined measurement of SQ and TQ signals?*-3! might
provide more insights into cellular processes. Several
studies with perfused rat heart systems,!>192%:32-3% brain
ischemia,®® and tumors®%-37 and in vitro experiments using
an MR-compatible bioreactor systems**#! have demon-
strated a correlation of the TQ signal with cell viability. The
TQ signal increases with the intracellular sodium concen-
tration? and depends on the sodium '>?° and pro-
tein'>! concentrations as well as the folding state of
proteins.*> Thus, the TQ signal increases the value
of sodium MRI as a valuable biomarker for cell
Viability.15’16*19’32’33’35'39’41

Because the TQ signal is detected indirectly,” compli-
cated phase cycling multi-pulse sequences are used.>*3-46
The typical TQ filtering (TQF) sequence uses three RF
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pulses and two evolution periods between the pulses with
an optional 180° refocusing pulse during the first evo-
lution period.? These sequences exploit the fact that the
TQ coherences accumulate phase three times faster than
the SQ signal. Therefore, phase alterations in the pulse
sequence provide a tool for selection of the desired TQ
signal. The first 90° RF pulse creates T;; coherences that
are converted to T3; coherences during the first evolution
period 7eyo. The second 90° pulse transforms the T5; coher-
ences to T33 coherences, which accumulate a three times
larger phase shift than SQ signal. The mixing time zpix
is usually selected to be as short as possible to avoid MR
signal decay (Figure 1). At the end, a third 90° RF pulse
transforms the Tz; coherences back to Ti;, which later
evolve into observable T;; MR signal. The phases of all
three RF pulses are incremented in every scan, and the sig-
nals are summed or processed independently. The conven-
tional TQF sequence chooses the phase increment in such
a way that only the TQ signal passes the above filter. Mod-
ifications of the conventional phase cycle help to reduce
the impact of B; and By inhomogeneities?®>*"~# or filter
out unwanted echoes.?>3** Another way to detect TQ sig-
nal is the time proportional phase increment (TQTPPI)
sequence.’*° This sequence is very similar to the TQF
sequence as described above, with the evolution time
being additionally incremented in every phase step. The
TQTPPI sequence simultaneously detects both the SQ and
TQ signals at distinct frequencies and therefore simpli-
fies the TQ signal quantification by normalizing it to the
SQ signal.®

The Indicated requirement of a phase cycling scheme
combined with multiple RF pulses results in a long
scan time and a large specific absorption rate. Further-
more, T33 coherences are prone to By and B;* inhomo-
geneities. By inhomogeneities have a three times larger
effect on Ts; state than on SQ coherences. The TQ
signal has a sin’0 dependency on the RF flip angle
0.°1 These drawbacks and the low SNR of the TQ fil-
tered signal currently hinder a clinical application of the
TQ signal.

However, the evolution of the T3; coherences after the
first RF pulse already encode the relevant TQ state infor-
mation about the molecular environment of the sodium
nuclei.>1%!! The other parts of the conventional TQ pulse
sequences have the sole purpose of making the creation
of the T, state detectable. Direct extraction of Ts; coher-
ences have a huge potential to simplify and accelerate
the detection of TQ signals. Based on this idea, this
study presents a novel method to extract the TQ signal
using only free induction decay (FID) from a single-pulse
(SP) sequence or a spin-echo (SE) sequence. We compare
such TQ signal with theory and the TQ signal from the
state-of-the-art TQTPPI sequence in agarose as a tissue
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Schematic comparison of TQF sequence with SP method
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FIGURE 1 (A)Exemplary conventional TQ pulse sequence. The Ts; coherences are created after the first 90° pulse during tey,. The

rest of the pulse sequence is only necessary to extract TQ signal from the T, state by observing oscillations of the final Ty; signal. (B)

Coherence pathways for the TQ pulse sequence. (C) In this study, the three-pulse TQ sequence was replaced by a single-pulse sequence with

a prolonged acquisition window. Shifting the processing window across the total acquisition data yields the signal for a set of different zey,.

The shaded area indicates the points removed from the FID for the specific evolution time z.y,. (D) The difference of the integration of the

whole FID and the SQ spectrum for each 7, represents the TQ signal. FID, free induction decay; SQ, single quantum; TQ, triple quantum.

model system. We investigate the performance of our
method in multi-compartment systems and in the pres-
ence of noise using simulated data. As a proof-of-concept,
we also combine this method with a multi-echo radial UTE
sequence to demonstrate the possibility of fast sodium MR
imaging in vitro.

2 | METHODS

21 | The SP method

The density operator ¢ describing the sodium nuclei spin
system can be expressed in irreducible spherical tensor
operators (ISTO)**>3 basis

o= Z AmnTinn,

mn

where A,,, are the amplitudes of the irreducible spher-
ical tensor operators basis elements Ty, and m =1,2,3
and n= -3, ...,3 are the coherence rank and order,
respectively. We further use the substitutions Agq = A1
and Arq = As to clarify the meaning of the respective
amplitudes.

