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Abstract

A new and efficient magnetisation transfer P magnetic resonance fingerprinting
(MT-3P-MRF) approach is introduced to measure the creatine kinase metabolic rate
kck between phosphocreatine (PCr) and adenosine triphosphate (ATP) in human
brain. The MRF framework is extended to overcome challenges in conventional 3P
measurement methods in the human brain, enabling reduced acquisition time and
specific absorption rate (SAR). To address the challenge of creating and matching
large multiparametric dictionaries in an MRF scheme, a nested iteration interpolation
method (NIIM) is introduced. As the number of parameters to estimate increases, the
size of the dictionary grows exponentially. NIIM can reduce the computational load
by breaking dictionary matching into subsolutions of linear computational order.
MT-3P-MRF combined with NIIM provides T5<", T4™" and kck estimates in good
agreement with those obtained by the exchange kinetics by band inversion transfer
(EBIT) method and literature values. Furthermore, the test-retest reproducibility
results showed that MT-3*P-MRF achieves a similar or better coefficient of variation
(<12%) for TA™" and kcx measurements in 4 min 15's, than EBIT with 17 min 4s scan
time, enabling a fourfold reduction in scan time. We conclude that MT-31P-MRF in
combination with NIIM is a fast, accurate, and reproducible approach for in vivo kck
assays in the human brain, which enables the potential to investigate energy metabo-

lism in a clinical setting.
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1 | INTRODUCTION

Energy buffering and transport via the phosphocreatine (PCr)/creatine kinase (CK) shuttle play an important role in cellular energy metabolism to
maintain cellular adenosine triphosphate (ATP) levels and support neuronal activity and normal brain function.® Quantifying the CK activity has
been of great interest in the last decades. Chen et al. measured an increase in the CK rate during visual stimulation, indicating that the CK turn-
over is elevated (34%) upon increased neuronal activity.? In another study, a decline of the CK rate (26%) with age has been found in rats using an
in vivo 3P saturation transfer (ST) experiment.® Alteration of the CK rate (14-22%) could result in abnormal cellular function and has also been
reported in several psychiatric and metabolic disorders.*® These noninvasive measurements of CK reaction rates have been achieved using 3P
magnetic resonance spectroscopy (MRS) combined with magnetisation transfer (MT). However, MT methods typically require a long acquisition
time due to the low metabolite concentrations, low signal-to-noise ratio (SNR), and long T, relaxation times, which limits their clinical
applications.

In an effort to shorten the scan time, several fast 3*P MT-MRS methods have been introduced based on the ST technique.”® Four-angle satu-

)€ are performed under partially saturated conditions with a reduced

ration transfer (FAST)? and triple repetition time saturation transfer (TRiST
repetition time (TR) and reduced number of required spectra. The accuracy of FAST depends on the accuracy of the excitation flip angles (FAs)
used for the dual-angle-based T1; measurement. Further, the number of acquired spectra can be reduced by using empirical T4 values, such as the
two-repetition time saturation transfer (TwiST)** and nominal T;*? methods.

However, the ST technique, which uses a long RF pulse train for magnetisation saturation, can induce undesirable high specific absorption
rate (SAR) (especially limiting human brain applications), off-resonance saturation effects, and the activation of small hidden pools.’*"1> As an
alternative, inversion transfer methods, such as exchange kinetics by band inversion transfer (EBIT)'® and others,2”"2% have been introduced,
by which the MT effect in a selected pathway can be amplified through band inversion of the spins that are involved in competitive
pathways.

31p magnetic resonance fingerprinting (MRF) has shown its feasibility and robustness in CK flux measurement in rat skeletal muscle using bal-
anced steady-state free precession (bSSFP)-type sequences with a series of varying FAs following an ST pulse train.?” The introduced method,
31p CK-MRF, showed lower coefficient of variation (CV) values within a sevenfold shorter acquisition duration than the FAST technique. How-
ever, in order to reduce the computational complexity, several parameters were fixed instead of being estimated together with kck. Furthermore,
ST is difficult to apply in clinical studies due to the intensive RF power deposition. Therefore, the 3*P MRF technique needs to be adapted for clin-
ical applications with a reduced SAR and a novel matching approach for multiparametric estimation.

The purpose of the study is to demonstrate the feasibility of the MT-3P-MRF approach at 7T in the human brain, to evaluate its robustness,
and to compare its test-retest reproducibility with EBIT. First, MT->'P-MRF is designed based on selective inversion transfer to reduce SAR in
the human brain. To address the challenge of creating and matching large multiparametric dictionaries in an MRF scheme, a nested iteration inter-
polation method (NIIM) is introduced, which combines efficient iterative parameter estimation with small dictionaries and an interpolation
approach to provide a bias-free estimation. Second, the acquisition and parameter estimation method are validated using simulations and in vivo
measurements. The accuracy of parameter estimation is evaluated by simulations. Last, test-retest reproducibility analyses are performed by

scanning the same volunteer twice using both MT-3*P-MRF and EBIT methods.

