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Purpose: Both sodium T; triple quantum (TQ) signal and T relaxation pathways have
a unique sensitivity to the sodium molecular environment. In this study an inversion
recovery time proportional phase increment (IRTQTPPI) pulse sequence was investi-
gated for simultaneous and reliable quantification of sodium TQ signal and bi-
exponential T, relaxation times.

Methods: The IRTQTPPI sequence combines inversion recovery TQ filtering and time
proportional phase increment. The reliable and reproducible results were achieved by
the pulse sequence optimized in three ways: (1) optimization of the nonlinear fit for
the determination of both T;-TQ signal and T, relaxation times; (2) suppression of
unwanted signals by assessment of four different phase cycles; (3) nonlinear sampling
during evolution time for optimal scan time without any compromises in fit accuracy.
The relaxation times T, and T, and the TQ signals from IRTQTPPI and TQTPPI were
compared between 9.4 and 21.1 T. The motional environment of the sodium nuclei
was evaluated by calculation of correlation times and nuclear quadrupole interaction
strengths.

Results: Reliable measurements of the T4-TQ signals and T4 bi-exponential relaxation
times were demonstrated. The fit parameters for all four phase cycles were in good
agreement with one another, with a negligible influence of unwanted signals. The
agar samples yielded normalized T1-TQ signals from 3% to 16% relative to single
guantum (SQ) signals at magnetic fields of both 9.4 and 21.1 T. In comparison, the
normalized T,-TQ signal was in the range 15%-35%. The TQ/SQ signal ratio was
decreased at 21.1 T as compared with 9.4 T for both T, and T, relaxation pathways.
The bi-exponential T, relaxation time separation ranged from 15 to 18 ms at 94 T
and 15 to 21 ms at 21.1 T. The T, relaxation time separation was larger, ranging from
28to35 msat 94 Tand 37to 40 ms at 21.1 T.

Conclusion: The IRTQTPPI sequence, while providing a less intensive TQ signal than
TQTPPI, allows a simultaneous and reliable quantification of both the T,-TQ signal

and T, relaxation times. The unique sensitivities of the T, and T, relaxation pathways

Abbreviations: DQ, double quantum; EFG, electric field gradient; FID, free induction decay; FT, Fourier transform; (IR)TQTPPI, (inversion recovery) time proportional phase increment; ISTO,
irreducible spherical tensor operator; SAR, specific absorption rate; SNR, signal to noise ratio; SQ, single quantum; TQ, triple quantum; TQF, TQ filtering; Tg, repetition time; TSC, tissue sodium

concentration; ZQ, zero quantum.
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to different types of molecular motion provide a deeper understanding of the sodium

MR environment.

KEYWORDS
23Na (sodium) MRI, inversion recovery, multi-quantum, T; and T, relaxation, triple quantum

(TQ

1 | INTRODUCTION

The 2°Na nucleus provides not only the second strongest biological MR signal but also has attractive biomedical and physical properties.*?
Sodium ions are involved in multiple vital cell processes, such as membrane transport processes and electric signaling between neurons.® The
sodium-potassium pump maintains a large concentration gradient between intra- and extracellular space by constantly pumping sodium ions out

.45 The energy consumption of this process is up to two-thirds of the cell's total energy. This combined

of the cell and potassium ions into the cel
with the crucial involvement of the sodium concentration gradient in cellular transport processes and electric signaling between cells demon-
strates the vital importance of the sodium-potassium pump for cell viability. Insufficient energy supply leads to a failure of the sodium-potassium
pump followed by an influx of water and sodium ions into the cell. Thus, changes in the intracellular sodium concentration correlate with early
pathophysiological changes.

The single quantum (SQ) 23Na MR signal, that is, the tissue sodium concentration (TSC), represents the mean of the intra- and extracellular
sodium concentrations.2>¢7 The TSC provides valuable information about cell viability and physiology. However, the SQ signal does not allow us
to differentiate between increased intracellular sodium concentration and increased extracellular volume (for example, during cell shrinking).2 The
triple quantum (TQ) signal, on the other hand, has been proven to provide a higher weighting toward intracellular sodium content compared with
the SQ signal.”~ ¢ This TQ signal is created during bi-exponential relaxation that results from slow interactions, that is, correlation times in the
range of several nanoseconds to milliseconds of the sodium electrical quadrupole moment with surrounding electric field gradients (EFGs). 31721
Such interactions occur during sodium ion binding with proteins and other macromolecules.®>?2 Several studies with perfused rat heart

27,28

systems,”131423-25 hrain jschemia?® and tumors and in vitro experiments using MR-compatible bioreactor systems2?~32 have demonstrated a

correlation of the TQ signal with cell viability. The TQ signal increases with the intracellular sodium concentration'* and depends on the

7:14 713 concentrations as well as the protein folding state.>® Consequently, the TQ signal has been shown to be a valuable bio-

sodium”™~" and protein
marker for cell viability.