Immediately after the 90° excitation RF pulse, the MR
signal completely consists of Ty; coherences. We only con-
sider the isotropic case as an approximation for biological
tissue, despite a small double quantum (DQ) signal, that
was measured in muscle tissue>* and the brain.>>>® The
coherences evolve according to the evolution equation!®!!

<ASQ> ~ (ff?(r) fgm), <A5Q> o
Arq Dy 1) \Ar)

D) = o.4exp(—TL> +0.6 eXP(-%)» @

2s

V6
0=10 = (ep( - ) ~ep(- 1) ). @

and

where

D =06 exp<—TL> + 0.4exp<—TL> (4)

2s 2f
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are the evolution functions for the transitions T; — T1;
and Ts; — T7; with the fast and slow relaxation times
T, and Ty, respectively. After the evolution period zeyo,
the amplitude of the T;; coherence is Agq = fﬁ)(revo) and
the T5; amplitude is Arq = fﬁ)(revo). The amplitude Arq
and the relaxation times encode information about the
molecular environment of the sodium nucleus.

However, the Tz; coherences are invisible to the
receiver coil; therefore, it is impossible to directly detect
them.” Thus, the T5; coherences must be converted back
to the detectable T;; coherences. The conventional TQF
sequence applies a second and third 90° RF pulse to trans-
fer the T3; coherences to T3 coherences and back com-
bined with phase cycling as shown in Figure 1A.

Our aim was to reduce the complexity of the TQ pulse
sequence, while still being able to extract the TQ signal. In
contrast to the TQF approach, which measures the transi-
tion T3 = T3 — Ts3 — T31 — T11, our method measures
only the transition Th; — T3; — T11. The following intro-
duces our method step-by-step.

First, the FID after a single-pulse and evolution period
of 7.y is described by:

FID(, Tevo) = Asq(Tevo )i (1) + A1(Tevo)f3 (. (5)

The second term on the right side represents the evo-
lution of the T3; coherences that evolved during the first
evolution period (amplitude Arq(zevo)) from the detectable
T;:1 coherences.

Secondly, for extraction of Agq and Arq, we exploit
the fact that the integral of a Lorentzian function, that is,
the real part of the Fourier transform (FT) of a one-sided
decaying exponential function, is independent of the
width, that is, relaxation time T,(:

+00 T
/ — 2 dw=r. (6)
o 1+ Tjw?

The TQ signal, that is, fﬁ)(revo), consists of a differ-
ence between two exponential functions and therefore the
integral over its FT vanishes. On the other hand, the inte-
gral over the FT of the SQ signal part is proportional to its
amplitude Asq. In contrast, the integral over the FID con-
tains both signals. The TQ signal then can be extracted by
subtraction of both normalized integrals for every zeyo-step

AtqQ(Tevo)
=Norm - </ FID(t, 7evo)dt _ [ FT(FID(, rm»dw)

[ FID(t, 0)dt [ FT(FID(t, 0))dw

— Norm . J FID(, Tevo)d!  FID(O, Tevo)
[FID(t,0)dt  FID(0,0) [

(7)

The full calculation can be found in the Supporting
Information, which also demonstrates the necessity of a

correction factor with respect to fl(;)(t) from Equation (3):

_/ fPwadt _ AT+ ATy
SRS wdt N (T, Ty

s

Norm ©))

Lastly, in contrast to the conventional TQF/TQTPPI
pulse sequence, an extended acquisition window can be
used to retrieve results of many evolution times from the
same measurement. As illustrated in Figure 1C), the acqui-
sition window starts directly after the excitation pulse
instead of waiting for a certain evolution duration zey,.
If 7,q is the desired acquisition time, then for a spe-
cific evolution time ze,,, only the FID points between
[TeVOaTevo + Tacq] are used. Thus, the desired acquisition
time is shifted across the extended acquisition window
to extract the effect of the evolution time on the TQ sig-
nal. A short sample application of this method can be
found at https://github.com/Computer-Assisted-Clinical
-Medicine/Singlepulse_-TQ_Code.

Note that the method can be applied to any equidis-
tantly sampled FID, independent of the sampling method
of the FID. Hence, this method is also applicable to imag-
ing using for example a multi-echo sequence. However, if
the FID is not equidistantly sampled, either the integral
must be adapted by considering the 7.y, step-width or the
missing points need to be interpolated.