2 | METHODS
21 | Pulse sequence

The MT-3'P-MRF approach is based on a bSSFP-type sequence. The transient state is reached by variable FAs with a phase alternation of
180°. 1D localisation is achieved by a 1.5-ms Shinar-le Roux (SLR) pulse (bandwidth (BW) of 6.6 kHz). The repetition time is set to
Tr=18.9ms with a sampling rate of 256 points per 16.67 ms acquisition time, resulting in a 60 Hz spectral resolution and 15.36 kHz
spectral BW. The sequence scheme consists of three parts. Part | (Figure 1A) consists of two HS4 global inversion (Gl) pulses with 10.35ms
duration with a BW of 4.9 kHz, to invert all 3'P metabolites of interest in the spectral range from —20.3 to 20.3 ppm. Both Gls increase the
sensitivity of the MRF signals for T relaxation. The two Gl pulses are followed by 249 and 269 RF pulses in a sinusoidal pattern, respectively.2®
Part Il (Figure 1A) consists of 180 RF pulses with abruptly changing FA patterns to detect By inhomogeneities and off-resonance via the
PCr signal.2? The acquisition time of Part | and Il is 18.5 s combined, including a 5 s relaxation delay between repetitions. In Part Il (Figure 1B),
selective inversion by two asymmetric inversion pulses (A1l and AI2)°° is applied to increase the sequence sensitivity for kck.'® The two
Als have opposite inversion profiles, with the carrier frequency set to —1.25 ppm. Al1 is used to invert P; and PCr, and Al2 is used to invert a, f3,
and y-ATP. Al1l and AI2 are followed by a train of 185 and 59 RF pulses, respectively. Part Ill takes 9s, including a 4 s relaxation delay
between repetitions. Each measurement has one dummy scan to reach the steady state. The overall number of FAs combining all three parts
(1, 1, 1) is L=943.
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FIGURE 1 Sequence diagram with FA patterns of (A) Parts | and Il and (B) Part IlI. (C) An exemplary 20 mm selected slice in the occipital lobe.
Resulting grouped average waterfall spectra of (D) Parts | and Il and (E) Part lll over the FA index. (F-1) Example of the NIIM matching procedure
for k%,% =0.3571 from single subject data (full length acquisition). Black lines indicate the matched dictionary entries. In vivo signal evolution of
PCr is marked in orange, and that of y-ATP is marked in blue. The part used is indicated in the title.

2.2 | Fingerprint simulation

A dictionary is created for each subject using the Bloch-McConnell (BMC) equations. PCr and y-ATP are represented in a two-pool exchange
model with the two pools a and b.2” The PCr pool, a, is resonating at

£3 = B + foft + Faisti» (1)

where fgcr is the resonance frequency of PCr, fqst; is the off-resonance frequency of the i-th isochromat of the underlying subject-specific By

distribution, and f is the shift of the By distribution. y-ATP (pool b) is a doublet, and the two resonance peaks are incorporated as two subpools,
b, and by, with resonance frequencies of

fgl = AP Fott + Faist + 0.5 (2)

and
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£52 = FA™ + fof -+ Faisti — 0.5, 3)

where féTP

is the resonating frequency of y-ATP and J is the J-coupling constant of 16.1 Hz. No exchange of magnetisation between the two sub-
pools is assumed, and the equilibrium magnetisation is split evenly.
To decrease the simulation complexity, the magnetisation equation for an arbitrary discrete time step At is described as M, for the
longitudinal magnetisation and Mt for the transverse magnetisation, as follows:
Mt —eAstMl LR (4)
and

M — At (5)

where M and M*! are the magnetisations before and after At. The magnetisation vectors are

M= [M2 MEr ME2]T, (6)
M= M2 M2 Mo Me M2 M| 7
Ti{ X y X y X y ] . ( )
The longitudinal recovery term is defined as
R (Mot paipa[L 05 05 T @
=( JA_"Mg i CrTli Cr-,-g ) )

where | is the identity matrix, [-}"1 is the matrix inverse, T and T? are the longitudinal relaxation times of PCr and y-ATP, and the concentration

ratio is

Ma
C=-2, @)
Mo
with equilibrium magnetisations Mg and Mg of pools a and b, respectively.
The free precession, relaxation, and magnetisation exchange matrices for longitudinal and transverse magnetisation can be described as
1
*Tfa*kCK kekr kexr
1
1
AL = O.SkCK —F—kCK,r 0 (10)
1
1
0.5kck 0 ——b—kCK,r
T
and
-1 -
- F - kCK (OF} kCK.r 0 kCK<r 0
2
1
02 e kex 0 ke r 0 kexr
2
1
0.5kck 0 —F_kCK,r Wpy 0 0
Ar= 2 1 , (11)
0 0.5kc|< —Wh, T—kCKr 0 0
T2
1
0.5kck 0 0 0 **b*kCK,r @p,
T2
1
0 O.5kc|( 0 0 —Wh, __b_kCK,r
L T2 E

85UB017 SUOWWIOD A1) 3ot [dde aup A peusenoh aJe Ss(pIe YO ‘8sn JOSe|nl 10} AIg1T 8ULUO A8]1M UO (SUORIPUOD-PUR-SLIBIALIOD" A3 | 1M AleIq Ul |UO//SdY) SUORIPUOD pue SWIB | 8y} 89S *[£202/80/20] U0 Atelqiauluo A8|im *-13d3,712a anbauiolqig Ad 8661 'WAU/ZOOT OT/I0P/W0d™A8| IM AIq 1 UIIUO'S [UIN0 BOUB S RO NAeUe//:SdNY WOy papeo|umod ‘0 ‘Z65T660T



WIDMAIER ET AL. NMR -
INBIOMEDICINE— WV 1 LEY-L[2

where the forward creatine kinase rate constant is kck (a — b) and the reverse rate constant is

kekr = kex - C. (12)