Previous studies of the sodium TQ signal have mainly investigated the T, relaxation pathway, based on the evolution of the nuclear magneti-
zation between states Tqq < T3 1415223031.33-40 Ap jlternative pathway for the creation of the TQ signal uses T, relaxation based on the evolu-
tion T1o — T30.>%° The T4-TQ signal is sensitive to an intermediate motional regime (wozc ~ 1) compared with the slow motional regime (wqrc 2 1)
of the T,-TQ signal.** Thus, interaction durations in the range of a few nanoseconds dominate the T;-TQ signal. In contrast, the longer interaction
times dominate the T,-TQ signal. Thus, the T,-TQ signal has a different sensitivity to environment and can provide valuable information to better
characterize sodium-protein interactions. Such interactions are characterized by a wide range of correlation times. Hence, the investigation of
both T;- and T,-TQ signals can advance our understanding of TQ signal formation in biological environments. However, only a few studies have

,42744 as the fast Ty relaxation time component contributes only 20% to

been able to detect bi-exponential T, relaxation and/or a T,-TQ signa
the overall signal. Hence, evaluation of bi-exponential T, relaxation times and especially T4; is difficult. Therefore, a reliable tool for investigation
of the T;-TQ signal and the bi-exponential T, relaxation times is necessary to obtain a deeper understanding of 2>Na in biological tissue.

It is known that a direct MR detection of the TQ signal is not possible,X” and hence phase-cycling sequences, that is, TQ filtering (TQF)
sequences, are often used.?23*3>3%41 The basic T,-TQF sequence consists of three pulses with evolution periods between the pulses and an
optional 180° RF pulse between the first and second pulses. The first RF pulse excites the spins followed by evolution to an intermediate T,-TQ
state (T31). The second RF pulse creates T33 coherences. This transformation also leads to a threefold increased accumulation of phase for the
final output SQ signal. The interval between the second and third RF pulses, often called the mixing period, is usually set as short as possible to
minimize T,-TQ signal decay. The last 90° RF pulse transforms the T33 coherence back into T3; coherence, which evolves to the detectable T11
coherence. To separate the T,-TQ signal from other MR signals, the phases of the RF pulses are changed in the subsequent repetitions of the RF
pulse sequence.*

The detection of the T;-TQ signal requires a modified pulse sequence and phase cycling. Jaccard et al.** have already proposed an inversion
recovery TQ filtration (IR-TQF) pulse sequence using the Tq relaxation pathway. In the case of imperfect inversion, the Ty.1 — T3.1 and the
T10 — T30 pathways indistinguishably contribute to the TQ signal.®> Moreover, unwanted signal contributions, for example, double quantum
(DQ) signals, may overlap with the TQF signal, making TQ signal quantification a difficult task. Therefore, methods that suppress unwanted signal
contributions may improve the quantification of the T, relaxation times and the T1-TQ signal.
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,*1 we propose an inversion recovery time proportional phase increment sequence (IRTQTPPI), which

Based on the sequence of Jaccard et a
allows a simultaneous quantification of bi-exponential T, relaxation times and T,-TQ signal, similar to the TQTPPI sequence. To reliably detect
the T, relaxation times and the T1-TQ signal, three different DQ suppression methods were evaluated using a simulation framework and experi-
ments. The optimized IRTQTPPI sequence, T+1- and T,-TQ signals were compared between 9.4 and 21.1 T for the agar tissue model system. The
local motional environment was characterized by evaluating the correlation time and nuclear quadrupole interaction strength.

2 | THEORY

Sodium nuclei interact via electric quadrupole interaction with surrounding EFGs created by the molecular environment of the sodium ions. The
23Na NMR dynamics are described by the Liouville equation "j—‘{: —i[H, o], where H is the Hamiltonian of the system under study. The density oper-

ator ¢ can be expressed in terms of irreducible spherical tensor operators Ty, (ISTOs),*® that is, longitudinal magnetization is proportional to T1o

and transversal magnetization to T1.4. Using the ISTO basis, the equation of motion becomes?%4¢

2
O melT20)~ 3 [T Thr ]| Un0) 4 Ko ), v
n=-2

where o¢q ~ T1g is the thermal equilibrium density operator and J, are the spectral densities that encode the sodium molecular environment. The

K, value is negligible in most situations and only leads to an overall dynamic shift.

3,20,22,33

Under the common assumption of a single correlation time z. and a nucleus quadrupole interaction of strength wq, the spectral densi-

ties J,, can be written as

Tc
Jh=wd———
QU+ (nwore)?

(2)

@q is the residual quadrupole coupling constant. This equation leads to a set of decoupled differential equations for each coherence

order,204¢

2 8 4 2 8
J Tio ghitzh Y g(—’l —J2) T1o 311 +512
& Ty | = 0 2(J1 +J2) 0 | T | — 0 (3)
T30 4 8, .2 Ts0 4 Ji—J
g(Jlsz) 0 511+§J2 g( 1—J2)
3 2 . /6
Tiss gJo +J1 +§J2 Fi/ 3/5a)Q ?(Jof.h) Tisr
a TZii = $i\/3/55Q J0+J1+2J2) $i\/3/SEQ . T2i1 (4)
T341 6 . 2 3 T3+1
- %(Jo ~h) FV3me ghthtih -

In the case of isotropic environment, where wq =0, the Rank 2 coherences are decoupled from Rank 1 and 3 coherences. The analytical solu-

tions for the above zero quantum (ZQ) and the SQ differential equations are

T\ (1-FL®\ (IO £IO) (To

() (—f§?<t> w9 () o
T11 f(111)(t) f(llg)(t) (T
<T31) (f(;l)(t) f () <T31>' (©)

For simplicity, the & signs in T4 and T34 are dropped. The bi-exponential ZQ transfer functions ffjo)(t) (Reference 20)
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0 t t
f(n) (t)=Assexp <_ﬁ) +Asrexp (_ﬁ> ,

S

0 =150 =3 () ~em( 1)) 7)

t t
f(3°3) (t)=Asrexp| —— | +Asexp| ——
T1s T

1f

correspond to longitudinal relaxation with relaxation times T :i (slow) and Tq¢ :i (fast). The theoretical amplitudes Ajs=0.8 and A4 =0.2

are the slow and fast components, respectively. The SQ transfer functions f,g.l)(t) are?®

t t
f(lll) (t)=Azsexp <f—> + A exp <7—> s
Tos Tos

A ) = £ (t):?(exp(—%f) - exp(—TLZS» ®)

@ 4y — _t _t
f33(t)_A2fexp< T2s) +A25exp< T2f>

where the slow and fast relaxation times are Ty :m and Ty :m, respectively. The theoretical amplitudes for the slow and fast compo-
nents correspond to Ays = 0.4 and Ay = 0.6, respectively.