2.2 | Simulations

For multi-compartment systems (MCS), which yield a
more accurate description for biological tissue, the inte-
grals in (7) become more complicated. To investigate the
validity of the proposed method in such environments, we
consider the case of a two-compartment system with two
biexponential compartments. The corresponding FID and
theoretical TQ signal are

FIDucs(f) = (1 = Cex)FIDin(t) + cexFIDex(D),  (9)

TQexp(®) = (1 = cex) TQin () + CexTQex (1), (10)

Where FIDi,(f), FID(t), TQi,(¢), and TQg(¢) are the
FID and TQ signals that correspond to the model intra-
and extracellular compartment, respectively, and ce is
the contribution of the extracellular compartment. It has
been previously shown that both the extra- and intra-
cellular compartments yield a TQ signal®’%* and biex-
ponential relaxation.!>?> For quantitative evaluation of
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such case, the T, relaxation times of 2% agar (“extracel-
lular”, T, = 44 ms, Toy = 9 ms) and 6% agar (“intracellu-
lar”, T»s = 32 ms, Ty = 3.7 ms) were used to model the
two-compartment system with two biexponential com-
partments.!>-22

The value of c.x was varied in the range from 0 to 1,
and FIDs were generated according to Equation (9). The
SP TQ method was applied to the FID to extract the TQ sig-
nal. The results were compared to the expected TQ signal
calculated by Equation (10).

To investigate the impact of noise on the TQ quan-
tification using the SP method, we simulated FIDs in a
single compartment system according to Equation (5) and
added Gaussian white noise to the signal. The output of
the SP method was evaluated for different noise levels cor-
responding to a SNR of the SQ signal of 50, 20, 10, and 5.
Additionally, the same noise was subtracted from the TQ
signal after applying the SP method to isolate the error of
the SP method on the TQ signal, which is buried under
noise for lower SNR values.

2.3 | Experimental

Measurements were performed at a 9.4 T preclinical
MRI scanner (Biospec 94/20, Bruker, Ettlingen, Germany)
using a linear polarized 'H/sodium Bruker volume coil.
Inner diameter was 72 mm with a length of 100 mm for the
sodium channel.

The samples consisted of [0, 2, 4, 6]% w/w agarose with
154 mM NacCl, where the 0% agarose sample is just saline
solution with 154 mM NaCl. Chemicals were purchased
from Carl Roth GmbH (Karlsruhe, Germany). The solu-
tion was filled into 20 ml syringes (10 ml solution, diame-
ter: 20 mm, length of the solution in the syringe: 35 mm) to
avoid direct air contact and reduce By inhomogeneity. For
MR imaging, all agar samples were combined in a single
phantom.

The standard Bruker SP sequence was used to
measure sodium FIDs (wo = 105.9 MHz) with the fol-
lowing sequence parameters: flip angle 90°, repetition
time Tg =500ms, number of averages N, =64, num-
ber of FID points Nggq =4096, length of acquisition win-
dow fhq=410ms, and a dwell time of 100 us. The
pre-acquisition delay was 50 us. The number of 7.y, points
was set to 2048 with Teyomax =205ms. Total acquisition
time of the single-pulse sequence was 32s per sample.
The FID was preprocessed as described in the Supporting
Information section "Preprocessing of the SP FID".

To determine the validity and accuracy of our method,
the results were compared with theoretical predictions of
the TQ signal and the results from TQTPPI sequence. The
shapes of the TQ, SQ evolution curves, and the quantitative

values of the TQ signal maxima were used for analysis.
The TQ signal maxima represents the mean over 10 points
around maximum value to minimize the impact of single
outliers. For the TQTPPI sequence, we fitted the TQ signal

with the function TQ(¢) = ATQ<eXp<—TLZS) - exp(—Tsz ))
and subtracted it from the signal to obtain an approxima-
tion of the noise level. The SD of this noise level defines
the uncertainty of the TQTPPI TQ signal maximum.
Theoretical behavior of the TQ signal is determined
by the transfer functions f;})(revo). The necessary T,
relaxation times for the sample were determined by a

biexponential fit of the FID:

t t
Y(1) = Asq1- eXP(—T—> +Asq2 - exp<—T—> +e,

28 2f

where Y(¢) is the SP FID and cis a D.C. offset. The 0% Agar
sample FID was fitted with a mono-exponential function

Y(t) =Asqg - exp(—%) +c (12)

The TQTPPI relaxation times were determined in the
same way.

For the TQTPPI measurements, we used a set of
fixed-7evo TQTPPI sequence®*° measurements with a 180°
refocusing pulse at 26 different z¢,, times in the range of 0.4
to 200 ms. The repetition time TR was 400 ms, the number
of phase cycles was 16 with 8 phase steps, and the number
of averages NA was 4. Total acquisition time for each sam-
ple was in the range of 3 h. We used the sequence with the
180° refocusing pulse because the sequence without the
180° pulse resulted in additional stimulated echoes in the
signal, see Supporting Information (section "Comparison
of SP method with TQTPPI sequence wo/180° refocus-
ing pulse”) for further information.?**%#° The resulting
FID decayed neither with the T, nor the T} relaxation
times, which complicates the comparison between both
sequences.