. . b. . . . .
The precession frequencies of pools a and b are w, = 2zf§ and wy,, = 2xfy" and their transverse relaxation times are T3 and Tg, respectively.
The slice profile®! and a linear coil sensitivity approximation of the surface coil are incorporated. The excitation profile is modeled as a sum of

N¢ subslices. In each subslice, the effective excitation of the -I-th FA, ¢ (I, n¢) (ns = 1,...,N¢), is defined as
ere(line) = (=1) - Csp(nr) - Ces (nr) - Coa - (1), (13)

where ¢(l) is the nominal I-th FA of the MRF pattern. The 0° and 180° phase alternation of the RF pulses is indicated for each FA by (=11,
Further on, Csp is the excitation pulse profile, Ccs is the coil sensitivity profile (taken as the coil sensitivity profile given in Equation 20), and Cg; is
the scaling factor of By,

By

Cor=5—,
Bl,nom

(14)

where Bj nom is the nominal transmit field strength to reach ¢ and B is the actual transmit magnetic field strength. B; and the FAs are assumed to
be the same for all pools. FAs are simulated by a spontaneous rotation around the x-axis:

Mi(ng] Mz (1)
{anf)] =Rl {M:a,no}' (15)

where M and M| are the transversal and longitudinal magnetisations before the excitation pulse and M{ and M/ are those after the excitation
pulse. The rotation matrix, Ry, is described as

M1 0 0 0 0 0 0 0 0 ]
0 cos(¢e(ling)) O 0 0 0 —sin(¢es(,ne)) 0 0
0 0 1 0 0 0 0 0 0
0 0 0 cos(¢es(l,ne)) O 0 0 —sin(¢es(,nf)) 0
Ry(lng)= |0 0 0 0 1 0 0 0 0 . (16)
0 0 0 0 0 cos(¢esr(l,nf)) 0 0 —sin(¢es(l,ng))
0 sin(ges(ln)) 0 O 0 0 cos(esr(Lne)) 0 0
0 0 0 sin(¢e(lng)) O 0 0 cos(ges(l,nf)) 0
10 0 0 0 0 sin(ges(lne)) 0 0 cos(pese(l,n)) |

In each subslice, the signal evolution is modeled by a weighted sum of isochromats. The weight w; and off-resonance fg;st; of each isochromat's
signal evolution are determined by the subject-specific By distribution. The By distribution is found using the histogram of the measured By map with
a 1 Hz resolution. Compared with the original imaging MRF approach,?® spectral leakage due to fast Fourier transformation is an additional weighting

factor. We modeled this effect by simulating each point of the free induction decay (FID) during each Tg. Overall, the I-th spectrum §; is therefore

Ny )
5]-]“{2 ZW,‘S’”f"}, (17)
=1 i

where 5,”"i is the I-th time domain FID signal in the n¢-th subslice of the i-th isochromat and F{  } is the Fourier transformation operator. Finally,

the signal evolutions (fingerprints) of PCr and y-ATP stored in the dictionary are extracted from the peak intensity of each metabolite over the
L spectra (same as in vivo signal evolution extraction: Figure 1D,E).

2.3 | Dictionary generation and parameter matching

For all dictionaries, Tgcr, T’E\TP, and the resonance frequencies fgcr and féTP are set according to literature values®? to 135ms, 30ms, O ppm, and

—2.52 ppm, respectively. The remaining six parameters, Ca1, forr, To', T4™, Cr, and kck, are objectives of the estimation. Matching proceeds with
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the inner product of the L, norm of the measured pattern and the dictionary entries.?® To estimate such a high-dimensional parameter set, we
introduce NIIM. NIIM combines an iterative and interpolating approach to drastically reduce dictionary creation and matching time (Figure 2). The
problem is solved by repeating N times an iterative estimation loop followed by a final interpolation step. In this study, N =5 iterative estimation
loops are used. Each iterative loop has a varying initial condition of the creatine kinase rate kg','z (kgK =0.2,0.3,0.35,0.4, 0.5), withn=1,..,N and
fixed initial values of T9ATP, T9PCr and C?. Each iterative loop encloses four iterative steps (IT1 to IT4) described in 2.3.4 Iterative part. In each
successive iterative step, a dictionary is created to estimate the respective free parameter(s). With the advance in iterative steps, the dictionary is
created using fewer initial values, while more estimated values from the prior iterative step(s) are used. In the last iterative step (IT4), k¢ is esti-
mated. The resulting estimates in each loop (fag, Caq, T';’ATP, T’}'PC’, C;, k&) are biased depending on the kg',’z. The association between the N biased
estimates k&, ....kNy and their respective k2, is exploited to find a corrected final estimate, ke (described in 2.3.2 Interpolation part). This correc-
tion, using a linear regression function, proceeds in the final interpolation step. Afterwards, the final kck is used to correct the other free parame-
ters. All matchings and dictionary creations were performed on an Intel Xeon Silver 4216.

2.3.1 | |Iterative part

In IT1, C, and f are determined by matching the concatenated signal evolution of PCr (Parts | and II, Figure 1F). For each k2%, a dictionary is
created with 76 values of Cg1 (from 0.60 to 1.35) and 21 values of fof (from —10 Hz to 10 Hz). Initial values of T3, T94TP and C? are assumed
tobe 5s, 1s and 1.33, respectively.