Hence, both transversal and longitudinal evolution yield Rank 3 coherence, which can be transferred to T33 TQ coherence by applying RF
pulses. However, each pathway has its own sensitivity to the motional environment. While J; and J, are similar and have their largest difference
for correlation times close to the inverse of the Lamor frequency, Jo is linear in z. and is therefore particularly sensitive to slow motion. Only Ty
depends on Jy. Hence, the difference between the T, relaxation times, which determines the T,-TQ signal, is dominated by slow motion with
wotc 2 1. The T4 relaxation times only depend on J; and J,, and therefore the T1-TQ signal is dominated by an intermediate motional regime with
wotc ~ 1. Furthermore, determination of T, relaxation times is more challenging, as the fast T, component contributes only 20% to the overall
signal.

The nuclear quadrupole strength parameter wq and the correlation time z. can be calculated using both the T, and T, relaxation times. 182047

_ 1 Jap—-1 _ 5bo 2
=\l g, ™ mQ_,/éxﬁmx +5x+1) ©)
J

where x = (a)orc)z, do=7-= %: and by = T[fl — Tisl =2(J1 —J3). Using the T, relaxation times, they are

7
11 2 _ [5b1(4x+1)
rc_%\/g (501—9+w/25a1—5801 +49> and wq= e (10)

Using the T, relaxation times, they are

— T __Joth Tl 1y
WhereaiszifjﬁJzandbifT2f Ty =Jo—1Jo.

B, inhomogeneities can influence relaxation by shifting the Larmor frequency locally. The effect of By inhomogeneities on the transfer func-

tions f;(iq) can be described by*°#®

fio(t) =f§" (t)j P(@shite) €XP(—idasnit)dosnise = f” (t) exp(—aRaot), (11)

where p(wshitt) is the distribution of wspirr Values and g is the coherence order. Bp inhomogeneities usually follow a Lorentz distribution.***? The
integral is the Fourier transform (FT) of p(wshitt) and the FT of a Lorentz distribution leads to an exponential free induction decay (FID). Therefore,
the overall effect of By inhomogeneity can be described as an additional coherence order dependent contribution to the relaxation rates R;:

Rigo = Ri +dRgo- (12)

Here T, relaxation (g = 1) becomes T,* relaxation, while By inhomogeneity does not affect T, relaxation (g =0).
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3 | METHODS
3.1 | IRTQTPPI pulse sequence and optimized phase cycles

The IRTQTPPI is a three-pulse sequence as shown in Figure 1. The 180° inversion pulse flips the equilibrium magnetization to the state described
by —T19, which evolves to the T3g state in the subsequent evolution period 7eyo. The second RF pulse with flip angle 90° transforms the T3 state
to the TQ coherences T33. Immediately afterwards, the third RF pulse, also with flip angle of 90°, transforms the T33 coherence into T3, coher-
ence. This state evolves later to the MR detectable T1; coherence during the acquisition window. The phases of the standard sequence PCO are
¢1 =0 for the first RF pulse, ¢4 =90° +45°n with n=1,...,8 and ¢ = ¢gyx =0 for the last RF pulse and the receiver, respectively. In every phase
step the evolution time z¢,, between the first and second RF pulses is incremented.

Imperfect RF pulses may lead to the creation of unwanted MR signal contributions (for example, DQ signal).® For improved quantification of
T, relaxation times and T41-TQ signal, three different phase cycles were evaluated for optimum reduction of unwanted signal contributions.

Phase cycle PC1 counteracts an imperfect inversion pulse by altering the phase of the inversion pulse by 180°. The T4 tensor remains unaf-
fected, while accidently created T11 coherences accumulate a 180° phase difference and thus are cancelled.

Phase cycle PC2 alters the phase of the second pulse by +-135°, which results in a cancelling of signal components with even coherence order
differences Am=m —m'’ = 2n (n being an integer, here n = 1), such as the transition ?30 — 'IA'giz or ?1i1 — ?1;1. Here, the +-135° phase shifts add
+2 x 135°n==4270°n phase adding up to in total (540°n) mod 360° = 180° phase difference. Since transitions with odd coherence order differ-
ence Am=m—m’ accumulate a phase difference of Am270°, signal is lost due to inefficient interference. In comparison to PCO and PC1, the sig-
nal to noise ratio (SNR) is reduced by a factor of 1/\/2 Additionally, this method leads to a 90° phase shift between the SQ and TQ peaks, which
may impact fit accuracy.

Phase cycle PC3 is a combination of PC1 and PC2. The phase of the first pulse is altered by 180°. Additionally, PC3 alters the phase of the
second pulse by £135°. This cycle therefore counteracts imperfections of both the 180° inversion pulse and the 90° pulses. However, this combi-

nation doubles the scan time compared with PC1 and PC2.