For a better comparison of our method with the
TQTPPI sequence signal, which decays with the T, instead
of the T;‘ relaxation times, we sampled the T, FID with a
SE sequence followed by application of our method. For
the SE sequence, 256 echoes were equidistantly sampled
with a minimum TE of 0.137 ms and an echo spacing of
0.78 ms. The length of the FID was doubled using zero fill-
ing at the end. The maximum TE was 300 ms, Tr = 500 ms,
number of averages N = 16. Total scan time for each sam-
ple was 45 min. The SE FID was created by the maximum
values of the echoes for each TE. The FIDs were corrected
using the inverse of the corrected factor in Equation (8)
with the T, relaxation times. The correction factor of the
TQTPPI sequence uses the T relaxation times since the

85U80|7 SUOWWOD 3A a1 8|l [dde a3 Aq pausenob afe sejolie YO ‘8sn JO Se|n. 10} ArIqiT8UIUO A8]IM UO (SUORIPUCO-PUB-SWLRY/LI0D" A8 | 1M Aol 1[BU1 UO//:SANY) SUORIPLOD PUe SIS 18U} 89S *[5202/20/20] Uo AkeiqiTauliuo A1 ‘AseAIUN SIS BpLOIH AQ Z0TOE WIW/Z00T 0T/10p/wi00 A8 i Areiqieul|uo//sdny woy papeojumoq ‘¢ ‘vZ0Z ‘¥65222ST



REICHERT ET AL.

. . o . 905
Magnetic Resonance in MedlcmeJ—

first dimension FIDs decay with the T, relaxation times as
determined with Equations (11) and (12). To ensure a fair
comparison, we also calculated the theoretical prediction
using Equations (2) and (3) and the T, relaxation times
obtained from a fit of the SE FID with fit Equation (12) for
the 0% agar sample and Equation (11) for the 2%, 4%, and
6% agar samples.

For sodium MR imaging, a multi-echo version of
the UTE sequence® was used with 64 echoes, a min-
imum TE of 0.09ms, and an echo spacing of 3.78 ms.
The length of the FIDs was doubled by zero filling at
the end. Other imaging parameters were Tr =300ms,
number of averages Na=4, FOV=68 X 68X 68 mm3,
imaging matrix=32Xx32x32, spatial resolution of
2.125%2.125x%2.125mm?3, 3176 projections, a receiver
bandwidth of 5kHz, and a total acquisition duration of
1h 3 min. To suppress noise from voxels outside the sam-
ples, we set voxels with <50% of the overall maximum
value in the SQ image to 0. This method works well for
simple phantoms, but for in vivo measurements more
sophisticated methods like region growing, more sophis-
ticated magnitude thresholding, or manual segmentation
are used as a standard process.®*° The SQ and TQ image
were acquired simultaneously with the SQ scan time.
From every echo, we created an SQ image, and the stack of
SQ images yielded an FID for every voxel. For the recon-
struction of the TQ image, we applied the SP TQ method
described in this study voxelwise using Equation (7). The
result was a TQ(t) evolution for every voxel. From this, a
max(TQ) image was created that showed the maximum
TQ values for each voxel. The sum(TQ) image was cal-
culated by Y, TQ(t )/ Y, SQ(t;). We also calculated the
mean TQ signal for each sample over an exemplary slice.
The uncertainty of the values was determined by the SD
of all voxels.

3 | RESULTS

3.1 | Comparison of the SP TQ signal
with theory and TQTPPI sequence

A comparison of the TQ signal determined by the SP
method and the theoretical transfer functions fl(;)(fevo) for
all samples is presented in Figure 2. Relaxation times for
fl(;)(fevo) were determined by a biexponential fit of the
single-pulse FID as summarized in Table 1. For the 2%,
4%, and 6% agar samples, the maximum TQ signals and
the shape of the TQ signal relaxation of the SP method
were in close agreement with the theoretical curve with
a maximum relative deviation of the TQ maxima of <2%.
For a quantitative comparison, the maximum TQ sig-
nals are summarized in Table 2. The single-pulse and

theoretical FIDs, that is, the corrected fg)(revo) curves
using Equation (8), had the same relaxation times by
design. However, the amplitudes of the experimental FIDs
deviated from the theoretical values of 0.6 for the fast and
0.4 for the slow component, especially for the 4% agar
sample. The extracted TQ signal for the 0% agar sam-
ple was non-zero for the SP method despite the theoret-
ically expected zero TQ signal and a mono-exponential
T, relaxation. In this case, the shape of the TQ evolu-
tion also strongly deviated from the expected build-up
behavior.

Figure 3 compares the SP method with the TQTPPI
pulse sequence. For both methods, the maxima of the TQ
evolution curves approximately coincided for the 2%, 4%,
6% agar samples with a maximum relative deviation of
the TQ maxima of <10%. For the 0% agar sample, the
TQTPPI TQ signal was approximately zero, whereas in the
SP method the TQ signal was non-vanishing. The relax-
ation times of both the SQ and TQ signals deviated sub-
stantially as the SP FID decayed with the T, relaxation
times, whereas the TQTPPI FID decayed with the T, relax-
ation times. The maximum TQ values and relaxation times
for all samples and methods are summarized in Tables 1
and 2.