In the second (IT2) and third (IT3) iteration steps, the longitudinal relaxation times T#A™ and T%C" are estimated. The estimated f.¢ and C3,
from IT1 and initial values for T?‘PC' and C? are used in IT2 to create a dictionary for y-ATP to estimate ﬂ'ATP. Afterwards, in IT3, a dictionary
to estimate TE" is created using the prior estimates (f7, Ca,, and TPATF). T0ATP and T2PC" are matched using Part | of the y-ATP and PCr
signals, respectively (Figure 1G,H). T4 values are varied with 31 steps and a 2.5% incremental step from the lower bound value Tglﬁ,cr and T’l’:ﬁ)TP
depending on k% (T5% =3.00, 3.25, 3.50, 3.75, 4.00s; T4 =0.65, 0.62, 0.60, 0.58, 0.55). The concentration ratio C!' is determined after IT2
and IT3 as

Iteration part
Looped for N initial conditions, with n = 7 2, ..., N]

IT2 IT3
I estimate estimate IT4
. Tn,ATP . Tn,PCr .
estimate 1 1 . estimate
n n n
Cp1& fofr 4 ¢ kx
[ calculate CY ]

+ setinitial value T C? + set estimated Cg;, fof + set estimated
+ set initial condition kg + set initial condition k¢ CRy, fl, TIVATP

nPCr ~n
G

ot

LR of Akck . estimate
over k¢ kcx

Interpolation part

[LRof 77 | M [ estimate 77" |
[ LR of TATP ] . [estimate TATP ]

[ LR ofC?* ] . [estimate Cy ]

FIGURE 2 The NIIM schematic used for the in vivo data parameter estimation.
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1 Lp S;’l LATP S’PCr
Cn — Sim mes , 18
ek "
where Lp; is the number of FAs in Part I, and | is the FA index with its respective measured signal of PCr Sfr, and y-ATP Sj\t., matched simulated
PCr signal S}<", and matched simulated y-ATP signal S[47” of the n-th iterative loop.

In IT4, the remaining free parameter k¢, is determined. The last set of dictionaries is simulated for Part Il using the five previously estimated
parameters. The dictionary contains 61 steps of kck ranging from 0.10s™! to 0.70s~! with an incremental step of 0.01s~%. The matching is

proceeded with the concatenated Part Ill of the y-ATP and PCr signal evolution (Figure 11).

2.3.2 | Interpolation part

Each kg« may be a biased estimate dependent on the difference between the underlying kcx and k%,'z. As demonstrated by simulations
(Figure 3), the dependence can be assumed to be linear. The final estimate, kc, is found by determine the zero-crossing of the linear regression
(LR). The LR is determined using N datapoints over kgK in a least-squares sense (example in Figure 3A). Each datapoint is calculated by the

difference
Ak =k —kek- (19)

Furthermore, simulations showed that the other free parameters are linearly dependent on kgK (described in the next section). Therefore, LR
values for each free parameter from the N estimates over k(C’K are computed. The bias-corrected estimate of each parameter is then found by
TECr Tll\TP

determining the linear regression function value at kCK = kck. Figure 3B,C illustrates this process for and , respectively.

2.4 | Error estimation by simulations

To investigate the impact of a biased initial condition of k0 on the estimation of ke, TATP and Ti’cr, simulations are performed with
underlying ground-truth values set to kcx =0.37s7%, Th =5.0s, T)" =135ms, T{™" =1.0s, T5"" =30ms, C, =1.33, Ca1 =1, and fo =0Hz.
The created signal evolutions of PCr and y-ATP are then processed by five iterative loops, with the same initial values as described in the iterative
part. A linear dependence is found between kgK and the estimated free parameters. This property is exploited in the interpolation part of
the NIIM.

To estimate the matching error (ME) introduced by the NIIM approach, noiseless signal evolutions are simulated and processed by the full
estimation procedure with the N =15 initial conditions of kgK. The underlying ground-truth values are altered for one parameter at a time. The
other parameters are set to their center value. The center value of the parameters are kck =0.3557%, Cgi =1, forf =0 Hz, the initial values
(The =55, TY™P =15, C, = 1.33) or fixed values (TH = 135ms, T5"" = 30 ms). The ground-truth value of the altered parameter is varied in a range

— LR ® NIIM estimation
(A) (B) (C)
° kEK- kg; ° ﬂ)c"n ) ° 'T'?TP’ n
0.1 ¢ 6 1.1
>
‘T: D) / )
_zé 0 g _ 5 < E _ 1
—
4 |
) 1
-0.1 4 0.9
0.2 0.3 035 04 0.5 0.2 0.3 035 04 0.5 0.2 0.3 035 04 0.5
0 -1 0 -1 0 -1
K, 157 kg Is7] kg 157

FIGURE 3 (A) AkZ,, (B) TC™, and (C) TA™" over k2, and their LR. The ground-truth values of kcy, T, and TA™ are marked by a dotted line.
The NIIM estimation of Akck =0s~ ! and the other parameter estimates are marked by red dots.
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of £50% from the center value with a 5% step (except fof: =20 Hz, 1Hz step). The dictionaries are generated with 50 steps and a step size of
2.5% of their center values (fs dictionary range in IT1: 1Hz step from —25 Hz to 25 Hz).