3.2 | Signal output and nonlinear fit

Similarly to the TQTPPI sequence, the signal of the IRTQTPPI sequence consists of a stack of spectra of the FT transforms of every first dimen-
sion FID along the acquisition time axis. The second dimension yields another FID, which is a function of the evolution time and corresponding

phase step increment. Thus, the final signal contains both the SQ and TQ signal at distinct frequencies. The FID signal in the second dimension
can be described by

IRTQTPPI sequence with coherence pathways and phase cycles

phase

cycle 180, 1 90°, ¢2 90°, o3

© 0 () = () 0

@ | o 180° | 90°+n-45° [g 0

@) 0 = o 0

® 0, 180° | ¢ +135° | o |[ADC, ¢rx =0
P Tevo T T/rnix T TR. i
+3 33
+2
+1

0 T1o

1,13 1— T1—1

—1
—2
-3

FIGURE 1 The IRTQTPPI pulse sequence and corresponding coherence pathways. The first 180° RF pulse inverts the longitudinal
magnetization, which relaxes to T3g during the evolution period. The subsequent 90° RF pulse creates T1.1 SQ and T3.3 TQ coherences. The
second 90° RF pulse transfers these states of magnetization to T;1_41 and T3_1, respectively. The following evolution converts T3_1 coherence to
detectable T1_4 coherence. For each phase step, the evolution time z.,, and the RF phases are simultaneously incremented. The initial evolution
time increment Areyo Was non-equidistant with 8 Azey, at a later time point to shorten acquisition time (Figure 2).
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Yi(t) = sin(@t + ar) (1 - 2A1sq (Arse T~ Agse 75 ) ) +Arrasin(3et + az) (¢ i —e T ) +DC, (13)

where Y(t) is the IRTQTPPI FID amplitude. Ass, A1r and Ajrq are the amplitudes of the slow and fast SQ signals as well as the TQ signal, respec-

27 A
360° Atevo

and TQ signals, respectively. The output FID in the second dimension was nonlinearly fitted by signal Equation 13. The total amplitude A;sq was

tively. w = is the frequency of the SQ signal determined by the phase cycle step. The values of a; and a, represent the phases of the SQ

used as a scaling factor accounting for imperfect inversion of magnetization. The amplitudes A;s and A4¢ of the slow and fast components were
set to their theoretical values of 0.8 and 0.2, respectively.?° Multiple studies??°° have shown that the SQ amplitudes were close to their theoreti-
cal values for T, relaxation in agar samples and in vivo. Hence, it is reasonable to assume the same for T, relaxation. Moreover, fixed values were
necessary to stabilize the fit results since the fast component contributes only 20% to the signal. We nevertheless evaluated the fit stability with
bound and unbound amplitudes A4 and A4s.

A further improvement of fit accuracy and a reduction in measurement time were achieved in the IRTQTPPI sequence when two different
evolution time increments were used. For small evolution times up to 65 ms, data was sampled more densely using a step of Aze,,. For longer
evolution times, data was sampled with a time step of 8 Azeyo. <FIG 2>Figure 2 shows an exemplary FID in the second dimension with two evolu-

tion times. The FID in the second, evolution time, dimension is from now on referred to as FID.

3.3 | Experimental

Measurements were performed at a 9.4 T preclinical MRI scanner (BioSpec 94/20, Bruker, Ettlingen, Germany) and a 21.1 T preclinical MRI scan-
ner at the National High Magnetic Field Laboratory (NHML, Tallahassee, FL, USA).>! At the 9.4 T scanner, we used a linear polarized 1H/%Na
Bruker volume coil. Inner diameter and length were 72 and 100 mm for the 2°Na channel, respectively. At the 21.1 T, we used a custom-built
1H/2%Na birdcage volume coil.>?

The samples contained [0, 2, 4, 6]% w/w agarose and 154 mM NaCl. Chemicals were purchased from Carl Roth (Karlsruhe, Germany). The
samples were made by dissolving agarose in saline solution and heating the solution to 90 °C under stirring. After air bubbles left the heated solu-
tion, the solution was poured into 20 mL syringes. Syringes avoid a direct air contact, and this improved the By shim. The resulting sample had
10 mL of solution, the sample diameter was 20 mm, and the height of the solution in the syringe was 35 mm.

The parameters of the IRTQTPPI sequence were T =400 ms at 9.4 T (Tg = 1 s at 21.1 T), four averages at 9.4 T (one average at 21.1 T),
Ateyo = 100 ps and number of phase cycles with step of Azeyo, Npc =40. The number of steps with 8 Az, was 300. To optimize the number of
coarsely sampled data points, we varied the number of steps in the range of 0 to 320.

IRTQTPPI sequence FID and spectrum for 2% agar

(A) FID for PCO B Spectrum for PCO
1 100
0.8
80 foss J
0.6
— 0
0.4 §. 60 [ J
- © 0.5
. =
= 0% 2 a0t 1
ot (7]
= 0 S i TQ pa sa
= N
-91 _0.2 ] % 20 I~ -
@ £
S
0.4 1S o
-0.6 ¥
20 1
-0.8 5
-1 : : -40 : : :
0 100 200 300 400 500 600 TQ DQ sSQ

Evolution time [ms]

FIGURE 2 Sodium FID and spectrum of the 2% agar sample for phase cycle PCO without DQ suppression at 9.4 T. A, The FID was sampled
with two evolution time increments, Azeyo and 8 Azeyo. B, The spectrum shows a TQ peak, which proved that T, relaxation was bi-exponential. A
DQ peak could potentially affect the reliability of the fitting and hence DQ suppression methods were necessary.
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The SNR of the TQ peak was determined by dividing the TQ peak height by the noise level. The noise level was determined by the standard
deviation of the part of the spectrum that did not contain any signals.