Figure 4 compares the TQ signal determined with the
SE FID, TQTPPI sequence, and theoretical prediction. For
all samples, including the 0% agar sample, the SE and
TQTPPI TQ signals were in close agreement with each
other and the theoretical prediction with a maximum rel-
ative deviation of the SE TQ maxima of <5% from the
theoretical prediction and <7% for the TQTPPI TQ signal
(excluding the 0% sample because division by 0). Further-
more, as shown in Table 1, the maximum TQ values were
in close agreement except for the 4% agar sample, where
the SE maximum TQ signal was larger than for the other
two methods. This was caused by a peak close to the max-
imum of the TQ curve resulting from noise or a small
artifact.

3.2 | Simulations

For estimation of the accuracy of the proposed SP method,
a two-compartment model was investigated using relax-
ation times from our results of the 2% and the 6% agar
samples. We varied the size of the compartments, ce, in
the range of 0 to 1. Figure 5 shows a comparison of the
theoretically expected TQ signal with the TQ signal deter-
mined by the SP method for both models with varying val-
ues of cex. Furthermore, the FID and TQ signal are shown
for the c.x parameter with the strongest deviation between
the SP TQ signal and the expected TQ signal (cex =0.67).
The theoretically expected TQ signal was determined by
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Comparison of SP method with theory
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Comparison of the TQ signal from SP method and the theoretical transfer function fﬁ)(revo) (corrected with Equation (8))

for (A) 0%, (B) 2%, (C) 4%, and (D) 6% agar samples. The relaxation times for the theoretical curve were determined by a biexponential fit of

the single-pulse FID. The TQ signals were in close agreement with theory with an absolute deviation of the maximum TQ signals of <0.42%

and a relative deviation of <1.9% for 2%, 4%, and 6% agar samples. For the 0% agar sample, a non-zero TQ signal was extracted. SP, single pulse.

the weighted sum of the TQ signals of both compartments.
The SP TQ signal and expected TQ signal were in close
agreement with a maximum deviation of 2.5%.

Figure 6 compares the FIDs and TQ curves with and
without noise for different noise levels. Additionally, the
noise was subtracted from the TQ signal subsequently to

applying the SP method. Up to a SQ SNR of 10 correspond-
ing to a TQ SNR of 2, the noise-subtracted TQ signal was
in close agreement to the TQ signal without noise. The
latter can be considered as the ground truth. Even for a
SQ SNR of 5 (TQ SNR of 1), the TQ signal only deviated
substantially for larger feyo.
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TABLE 1 Summary of the fit results for T; and T, relaxation times and the amplitudes of the slow and fast component for all agar
samples. The 2%, 4%, and 6% agar sample FIDs were fitted using a biexponential fit function and the 0% agar sample using a
mono-exponential fit function. The SP FID yielded the T relaxation times, whereas the TQTPPI FID resulted in the T, relaxation times.

Fit results: Relaxation times and amplitudes

Agar concentration 0% 2% 4% 6%

T;, [ms] 19.00 + 0.09 16.89 + 0.24 21.26 + 0.28 17.48 £ 0.13
Ty [ms] = 5.35+0.09 4.65 +0.45 3.07 + 0.32
Ay - 042 +0.01 0.29 +0.01 0.40 + 0.01
Af* = 0.58 + 0.01 0.72 £ 0.01 0.60 + 0.01
Ty [ms] 54.19 £ 0.95 45.03 + 1.46 39.17+£0.73 33.05+£0.47
Ty [ms] 2 9.04 +0.13 5.12 + 0.06 3.54 + 0.04
Ag - 0.43+0.01 0.42 +0.01 0.43 +0.01
Ag - 0.61 +0.01 0.62 +0.01 0.63 + 0.01

Abbreviations: FID, free induction decay; SP, single pulse; TQTPPI, triple quantum time proportional phase increment.

TABLE 2

Summary of the sodium TQ/SQ signals for all methods and samples. Additionally, the maximum TQ/SQ signal from the

TQTPPI sequence without the 180° refocusing pulse and the mean over the maximum TQ/SQ signals over a single slice for each sample of

the imaging phantom are listed (Imaging). For the comparison with the spin echo sequence, the spin echo TQ and the TQTPPI TQ signals

were corrected with the T, and T} relaxation times, respectively, and with Equation (8).