Finally, the noise robustness of the NIIM is evaluated by Monte Carlo (MC) simulations. For each signal evolution, the ground-truth values of
kek, T’fTP, Ti’cr, and C, are randomly assigned in ranges from 0.2 s 1t00.55 1 0.7sto1.3s,4sto7s,and 1to 1.67 respectively. Cg1 and fos are
assigned randomly following a Gaussian distribution (Cgq NN(l,O.OSZ) and foffNN(0,32) [Hz]). Gaussian noise with different power levels is
added to each signal evolution to create data with SNR values of 0,3, 6,9, 12, and 30dB. 1000 signal evolutions of PCr and y-ATP are simulated

for each SNR level and in total 6000 signal evolutions are processed with NIIM.

2.5 | Invivo experimental protocol

In vivo experiments were performed to show the feasibility of MT-*P-MRF and to compare the obtained values and reproducibility with EBIT.
The data were acquired from six healthy subjects (three females and three males; age 18 to 30 years) who provided written informed consent. All
MR experiments were performed with a 7T/68 cm MR scanner (Siemens Medical Solutions, Erlangen, Germany) with *H quadrature surface coils
(10 cm diameter) and a single-loop 3P coil (7 cm diameter) on the occipital lobe. A 20 mm slice parallel to the coil's transversal plane was exam-
ined (Figure 1C).

Bo shimming is performed using a 3D map, shim and PCr line-width measurements are performed each time to control the spectral quality for
fair comparison between the two methods. The EBIT® sequence consisted of an asymmetric adiabatic inversion pulse® applied at —1.25 ppm
(Module I: inversion of ATPs) and 1.25 ppm (Module Il: inversion of PCr and ATPs), followed by multiple inversion delays T4 and a SLR excitation
pulse (TR =4s; T4 =60, 200, 400, 670, 1590, 3000 ms; 16 averages per T4; one dummy scan; 6000 Hz spectral bandwidth; 20 mm slice thick-
ness). Reference scans are acquired using the same sequence without the inversion pulse (TR =4 and 20s; 16 and 6 signal averages; one dummy
scan). Modules | and Il target PCr — y-ATP and P; — y-ATP, respectively. The total scan duration of EBIT with reference scans is 17 min 4s.

The MT-3'P-MRF sequence is used to estimate the relaxation parameters and the forward creatine kinase rate constant ki (PCr — y-ATP) in
the same 20mm slice as EBIT. The sequence is performed as described above, with the transmit/receive frequency centred at the resonance fre-
quency of PCr. 37 measurements of Parts | and Il and one dummy scan are applied, followed by the same number of measurements and dummy
scans of Part lll. A proton By map (6 ) is acquired afterwards to measure the off-resonance distribution in the slice. The total scan time is 17 min
24 s. NIIM used N =5 initial conditions (kg,< =0.20, 0.30, 0.35, 0.40, 0.50s~%). Furthermore, the subslice number N; was set to 19 and the coil

sensitivity profile was set to

1.6(n¢—1)

Ccs(nf):]..sf Nf*l B

(20)

according to a linear approximation of the By profile of a surface coil with radius of 3.5 cm.*3
To evaluate test-retest reproducibility, each volunteer was scanned twice using the EBIT and MRF protocol with a 10-min break between

sessions. The order of EBIT and MRF applications is randomised to avoid systematic error.

2.6 | 3P MRS EBIT and MT-31P-MRF in vivo data processing

All data processing was performed using MATLAB (MathWorks, Natick, MA, USA). For the EBIT data, 6 Hz of line broadening is applied to the
free induction decay before Fourier transformation. A Voigt line shape is used for fitting each 3P MR peak. The fully relaxed 3'P spectra

(TR=20s; with apparent T?g; =3.85%2) were used to calculate the equilibrium PCr/y-ATP magnetisation ratio. Normalised longitudinal
magnetisation is acquired using the reference scan (Tr =4s). The intensities of peaks acquired from Modules | and Il are concatenated. Fitting of

the two-pool exchange model (Supplementary Material $1) is performed using the least-squares function Isqcurvefit.X¢

The MT-3'P-MRF data of an individual subject, containing the spectra for all FAs and averages, is a 256 x Navg X L complex tensor. The signal
evolutions of PCr and y-ATP are extracted from signal intensities (complex data) at O and —2.49 ppm respectively, resulting in a 2 x n,yg x L tensor.
Before averaging along the second dimension, the complete signal evolution is phased by the mean zero-order phase calculated in Part I. The final
signal evolutions are processed further in the NIIM matching procedure as described above.

To evaluate the effect of SNR on parameter estimations, both EBIT and MT-3'P-MRF data are split into subsets with different numbers of
averages to reach different in vivo SNR conditions. Out of the complete set of 37 MRF averages per subject, subsets were generated (consecutive
measurements), with n,yg =37, 27, 19, 11, 8 and 4 averages to mimic scan times of 17 min 24's, 12min 50s, 9 min 17 s, 5min 30s, 4 min 155 and
2min 18s, respectively. The EBIT data were split in subsets with 16, 12, 8 and 4 averages to mimic scan times of 17 min 4s, 13 min, 9 min 15s

and 5min 30s, respectively.
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2.7 | Statistical analysis and SNR estimation

Statistical analysis was performed using MATLAB. The matching error (ME) is calculated as the relative deviation of an estimated parameter X to

its underlying ground truth Xi..e, where

_ X— Xtrue

ME
Xtrue

-100%. (21)

The mean absolute percentage error (MAPE) is used to evaluate the NIIM performance in the MC simulations. MAPE is defined as the mean

absolute ME over N samples, such that

100% <&
MAPE = N > IME,, . (22)

ns=1

For this MC simulation, MAPE is calculated for each parameter over all Ns = 1000 estimates per noise level.