We performed two stability tests of the IRTQTPPI method by determining the T, relaxation times and the T;-TQ signal. For the first stability
test, we compared the fit results of all phase cycles. For the second test, we compared the fit results for varying numbers of points for the large
evolution time increment 8 Azeyo.

22,33

For the T,-TQTPPI measurements, we used the TQTPPI sequence with a 180° refocusing pulse to compensate for By inhomogeneities.
The FID was fitted using the signal equation

Ya(t) = sin(wt +az) (AZS e TE Ay e*f*zf) +Agrgsin(3wt + ap) (e*f*zf - e*vl) +DC (14)

where Tos and Ty are the slow and fast relaxation times, respectively. A5 and Ay are the amplitudes of the slow and fast components, respec-
tively. Aorq is the amplitude of the TQ signal. Other definitions are analogous to the definitions for Y (t). The T,-TQ/SQ ratio is defined as

TQ  Asrq
_=__eR 15
SQ A +Ay (15)
The standard deviations of the parameters were given by the fit uncertainties. The sequence parameters were TR =400 ms at 9.4 T (Tr=1s

at 21.1 T), two averages at 9.4 T (one average at 21.1 T), number of phase cycles Npc in the range of 60 to 100 and Azey, = 200 ps.
The T4-TQ/SQ ratio was determined in the same way as the T,-TQ/SQ ratio as

T A
TQ__Amg (16)
SQ Ags+Ag¢

The 1—2f(ﬁ)(t) behavior of the fit function in comparison to the TQTPPI pulse sequence makes the definition of the TQ/SQ ratio more
complicated.

Many studies have used a mono-exponential approximation for Ty relaxation.>3~¢° Therefore, we also calculated a mono-exponential approxi-

mation T1m of the T4 relaxation times using®’

1

Tlm :%+% .
Tis ' T

(17)

The sensitivity to the motional environment is characterized by the typical time scale of motional averaging, the correlation time z. and the
quadrupole interaction strength wq. To investigate the motional regimes for both sequences, 7. and wq were calculated using Equations 9 and 10

for all pairs of T, and T, relaxation times, respectively.

4 | RESULTS

Figure 2 and <FIG 3>Figure 3 show spectra of all phase cycles at 9.4 T for the 2% agar sample. While phase cycle PCO showed a DQ peak, phase
cycles PC1, PC2 and PC3 successfully suppressed it. PC2 and PC3 shifted the phase of the TQ peak relative to the SQ peak by 90°. This resulted
in the TQ peak pointing in the opposite direction compared with the corresponding SQ peak.

4.1 | Stability of IRTQTPPI fit results

The stability of the IRTQTPPI fitting results was evaluated using three different methods. The fitting results are shown in <TAB 1>Table 1 and
<TAB 2>Table 2. First, we compared the fitting results with bound and unbound amplitudes A4 and A4.. The fit results with unbound amplitudes
yielded large uncertainties and unrealistic amplitudes that strongly deviated from the theoretical values of Ay = 0.2 and Ays = 0.8. For the 2%
and 4% agar samples, the fast amplitude contributed more than 90% instead of 20% to the overall SQ signal. Therefore, we used only the fit using
bound A4 and A4, values.

Second, we compared the fit results for the different phase cycles. <FIG 4>Figure 4 and Table 2 show that for all samples and phase cycles

the fit results for the relaxation times were consistent with each other. T, and T4s almost perfectly matched for the different phase cycles, with

85UB017 SUOUWIOD 8A1T.D) 9(cedl|dde auy Ag peusenob ae sefoie YO ‘8sn Jo Sa|Nn Joj Arld)auljuQ AB]1M UO (SUO N IPUCO-PUE-SWIS)W0D A8 M AReiq1 Ul juo//:Sdny) SUORIPUOD Pue SWis | 38U 89S *[z02/70/20] Uo Ariqiauliuo A|im ‘AiseAIN STeIS epLOlH AQ 90TS WAU/Z00T 0T/I0p/LL0d"A8| Im Afe.d 118Ul [UO'S [u.no Bau 10s [ea A feue//:sdny Woly pepeojumod 'S ‘vZ0Z ‘265 T660T



M _NMR REICHERT ET AL.
WILEY—|\BiOMEDICINE

IRTQTPPI sequence spectra of all phase cycles for 2% agar
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FIGURE 3 Comparison of all three DQ suppression methods, phase cycle PC1 (A), phase cycle PC2 (B) and phase cycle PC3 (C), for the 2%
agar sample at 9.4 T. All three phase cycles effectively suppressed the DQ peak that was visible in the spectrum during phase cycle PCO, as
shown in Figure 2. The TQ signal during PC2 and PC3 phase cycling accumulated an additional 90° phase shift relative to the SQ signal.

TABLE 1  Fit values for unbound SQ amplitudes A5 and A4 for phase cycle PC2 at 9.4 T. Both amplitudes strongly deviated from the
theoretical values of A;s = 80% and A1 = 20% for the 2% and 4% agar samples. Furthermore, the T, relaxation time was close to the unrealistic
upper bound of 100 ms and T,; showed a large uncertainty.