Maximum TQ/SQ signal [%]

Agar concentration 0% 2% 4% 6%

SP method 6.04 + 0.09 11.31 £ 0.34 18.25 +£0.30 22.67 +£0.30
Theory 0.00 +0.00* 11.16 + 0.00 18.00 + 0.00 22.25+0.00
TQTPPI (w 180) 0.04+0.02? 12.46 +0.07* 19.84 +0.14 % 23.93+0.26%
TQTPPI (wo 180) 0.12+0.04 2 12.53 +0.18 2 19.71 £0.24 % 23.88+0.16%
Imaging 7.31 +3.48 13.40 + 3.65 17.55 +3.77 19.77 £ 4.97
Spin echo 0.45 + 0.60 24.51 £+ 0.65 31.05 £ 1.52 32.14 +£0.73
Theory 0.00 + 0.00 25.68 +0.00 30.98 + 0.00 32.89 £ 0.00
TQTPPI 0.08 + 0.04 23.15+0.23 29.94 +0.32 3448 +£0.46%

Abbreviations: SP, single-pulse; SQ, single quantum.
2Statistically SD from SP method or spin echo.

3.3 | MRimaging

Combination of a multi-echo version of the UTE sequence
and the SP method provided a voxelwise extraction of SQ(t)
and TQ(?) relaxation curves for different zey,. From this
data, a SQ image (Teyo = 0), maximum TQ and sum TQ
images were created. Figure 7 shows the SQ, maximum
and sum TQ signal images for a sample consisting of agar
concentrations of 0%, 2%, 4%, and 6% with 154 mM NaCl.
For voxels outside the samples, the noise led to random
TQ/SQ values, and consequently values outside the sample
were set to 0.

The TQ signal was increasing with agar concentration
as demonstrated in Table 2 for the average maximum TQ

signal over one slice for each sample. All voxels, includ-
ing the edge voxels, were weighted equally. The average
value of the maximum TQ signal for the 4% and 6% agar
samples were smaller than the values of the SP method,
theory, and TQTPPI; however, the 0% and 2% agar val-
ues were slightly larger compared to the values of the SP
method, theory, and TQTPPI. The uncertainties of the TQ
signals were much larger as compared to the single-pulse
sequence, and the relative deviations were in the range of
20% to 30%, except for the 0% agar sample where it was
around 50%. The relative SD of the SQ image voxels was
in the range of 9% to 17%. Similar to the previous spectro-
scopic NMR measurements, the maximum TQ signal in
the MR image was also non-zero for the 0% agar sample.
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Comparison of SP method with TQTPPI sequence
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FIGURE 3 Comparison of the SP TQ signal and the TQTPPI sequence with 180° pulse for agar samples with (A) 0%, (B) 2%, (C) 4%,

and (D) 6% agar. Because the single-pulse FID decays with T} and the

TQTPPI FID with T,, the SP extracted TQ signal decayed much faster.

For the 2%, 4%, and 6% agar samples, the absolute deviation of the maximum TQ signals was <1.6% (relative deviation <9.3%). TPPI, time

proportional phase increment.

However, in the sum TQ image, the signal of the 0% agar
sample was mostly negative or close to 0.

4 | DISCUSSION

The sodium TQ signal promises to be a valuable biomarker
for cell viability. Its clinical application has the potential

to boost the value of sodium MRI. However, common TQ
techniques require at least three RF pulses and a sophisti-
cated RF pulse phase cycling. Such pulse sequences inher-
ently have a long scan time, increased specific absorption
rate, and increased sensitivity to By and B; inhomogene-
ity. Altogether, these major obstacles currently hinder the
use of the TQ signal in clinical applications. In this study,
a novel way to detect the TQ signal was investigated using
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Comparison of TQ signal of spin echo and TQTPPI sequences with theory
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Comparison of the TQ signal of the SE sequence, TQTPPI sequence with 180 pulse and the theoretical transfer function

fs(i)(revo) for (A) 0%, (B) 2%, (C) 4%, and (D) 6% agar samples. The TQ signals of all methods were in very close agreement. For all samples, the

absolute deviations of the maximum TQ signals between SE and theory (TQTPPI) sequence were <1.2% (2.4%), and relative deviations (0%

agar sample excluded) were <4.6% (6.8%). The SE TQ signal of the 4% agar sample showed an additional increase in the TQ signal around the

maximum, which might be an artifact or noise. SE, spin echo.

only a single excitation pulse. Such method allows simul-
taneous SQ and TQ MR imaging with the same scan time
as for the SQ MR image. The approach could be a major
step ahead toward the clinical application of TQ imaging.

Comparison of the SP method with theory and the
TQTPPI pulse sequence demonstrated the possibility to
extract the TQ signal using only a single-pulse sequence.