To assess test-retest reproducibility between the two sessions for both methods, the coefficient of variation (CV),

E[(X —EX])?)
Ve (23)

is used, where E[X] is the expected value. The CV is always computed between the two measurements and the same indexed group averages.
Mean and STD are calculated across all subjects and group averages. Furthermore, the Bland-Altman (BA) comparison is used to compare EBIT
with MT-31P-MRF for the repeated measurement®* and the simulation results.

The SNR is evaluated using the snr function of MATLAB. This function estimates the SNR in [dB] as the ratio between the signal power and
noise power. The matched dictionary entry and the residual of the matched and the measured signal as noise approximation are used as the inputs
of the function. As a second SNR evaluation, we used the traditional peak SNR (pSNR). For the MRF, it is defined as the maximum peak amplitude
of the PCr signal in Part | divided by the root-mean-square error (RMSE) calculated from the spectra in ranges of —37.91 to —17.96 ppm and
14.46 to 37.91 ppm. For EBIT, the peak amplitude of the PCr signal in the reference scan (Tr= 4 s) was divided by the RMSE in a range between
20 and 30 ppm. Maximum PCr signal intensity was taken to lie between —2 and 2 ppm.

3 | RESULTS
3.1 | Simulation validation

Figure 3 examines the LR on which the interpolation part of the NIIM is based. At the zero-crossing of the LR function, the estimated k¢ is equal
to k(C)K =0.364 5! (Figure 3A). The estimated kck is within one quantification step of the kck dictionary of IT4. Then, Ti’cr and T’fTP are deter-
mined by their LRs over kgK (Figure 3B,C). The full NIIM matching procedure on three noiseless signal evolutions, with random assigned ground-
truth values (Table S2.1) is illustrated in the supplementary material S2 (iterative (Figure S2.1) and interpolation part (Figure 52.2)).

Further simulations are performed, to evaluate the impact of biased initial values and/or conditions on the estimation accuracy.
Figure 4 shows the simulation results of the ME for different free parameters (Cg; and fof are shown in supplementary Figure S3.1).
Less than 5% matching errors are mostly expected for all estimated parameters in the investigated range of kc, Ti’cr, T?TP, and C,. At the
boundaries of the investigated range, the ME for Ti’cr and T’lATP reached 11%. Since T, was not included in the estimation process, a bias in the
assumed T’;TP and Tgcr leads to a different extent of bias in the estimated parameters, especially for kck values. A bias of —25% to 50% in kck
may be introduced by a +50% bias in the Tgcr value. The bias in all assumed parameter values has no impact on the estimation of off-resonance
foff (NOt shown).

The NIIM accuracy is also evaluated with MC simulations, using signal evolutions with different SNRs. The MAPE for kc is approximately 5%
for SNR above 12 dB. Both the MAPE and STD of the absolute percentage error increase with decreasing SNR, as shown in Figure 5A. At 0dB,
the MAPE of kck, T’fTP, and Ti’cr does not exceed 10%. The kck estimates correlate with the ground-truth values at an SNR of 12dB
(Table 1: SNRpc, = 12.0 dB; N,y = 37) with an R? value of 0.98, as shown in Figure 5B. The BA plot in Figure 5C shows the comparison of the
NIIM kck estimates with the ground-truth values, demonstrating only a slight offset in the estimation (0.007 s~ with an 1.96 STD of 0.037 s~ .
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FIGURE 4 The ME of free parameters introduced by the bias in the initial condition (A) kck or initial values (B) TE<", (C) T4™", (D) T5™", (E) T5™,
and (F) C,. Noiseless signal evolutions with varying underlying ground-truth parameters were simulated and evaluated with NIIM using fixed
initial conditions and values.
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FIGURE 5 (A) Evaluation of the NIIM estimation performance on signal evolutions with randomly assigned ground-truth parameters. The
MAPE of ki, T5<", and T{™" of the MC simulations is displayed over different SNRs [dB]. (B) NIIM estimates of kck over their ground-truth value
and (C) the BA analyses at SNR=12dB.

3.2 | Invivo results

The representative in vivo MT-3'P-MRF signal evolutions and matching results are presented in Figure 1. The signal evolutions of PCr and y-ATP

signals were extracted from the spectra for each FA index for further matching (Figure 1D,E). As an example matching procedure, the second
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iterative path with the initial condition k(c)’,f =0.3571is shown in Figure 1F-I. In each iteration step the matched dictionary entries with the mea-
sured signal evolutions are displayed. Different parts of the signal evolutions, as indicated, were used in IT1 to IT4. Note that the signal evolution
of Part Il is reorganised.?’

Table 1 lists the means and STDs (six subjects) of the SNRs of PCr and y-ATP, the pSNRs of PCr, and the estimated parameters Ti’cr, T?TP, C,
and kck for different n,g. The acquisition time includes one dummy scan. For comparison, the EBIT full-length acquisition estimates are listed.
The MT-21P-MRF estimates are in good agreement with those measured by EBIT. The comparison of the two methods is analysed further using
the BA plot (Figure 6). Comparing the EBIT and MT-3P-MRF estimates, the mean difference is below 3% for kck, 2% for TPC and 12% for T?TP
with respect to the mean EBIT estimate from Table 1.