Agar: 2% 4% 6%

T1s [ms] 99.98+0.40 99.99 +£0.37 45.18+1.57
T1¢ [ms] 43.06+12.28 41.27 +£10.24 28.77+3.51
T1m [ms] 44.61+12.45 43.04+10.42 33.89+6.92
Ass [%] 5.45+1.66 6.19+1.50 38.64+13.20
Ass [%] 94.17+1.69 93.33+1.53 60.29+13.24
TQ/SQ [%] 2.93+0.42 3.42+0.39 17.05+3.62

deviations of less than 0.5 ms. The maximum deviation between the T4 times of the different phase cycles was less than 1 ms. However, there
was a substantial deviation of the T1-TQ/SQ ratios. Phase cycles PCO and PC1 yielded approximately the same T,-TQ/SQ ratio, but this was sub-
stantially lower than the T;1-TQ/SQ ratios of PC2 and PC3.

As the fit results for the relaxation times of all phase cycles were very similar, we chose phase cycle PC2 for all further measurements.

In the third stability test, we varied the number of data points with the larger evolution time increment of 8 Atey,. <FIG 5>Figure 5 shows the
relaxation times and the TQ signal in dependence on the number of points with large evolution time increment for the 2% agar sample. For all
samples, both the T;-TQ/SQ ratio and the T, relaxation times showed a large variation for a low number of additional points. However, between
100 and 200 additional points, the fit converged to a stable set of parameters. For all further measurements, we set the number of additional
points to 300.

4.2 | Comparison of T; and T, relaxation times and T;- and T,-TQ signals at 9.4 and 21.1 T

For all samples, both T, and s, relaxation were bi-exponential at 9.4 and 21.1 T, as shown in Figure 6. At 9.4 T, the separation in relaxation times
was in the range of 15-18 ms for T, and 28-35 ms for T,. At 21.1 T it was in the range of 15-21 ms for T, and 37-40 ms for T,. In general, the
uncertainties for the T, relaxation times were larger.

The T,-TQ/SQ ratio was smaller than the T,-TQ/SQ ratio. Both the T;- and T,-TQ/SQ ratio increased almost linearly with concentration with
almost the same slope.

Increasing the magnetic field strength from 9.4 to 21.1 T led to increasing T, and T, relaxation times for all samples. Yet, both the T,-TQ and

T>-TQ signals decreased despite larger T4 and T, splitting.

85UB017 SUOUWIOD 8A1T.D) 9(cedl|dde auy Ag peusenob ae sefoie YO ‘8sn Jo Sa|Nn Joj Arld)auljuQ AB]1M UO (SUO N IPUCO-PUE-SWIS)W0D A8 M AReiq1 Ul juo//:Sdny) SUORIPUOD Pue SWis | 38U 89S *[z02/70/20] Uo Ariqiauliuo A|im ‘AiseAIN STeIS epLOlH AQ 90TS WAU/Z00T 0T/I0p/LL0d"A8| Im Afe.d 118Ul [UO'S [u.no Bau 10s [ea A feue//:sdny Woly pepeojumod 'S ‘vZ0Z ‘265 T660T



REICHERT ET AL

N
INBIOMEDICINE

MR _Wl LEYJL”S

TABLE 2 Comparison of the fit parameters using the IRTQTPPI sequence with the different phase cycles PCO, PC1, PC2 and PC3at 9.4 T.
The SQ amplitudes A5 and A4 were bound to their theoretical values of 0.8 and 0.2, respectively.

Agar: 2% 4% 6%
PCO T1s [ms] 49.4440.96 4379+1.18 37.50+1.70
Ta¢ [ms] 29.92+0.31 25.67+0.37 23.94+0.50
Tim [ms] 43.78+0.62 38.65+0.75 34.00+1.13
TQ/SQ [%] 3.1440.53 5.77+0.87 11.78+2.37
PC1 T1s [ms] 49.55+0.90 43.62+1.22 37.51+1.66
Tas [ms] 30.19+0.29 26.32+0.38 23.75+0.49
Tim [ms] 44.1840.59 38.92+0.79 34.02+1.10
TQ/SQ [%] 3.0940.50 6.00+0.93 11.47+2.25
PC2 T1s [ms] 49.224+0.73 43.92+0.98 37.92+0.90
Ta¢ [ms] 30.87+0.23 25.65+0.31 22.90+0.27
Tim [ms] 44104048 38.65+0.75 33.91+0.58
TQ/SQ [%] 5.32+0.48 8.67+0.89 15.87+1.50
PC3 T1s [ms] 49.214+0.81 43.78+0.98 37.78+0.86
Ta¢ [ms] 30.87+£0.26 25.83+0.31 23.09+0.26
T1m [ms] 44.1240.53 38.76+0.63 33.89+0.56
TQ/SQ [%] 5.34+0.53 8.84+0.91 15.86+1.45
Comparison of fit results for all phase cycles at 9.4T
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FIGURE 4 Comparison of fit parameters, T, relaxation times (A) and IR-TQ/SQ ratios (B), for all phase cycles using IRTQTPPI pulse sequence

Agar concentration [% w/v]

Agar concentration [% w/v]

at 9.4 T. The relaxation times T4, T and T4, were in close agreement for all phase cycles. The T1-TQ/SQ ratios between PCO and PC1 phase
cycling were in close agreement as well as the ratios between PC2 and PC3. However, there was a substantial difference between these two

pairs.