The extracted TQ signal maxima of the 2%, 4%, and 6% agar
samples were in close agreement with theory and TQTPPI
experiments. However, the SP FID decays with T and the
TQTPPI FID with the T, relaxation times, respectively.
Therefore, for a better comparison of the method with
the TQTPPI TQ signal, the T, FID was additionally sam-
pled using a spin echo sequence followed by application of
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Results for MCS with relaxation times for 2% and 6% agar
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FIGURE 5 Comparison of the TQ signals extracted from the SP method with the expected TQ signal for simulated FIDs of a

multi-compartment system with two biexponential compartments. The fraction of the “extracellular” compartment c., was varied. (A) SQ

and TQ signals for ¢, = 0.67, the value with the maximum deviation of the TQ maximum between the SP method TQ signal, and the expected

TQ signal. (B) Maximum SP method and expected TQ signals in dependence of c.,. The SP method is in close agreement with the expected

TQ signal for all ¢, values with a maximum deviation of 2.5%.

the SP method. This comparison also showed a very close
agreement between the SP method of the SE FID, TQTPPI
sequence, and theoretical prediction for these samples.
This demonstrated that the application of SP method is not
limited to SP sequences. Nevertheless, the 0% agar sam-
ple yielded a non-zero TQ signal using the SP method
of the SP FID, whereas it vanished for the SE FID. The
non-zero TQ signal of the SP FID did not result in the
typical “buildup” behavior of the TQ signal. This cannot
be explained by a multi-compartment model and indi-
cates that the shape of the FID was nonexponential. This
might be caused by non-Lorentzian-distributed B, inho-
mogeneities. For example, Steidle and Schick®” reported a
Gaussian component in the intravoxel distribution of By
inhomogeneities for 'H scans. Another possible explana-
tion for the nonexponential decay might be a hardware
artifact. The Gibbs-like artifact described in the Supporting
Information was caused by the impulse response of digital
filters,% which might also introduce additional imperfec-
tions. Measurements on other MRI systems are necessary
to further investigate the origin of the nonexponential
behavior in the SP FID.

The non-zero TQ signal of 0% agar sample may be an
indication of the influence of By inhomogeneity on the TQ

signal. For example, non-Lorentzian distributed B, inho-
mogeneities with a nonexponential T decay can lead to
a contribution to the TQ signal that does not originate
from T5; coherences. The influence on the TQ signal of
the 2%, 4%, and 6% agar samples may be reduced due to
a short T,r component. The impact of By inhomogene-
ity on the conventional TQ multi-pulse sequences is more
complicated because each coherence order is influenced
differently. There exist different approaches to minimize
the effect of By inhomogeneity on the signal, for example,
by adapting the phase cycle.?>39474951 Another approach
is to use a 180° refocusing pulse, which refocuses the sig-
nal such that T; instead of T, relaxation times determine
the signal.® However, this approach requires an accurate
calibration of the 180° pulse. In summary, both methods
to measure the TQ signal are affected by B, inhomogeneity
in a different way.

In contrast to By inhomogeneity, the flip angle, that
is, B; inhomogeneity, only determines the overall SQ sig-
nal using the SP method. Thus, it changes the absolute
signal value but not the relative TQ/SQ signal. However,
the conventional TQ pulse sequences are very sensitive to
imperfect pulses; for example, the TQ signal depends with
sin’(#) on the flip angle 6.°! Thus, small imperfections in
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FIGURE 6  Comparison of the impact of different noise levels on the accuracy of the extracted TQ signal determined with the SP

method. o is the SD of the Gaussian noise. The TQ signal without noise is shown in red. The purple curve shows the SP TQ signal of the noisy

FID with the same noise subtracted subsequently. This curve shows the systematic error of the SP method. Even for high noise levels, that is,

SQ SNR = 5, the systematic error on the TQ signal was small for evolution times in the range of the maximum TQ signal. The absolute
deviation of the maximum TQ signal <0.7% and relative deviation ~3.6% for ¢ = 20, respectively.

the calibration or an inhomogeneous RF excitation have
severe effects on the TQ signal.>® In summary, the SP
method is less prone to B; inhomogeneities compared to
conventional TQ pulse sequences.

The in vivo situation is more complex and closer to a
multi-compartment system. In this case, the integrals in
Equation (7) become more complicated, and the difference

between both terms does not exactly equal the TQ sig-
nal anymore. We used a two-compartment system with
two biexponential compartments to simulate the in vivo
situation. The TQ signal was systematically slightly over-
estimated by the SP method. However, the deviation to
the expected TQ signal was <2.5% for the case of biex-
ponential relaxation in both compartments. Hence, the
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Sodium SQ and extracted TQ MR images
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Sodium SQ and extracted TQ MR images from the agarose samples. (A) SQ signal using minimum 7,3 and 4. (B)

Maximum of the extracted TQ signal. The extracted TQ signal was increasing with agar concentration. The 0% agar sample yielded a

non-zero TQ signal as demonstrated on Fig. 3 and Fig. 4. (C) Sum of the extracted TQ signal normalized by the sum of the SQ signal. For the

0% agar sample, the sum of the extracted TQ signals was negative, which resulted from the untypical extracted TQ evolution curve. The color

bar range was limited to —10% to increase visibility.