Figure 7 shows the comparison of the MT-3'P-MRF with EBIT over different acquisition times. For MT-21P-MRF, the mean of the estimated
parameter remains constant across acquisition times. The STD converges approximately for acquisition times beyond 9 min 17 s. The STD for the
kck and T4A™ of EBIT doubles approximately for 5min 30's min acquisition time compared with the full-length acquisition. The EBIT estimate of
T’fTP varies up to 70%, leading to an unsteady kck estimation with up to a 20% increase. The STDs are in general larger for EBIT compared with
MT-31P-MRF with the same acquisition length (except for T;’C' values at 5min 30s). The test-retest reproducibility is evaluated using the CV [%]
of each estimated parameter. The CV for MT-31P-MRF increases slightly for a reduced acquisition time of 4min 15s compared with the full
length. The CV does not exceed 17% for kck, 19% for TH", and 13% for T’fTP. Overall, the mean and STD of CV for kck and T’lATP are in the range

of or lower than those of EBIT for the same acquisition time (except CV of Ticr for 5min 30s).

TABLE 1 Values of estimated parameters (mean + STD over all six subjects), SNR [dB], pSNR, and acquisition time t,cq for different numbers
of averages (n,yg) compared with the EBIT results.

MT-3'P-MRF
EBIT
Nave 37 27 19 11 8 4 16
tacq [min:s] 17:24 12:50 9:17 5:30 4:15 2:18 17:04
SNRpc; [dB] 12.0£1.1 11.3+£1.2 9.9+1.1 8.0+1.1 65+1.1 43£10 -
SNRaTp [dB] 9.8+1.4 91+14 7.8+1.2 5.8+1.2 46+12 2.6+09 -
pSNRpc; 104+1.6 9.9+1.2 8.4+1.0 6.9+0.9 6.3+0.8 5.0+0.7 55.5+10.9
ke s 0.36+0.04 0.36+0.04 0.38+0.04 0.37+0.06 0.36+0.07 0.35+0.08 0.374+0.05
o [s] 5.84+0.37 5.87+0.42 6.02+0.41 5.96+0.79 5.89+£0.97 5.78+1.51 5.93+0.54
TATP [s] 0.86+0.10 0.85+0.09 0.84+0.10 0.85+0.14 0.86+0.14 0.88+0.18 0.774+0.23
o 1.36+0.12 1.36+0.13 1.36+0.14 1.35+0.14 1.364+0.16 1.36+0.22 1.31+0.17
-1 PC ATP
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FIGURE 6 BA plots of (A) kek, (B) TH", and (C) T?TP, comparing the complete set of 12 (six subjects test-retest) in vivo estimates of EBIT and
MT-3P-MRF. The x-axis indicates means of paired estimated values by EBIT and MRF and the y-axis shows differences of paired measurements

between EBIT and MRF. The mean differences and +£1.96 STD of the three matching parameters are illustrated in orange, yellow, and purple,

respectively.
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FIGURE 7 (A-C) Estimated parameters for MT-3*P-MRF and the EBIT method over the acquisition time. (D-F) CV [%] of MT-*1P-MRF and
the EBIT method over the acquisition time. All values are shown as the mean and STD over all subjects and grouped averages.

4 | DISCUSSION

This study shows the feasibility of the MT-3*P-MRF technique for ultrafast kck in vivo assays in the human brain at 7T with a fully automated and

TAT? 162535 41d those measured

efficient matching approach. The estimated kck, TQ’G, and values are in excellent agreement with literature values
by the EBIT method.

In comparison with the estimated results of EBIT, the mean kck, TTC', and T’fTP values measured by MT-31P-MRF do not show significant fluc-
tuation over the scan time (Figure 7A-C), suggesting that estimation using the current approach is much less biased by noise. MT-3*P-MRF shows
no increases in STDs up to a reduced scan time of 9 min. The increase in the STD of kck, Ti’cr, and T’fTP for scan times <9 min is due to the
decrease of SNR, which is in line with the results of MC simulations in Figure 5A. For the EBIT method, the STD increases significantly with the
reduction in scan time. These results again indicate that MT-3P-MRF together with the NIIM matching approach is a method less sensitive to
low SNR, allowing ultrafast and accurate in vivo assays for kcg.

kek measurement by MT-31P-MRF also demonstrated superior reproducibility. The test-retest results show that, with a fourfold scan time
reduction (4 min 15 s), the MT-31P-MRF has a similar CV (10%) to a full-length acquisition (17 min 4) using EBIT and an improved CV over the sat-
uration transfer method (13%).3%%” The increase in CV of the MRF estimates for scan time <9 min (Figure 7D-F) is driven mainly by the increase
in STD due to the low SNR, as discussed above. A further reduction in acquisition time at the cost of kck reproducibility (CV 17%) enables a kck
measurement time within just 2min 18s. Moreover, T{° value estimation by MT->P-MRF showed substantially better reproducibility than that
by EBIT; similar reproducibility performance for Ti’cr estimation was achieved by both methods.