Figure 7 shows the correlation times z. and quadrupole strength parameters wq calculated using the T, and T, relaxation times for 9.4 and
21.1T. wq is larger at 21.1T and slightly increasing for increasing agar concentration. The slope was steeper for the quadrupole strength parame-
ters calculated with the T, relaxation times. The correlation time was almost constant with increasing agar concentration for the T, parameters. In
contrast, the correlation time was increasing with agar concentration for the T, parameters. 7. was larger at 9.4 T than at 21.1T, while wq was
larger at 21.1 T compared with 9.4 T.
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Stability of IRTQTPPI fit in dependence of humber of datapoints with 8ATeyo added

(A)SO Relaxation times (B)g 5 TQ/SQ ratio
r . r 1t 1 T T T T T [ ° ' i | | | | |
T T % 1 i L 1 & 1 1
48 /1' 9 1
46+ 8.5 :

W 44t 8 1

E

©42F =75 :

= s || =

c 40} —J—T1f 8 7 .

2 Tim|| 2

© 38 - 6.5 :

K]

& 361 6 1
34+ 5.5 1
32t 5 1
30 ! ; ! I ! ! 45 ; ! ; ; ! ;

0 50 100 150 200 250 300 50 100 150 200 250 300

FIGURE 5

Datapoints added

Datapoints added

Dependence of the relaxation times (A) and the T;-TQ/SQ ratio (B) on the addition of the data points with an evolution time step

of 8 Ateyo in the 2% agar sample using IRTQTPPI with phase cycle PC2 at 9.4 T. All fit parameters converged to stable values after addition of
approximately 100-200 data points. Comparable results were observed for the other agarose samples.

Comparison of T, and T, relaxation times and TQ signals at 9.4 Tand 21.1 T
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FIGURE 6 Comparison of sodium TQ/SQ and T4, T, relaxation times for the IRTQTPPI and TQTPPI pulse sequences at 9.4 and 21.1 T. At
both magnetic field strengths, all agarose samples yielded a T,-TQ signal and bi-exponential T, relaxation times. As expected form theory, the T,
pathway yielded a larger TQ signal and faster bi-exponential relaxation than T, pathway. The TQ signals of both pathways were smaller at the
higher magnetic field strength.

5 | DISCUSSION

So far, the knowledge about bi-exponential 23Na T, relaxation times of biological tissue is limited, as the fast component contributes only 20% to
the total SQ signal and the difference in T, relaxation times can be rather small. Therefore, previous studies mainly approximated T, relaxation by
a mono-exponential function.>3-¢° However, a reliable determination of both T, values is of importance for methods such as magnetic resonance
fingerprinting.*347%? Furthermore, the unique sensitivity of the T;-TQ signal to the intermediate motional regime provides additional insights
about the sodium molecular environment. In this study, we proposed a reliable method for the simultaneous quantification of the T, relaxation

times and the T4-TQ signal.
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FIGURE 7 Comparison of the correlation times z. and the quadrupole interaction strengths wq calculated from T; and the T, relaxation times
measured at 9.4 and 21.1 T according to Equations 9 and 10.

For a reliable quantification of T, and T1-TQ values, we optimized the IRTQTPPI sequence in three steps. (1) Fixation of the relative contribu-
tion of the fast and slow signal component. (2) Nonlinear sampling of the evolution time. (3) Suppression of unwanted signals.

The stability test showed that it was more crucial for the fit stability to sample the FID for sufficiently large zeyo, to reduce the number of fit
parameters and set the SQ amplitudes to their fixed theoretical values A, and As;. If the actual amplitudes deviated from the theoretical ampli-
tudes, this could introduce errors in the determination of the relaxation times and other fit parameters. Several studies?>° have demonstrated
for T, relaxation that the theoretical amplitudes were close to their theoretical amplitudes in agar samples and even in vivo, suggesting that the
fixed amplitude assumption may also be used in in vivo spectroscopy and imaging. Other studies have also stabilized the T, fit by using fixed
amplitudes.*8427% The two T, relaxation times are close in value and much larger than the T,¢ counterpart. Therefore, they are less affected by
signal decay before the first echo/inversion. Hence, it is reasonable to assume that fixed T, amplitudes introduce less error than for T».

Nonlinear sampling of the evolution time allowed us to avoid unreasonably long measurement times by using a second larger 7, increment.
The number of data points with the increased ., increment was varied to test the stability of the fit. For all samples and fit parameters, the fit
stabilized and converged to a fixed set of parameters for a minimum of 100-200 additional data points.

For suppression of unwanted signals, we evaluated four different phase cycles for creation of the T;-TQ signal. In general, all phase cycles
yielded similar T, relaxation times, and only the T1-TQ/SQ ratio was altered. A large unsuppressed DQ peak may affect fit accuracy. Only PCO did
not suppress the DQ peak; however, in these cases it did not influence the fit result substantially. The other phase cycles showed a similar effec-
tiveness in suppression of the DQ signal. PC1 suppresses signal contributions from an imperfect 180° inversion RF pulse, while PC2 focusses on
suppression of contributions with an even change in coherence order. PC3 combines the two phase cycles, doubling the scan time. The SQ signal
of PC2 and PC3 did not perfectly constructively interfere, leading to a lower SQ signal and consequently a larger normalized TQ signal. The larger
normalized TQ signal may make the extraction of small TQ signals easier. Transitions other than the desired T, pathway can create not only a DQ
signal but also additional contributions to the SQ and TQ signals. For the SQ peak, these contributions should be much smaller than the signal
from the T19 — T11 transition and therefore should not substantially influence the SQ peak. Alternative pathways that create a TQ peak, however,
could in principle alter the TQ peak. As, for instance, Madelin et al.® pointed out, the T;- and T,-TQ signals were not distinguishable in the case of
imperfect flip angles. For our sequence, the only transitions that could create a TQ signal, that is, change in the coherence order by 3, were the
T30 — Ta3 transition (T1-TQ signal) and the T34 — T34 2 transitions. In theory, both PC1 and PC3 corrected these contributions to the TQ signal
by filtering out all contributions originating from T4, coherences created after an imperfect inversion pulse. In PC2, this pathway contributed to
the signal. Nevertheless, the fit results almost perfectly matched between PC2 and PC3. Thus, the influence of this pathway should be negligible.
Since PC2 and PC3 yielded a larger T1-TQ/SQ signal compared with PC1 and a shorter scan time compared with PC3, we used PC2 in all further
measurements.