SP method is also applicable to more complicated in vivo
situations.

One drawback of this method arises in the case of
two mono-exponential compartments. This case cannot be
distinguished mathematically from the case of one biex-
ponential compartment, and the SP “TQ” signal is the
same in both cases. In contrast, the TQTPPI TQ signal
is vanishing for the case of two mono-exponential com-
partments. In our experiment, a similar situation occurred
for the 0% agar sample. Here, the FID did not decay
mono-exponentially; consequently, the SP “TQ” signal
was not zero compared to the TQTPPI sequence. Fur-
thermore, the “TQ” signal also contains the T; double
quantum signal in a macroscopically anisotropic environ-
ment. Therefore, we may call the SP extracted “TQ” sig-
nal a measure of the “deviation from mono-exponential
decay.” However, the main source for biexponential decay
is the quadrupole interaction. Furthermore, the signal in
the multi-compartment case was in close agreement to
the TQ signal and showed the expected behavior for the
increase of the TQ signal. Therefore, the extracted TQ sig-
nal of this method approximates the usually observed TQ
signal.

The SP method is attractive not only for spectroscopy
but in particular for the fast estimation of the TQ signal in
MR imaging. The method approximates the TQ signal in
a single shot with the high time efficiency of the SQ sig-
nal. This means that, without increasing scan time, both
SQ and TQ images can be acquired instead of only an SQ
image. As a proof-of-concept, we used a 3D UTE sequence
with multiple echoes to sample the complete FID in one
shot. Because TR is usually set to 3-T; to 5- Ty, there

is plenty of time to sample the entire FID with only one
excitation. Furthermore, the SP method samples the entire
TQ evolution curve instead of the TQ signal at a specific
evolution time z¢,. Hence, the maximum TQ signal of dif-
ferent tissues with different optimum evolution times can
be obtained within a single measurement.

The TQ signals of a single slice were smaller with
larger uncertainties than the spectroscopic sequences. Par-
tial volume effects and a large noise level influence the
TQ signals. Our current pulse sequence was not optimized
for sodium MR imaging and was only used as a proof
of concept. Both the sequence parameters as well as the
image reconstruction method can be further improved,
for example, by optimizing the bandwidth, correct for
imperfections in the k-space trajectories, etc.6>%-7! Alter-
natively, the SP method can also simply be applied to the
processing pipeline of existing sodium multi-echo imaging
protocols’"73 to acquire the TQ signal additionally without
increasing overall scan time.

In preparation for the imaging sequence, the impact
of noise on the accuracy of the SP method was investi-
gated with simulated data. Even for low SNRs, that is, SQ
SNR < 10, the impact of the SP method on the TQ sig-
nal was small for the relevant evolution times around the
TQ maximum with an absolute deviation of <0.7% and a
relative deviation of <4%. Typical sodium MRI SNR val-
ues are equal or larger than 10.7%7* However, because the
TQ signal in tissue is around 10% of the SQ signal, longer
scan times to increase SNR might still be necessary. The
SP method performed well in low SNR scenarios and was
only limited by the fact that the TQ signal is smaller than
the SQ signal.
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5 | CONCLUSION

A novel method to extract the sodium TQ signal using a
single-pulse sequence was proposed. This method allows
a simultaneous acquisition of SQ and TQ signals without
extra RF pulses and extensive phase cycling. The extracted
TQ signal was in close agreement with theory and the
results of TQTPPI sequence. In multi-compartment sys-
tems and for noisy data, the extracted TQ signal repro-
duced the expected TQ signal behavior. This approach
combined with multi-echo UTE imaging represents an
efficient method to extract the TQ signal in vivo. This
approach may expand TQ imaging applications and thus
may leverage the full potential of TQ signal.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

Figure S1. Schematic overview of the single-pulse FID
pre-processing. (A) The Gibbs-like artifact was removed by
inverting the left part of the first dashed red line to the free
induction decay (FID). (b) Zoomed area of the corrected
Gibbs artifact. To remove the non-exponential part of the
FID, the FID was cut at the second dashed red line which is
defined as t = 0 ms. This removed 1 ms of the FID. (¢) Final
post-processed FID for 0% agar.

Figure S2. First dimension free induction decay (FID) of
the TQTPPI sequence without the 180° refocusing pulse
using the 0% agar sample and an evolution time of 30 ms.
The second and third 90° pulses effectively acted like an
180° pulse, leading to a signal echo. Since the TQTPPI
FID was created using the integral over the first dimension
FIDs, this led to relaxation times not equal to T, or T;‘.
Figure S3. Comparison of the SP TQ signal and the
TQTPPI sequence (without 180° refocusing pulse) for agar
samples with (A) 0%, (B) 2%, (C) 4% and (D) 6% agar. The
TQTPPI FID was biased by echoes in the first dimension
FIDs (Figure S2). The resulting TQTPPI FID did neither
decay with T, nor T relaxation times.
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