For parameter estimations in magnetic resonance fingerprinting, large dictionaries are commonly used and simulated by using the extended
phase graph formalism, Bloch, or BMC equations. The number of dictionary entries is simplified and stated as m¥, where k is the number of free
parameters to calculate and m is the size of incremental steps of each parameter. With increasing number of parameters, the computational load

and required memory size increase exponentially. Therefore, classical dictionary simulation is becoming unrealistic for high-order parameter
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estimation even for supercomputers and especially in clinical setups. In this study, the problem set led to a total of six parameters to estimate. In
comparison with the previous study in rodent limbs,?” Cg; and T?TP have additionally been incorporated. To the best of our knowledge, this is so
far the largest parameter set being estimated in the MRF framework. To address the challenge of creating and matching large multiparametric dic-
tionaries, we introduce NIIM. NIIM combines an efficient low-dimensional iterative parameter estimation with an interpolation approach to con-
verge towards a bias-free estimation in 1 min 30s post-processing time with 55 MB of data per subject. In the iteration part, each of the five
loops is an independent parameter estimation process based on varying initial conditions k%{g. Each iterative step inside a loop estimates two (IT1)
or one (IT2 to IT4) parameter(s) using a dictionary with two or one parameters varied and the other four or five parameters fixed, respectively. As
such, the interdependence of the parameters on fingerprint matching is not accounted for in these iterative steps. Therefore, the estimates are
biased depending on the initial condition of k22. The relationship between the introduced bias in the estimates and the initial condition k27 was
approximated using a linear regression in the problem examined. This relation was validated by simulations (Figures 4 and 5) and used in the inter-
polation part for the bias correction. As this is a proof-of-concept application of NIIM, it is important to note that the linear approximation may
not be generally valid. Outside the examined parameter range, a linear approximation might not be sufficient and nonlinear regression functions,
for example, higher order polynomials, might be needed and should be investigated in future work. Further, the NIIM can be extended for applica-
tions in other organs such as skeletal muscles,®®3? liver,*° and heart.*>*? To do so, the initial condition and values might need to be adjusted to
the expected value range for the respective organ. Moreover, NIIM could be extended to other multiparametric MRF problems, such as chemical
exchange dependent saturation transfer.*>#* Note that, in all extended use cases, estimation order and the regression function need to be re-
evaluated and possibly adapted.

The FA pattern used for MT-3P-MREF follows a sinusoidal shape in Parts | and 111.2%4° The number of FAs of the sinusoidal after the inversion
pulses is set according to the T4 relaxation rates of PCr (after GI1 and 2; Al1) and y-ATP (Al2) in the human brain to display the recovery process.
We incorporated two Gls in Part | to increase the sensitivity for T, estimation (supplementary material S4, Table S4.1) and the two Als in Part IlI

)29
s

to increase the sensitivity for kcx.***” Together with the fast-changing part (Part 111),2? the pattern features a good noise robustness and estima-

tion accuracy, as shown in the MC simulations. Note that the FA pattern presented is a proof of concept and further optimisation techniques can
be applied to improve the pattern.*8->3

Surface coils are commonly used and are advantageous in 3*P MRS studies due to their high signal sensitivity. However, the major drawback
is their strong transmit field inhomogeneity. Unlike the original MRF method,?® neither a homogeneous B; field nor an ideal FA can be assumed in

28.29.31 accurate By knowledge plays a key role in bias-free estimations. Measuring the B;

the excited volume. As stated in previous publications,
field map in the 3P human brain results in long scan times; thus, in the current study, this is not applicable. Therefore, the By estimation was
included in the matching procedure. To proceed matching on Part Il of the pattern,? a linear coil sensitivity approximation and slice profile correc-
tion are issued. In future studies, matching errors introduced by B; field inhomogeneity can be addressed by using a volume coil with improved
transmit field homogeneity or the incorporation of B; field prior knowledge, as suggested previously.3?

At ultrahigh field (7T), the existence of By inhomogeneities is a known complication. The bSSFP-like architecture of MT-31P-MRF, as stated in
the original MRF approach,® shows strong variations in the signal evolution induced by those field changes. The size of the excited volume made
it necessary to incorporate more than one isochromat to represent the different off-resonance frequencies in the excited volume. The distribution
of the field (and thus isochromats) is found by measuring a By field map over the excited slice. Furthermore, the frequency between PCr and
y-ATP was fixed to —2.52 ppm in this study, since only healthy volunteers were observed. However, the resonance frequency of y-ATP can
change due to magnesium concentrations.>*>> This issue can be addressed either by including the off-resonance of y-ATP separately in the esti-
mation process or by using pilot scans.

Similar to the study of Wang et al.,?” T, values of PCr and y-ATP are fixed according to the literature®? to reduce the complexity of the
parameter estimation. Since T, parameters are not estimated in the current matching approach, an incorrect assumption in T, values may lead to
a bias in parameter estimations, especially for kck. To date, no studies have reported pathological or physiologically induced changes in the T,
values of PCr and y-ATP in the human brain. However, changes in the T, relaxation times of *H metabolites have been reported during brain
development and in ischaemic tissues.>®°” In another *H MRS study, significant T, changes (45%) of N-acetyl aspartate were observed in glioma
patients.>® To avoid potential ME in the model due to pathologically or physiologically induced changes in T, the current matching approach
needs to be developed further with the incorporation of T, estimation.

In conclusion, we showed that MT-31P-MRF combined with NIIM is a new and robust tool in the MRF framework to study human brain
metabolism. The newly introduced NIIM presents an efficient tool for MRF studies with high-dimensional problem sets. With MT-3*P-MRF, faster
and more reproducible measurements are possible compared with the state-of-the-art method, which enables the potential to investigate brain
energy metabolism in a clinical setting.
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