The T, pathway is sensitive to the difference in J; and J, and thus an intermediate motional regime. In the T, pathway, T, is sensitive to J,
and J,, while the Jy dependence of Ty leads to a strong sensitivity to the slow-motion regime. Therefore, it is expected that the T»-TQ signal and

the separation of the T, relaxation times is stronger than those for the T, pathway, which was confirmed by our measurements. Both
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measurements enabled the characterization of the motional environment of the sodium nuclei by calculating the correlation times z. and quadru-
pole strength parameters wq. In our measurements, both values did not match between the two pathways, which agrees with literature.>1817
Only in the case of a motional regime with a single 7. and wq do the 7. and wq values of the two pathways match independent of the calculation
method and Bo. In general, the motional regime is more accurately described by a distribution of correlation times and quadrupole strength param-
eters.*®1 Nevertheless, the simplified model still allows extraction of qualitative and effective information about the motional environment of
the nuclei. The T, correlation time was almost constant with increasing agar concentration, in agreement with the sensitivity to interactions in
the intermediate motional regime. On the other hand, the T, correlation time was increasing linearly with the agar concentration, as expected
from theory. The T wq was increasing more slowly with agar concentration than the T, wq. This might indicate that with increasing agar concen-
tration slow interactions become stronger and more frequent, while intermediate interactions are not affected as much. Moreover, all samples
yielded a strong T1-TQ signal that increased with agar concentration with almost the same slope as the T,-TQ signal. The similar increase in T;-
and T,-TQ signal combined with the dependence of the T, and T correlation times indicated that the fractions of interactions in the intermediate
and slow-motion regimes increased similarly.

In theory, the TQ/SQ ratio is expected to increase with By since the intermediate (rcwo ~ 1) and slow-motion (rcwq > 1) regimes are shifted
toward smaller correlation times.2° This agrees with the lower correlation time at 21.1 T. Nonetheless, in our measurements, the TQ/SQ ratios
decreased at 21.1 T compared with 9.4 T. This suggested a strong influence of By and B; inhomogeneities on the TQ signal.*® In general, By and
B4 inhomogeneities increase with field strength. Both T;-TQ and T,-TQ signals strongly depend on the flip angle accuracy and B, homogeneity.
The T,-TQ signal has a flip angle dependence of sin5(6').38 Similarly, the T1-TQ flip angle dependence can be calculated using the Wigner matrix
elements: the flip angle dependence is cos(@l)sins(ez), where 0, is the flip angle of the inversion pulse and 9, is the flip angle of the second and
third pulses. Since RF absorption increases with Bo, B; inhomogeneity is expected to increase and therefore increasing field strength does not
necessarily improve the TQ signal as theoretically expected. Moreover, the increased RF absorption increases specific absorption rate (SAR) and
necessitates longer Tg, which increases scan time.

The IRTQTPPI sequence can also be used with an imaging sequence similar to the TQTPPI sequence®> %7 and TQF sequences.243¢ These
sequences use a fixed evolution time and a sampling of the T,-TQ signal at the maximum, which can also be done with the IRTQTPPI sequence.
To extract the T, relaxation times, an evolution time increment must be used. Sparsity in the multidimensional data could be exploited in the way
that Licht et al. proposed for their sequence®’ to optimize scan time. One drawback of T;-TQ was the smaller signal compared with T,-TQ, which
is already only one-tenth of the SQ signal. The lower SNR might also affect the accuracy and robustness of the T, relaxation time quantification.
Since the contribution of the Ty¢ signal is only 20%, an SNR higher than for T, quantification may be required. To achieve high SNR in reasonable
scan time, sparsity could be exploited, similarly to the approach of Licht et al.®” Furthermore, the 180° pulse doubles the SAR compared with the
90° pulse. Consequently, the T,-TQ measurement will be a better choice for clinical applications due to the higher SNR and lower SAR. Neverthe-
less, the IRTQTPPI sequence still improves the characterization of the motional environment and T, relaxation behavior of the sodium nuclei.

6 | CONCLUSION

In this study, a reliable method for simultaneous quantification of sodium T1-TQ signal, SQ signal and bi-exponential T, relaxation times was dem-
onstrated. Combination of optimized fit parameters, nonuniform sampling of evolution time and suppression of unwanted signals resulted in reli-
able and stable IRTQTPPI measurements. At 9.4 and 21.1 T, all samples of the agar model system yielded a T,-TQ signal and bi-exponential
sodium relaxation times. In contrast to theoretical expectations, the T,- and T,-TQ signals decreased with field strength, mostly due to By and B,
inhomogeneity. The T,-TQ signal and the T4-TQ signal represent different ranges of the sodium nucleus motion, as demonstrated for the agar tis-
sue model system. The IRTQTPPI pulse sequence provides a less intensive TQ signal than TQTPPI. Altogether, the proposed IRTQTPPI sequence

allows for an improved characterization of the sodium molecular environment.
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