Received: 1 October 2019 Revised: 5 June 2020 Accepted: 6 June 2020
Check for
DOI: 10.1002/nbm.4361 updates

RESEARCH ARTICLE N%Il\‘/\EDICINE WILEY

Relaxometry and quantification in sodium MRI of cerebral
gliomas: A FET-PET and MRI small-scale study

Wieland A. Worthoff! | Aliaksandra Shymanskaya? | Johannes Lindemeyer! |
Karl-Josef Langen®? | N.Jon Shah®?*

!Institute of Neuroscience and Medicine - 4,
Forschungszentrum Jilich, Jilich, Germany Sodium MRI is a promising method for assessing the metabolic properties of brain

ZInstitute of Neuroscience and Medicine - 11, tumours. In a recent study, a strong relationship between semi-quantitative abnor-
Forschungszentrum Jilich, Julich, Germany

3Department of Nuclear Medicine, RWTH
Aachen University, JARA, Aachen, Germany enzyme (IDH) with untreated cerebral gliomas was observed. Here, sodium rel-

malities in sodium MRI and the mutational status of the isocitrate dehydrogenase

“Department of Neurology, RWTH Aachen axometry in brain tumour tissue was investigated in relation to molecular markers in

University, JARA, Aachen, Germany cr e . . o
order to reveal quantitative sodium tissue parameters and the differences between

Correspondence healthy tissue and brain tumour. The previous semi-quantitative approach is

Wieland A. Worthoff, Institute of

Neuroscience and Medicine -

4, Forschungszentrum Jiilich GmbH, 52425, tion to achieve detailed quantitative analysis of intra- and extracellular sodium con-

Julich, Germany.

Email: w.worthoff@fz-juelich.de

extended by use of suitable relaxometry methods accompanied by numerical simula-

centration using an enhanced SISTINA sequence at 4 T. Using optimised techniques,
biexponential sodium relaxation times in tumour (T, T*,.) and in healthy contralat-
eral brain tissue (T2 |, T*2s,cL) Were estimated in 10 patients, along with intracellular
sodium molar fractions (y, ycv), volume fractions (, nc) and concentrations (pi,,
pincL)- The total sodium tissue concentrations (pr, prcL) were also estimated. The
ratios T*2¢/T* ¢ ¢ (P = .05), n/ncL (P = .02) and y/yc. (P = .02) were significantly lower
in IDH mutated than in IDH wildtype gliomas (n = 4 and n = 5 patients, respectively).
The W.ilcoxon rank-sum test was used to compare sodium MRI parameters in
patients with and without IDH mutation. Thus, quantitative analysis of relaxation
rates, intra- and extracellular sodium concentrations, intracellular molar and volume
fractions based on enhanced SISTINA confirmed a relationship between abnormali-
ties in sodium parameters and the IDH mutational status in cerebral gliomas, hence

catering for the potential to provide further insights into the status of the disease.
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1 | INTRODUCTION

Cerebral gliomas are primary brain tumours® and are classified into different grades according to the World Health Organization (WHO) definition.
In this classification, the molecular genetic profile, for example, the gene mutation encoding for the isocitrate dehydrogenase enzyme (IDH) plays
an important role? and it is accepted that patients with IDH wildtype gliomas have a worse prognosis than patients with IDH mutated gliomas.
Currently, the determination of the IDH mutational status requires a brain biopsy and consequently there is great interest in imaging methods to
determine this parameter noninvasively.® MR spectroscopic methods have been suggested,*~® but typically suffer from a long measurement time
or low spatial coverage.

Sodium plays an essential role in human cell physiology and can be measured noninvasively in vivo via MRI due to its noninteger nuclear
spin.7'8 In a so-called “two-compartment” model of brain tissue,” sodium is present in two environments, that is, in restricted and nonrestricted
spaces, which are also largely associated with intra- and extracellular spaces,'® and the mean sodium distribution is described by the tissue sodium
concentration. The compartments can be detected separately due to the difference in sodium concentration and spin dynamics,** which are
dependent on the chemical environment of sodium ions inside and outside cells, and are controlled by the sodium-potassium pump.” Deviations
from normal cell metabolism can lead to dysfunction of the sodium-potassium pump and a redistribution of sodium between the compartments, a
change in cell volume, and the malfunction of cells due to separate ion regulatory mechanisms.2-** While some studies exist that dispute that

15-17 studies in human brain used this model consistently.*>8-2% |n the following text it is assumed that the intra-

theory in blood and heart tissue,
cellular compartment is dominated by restricted sodium, while the extracellular compartment is dominated by nonrestricted sodium.

The chemical environment determines the spin dynamics of sodium nuclei, mainly through the interaction between electric field gradients
modulated by molecular motion and the sodium quadrupolar moment. In a restricted environment, sodium relaxes biexponentially with two relax-
ation constants: a fast component, T, and a slow component, T,.. Furthermore, triple quantum coherences (TQCs) can evolve from single quan-
tum coherences (SQCs) under certain conditions.'?2%22 |n the nonrestricted space, sodium possesses a single relaxation time, Tey.

In a recent study, a strong relationship was observed between semi-quantitative measures of abnormalities in sodium MRI and the IDH muta-
tional status in 10 patients with untreated cerebral gliomas. Sodium MRI was found to be superior to PET using [*8F]-fluoroethyltyrosine for iden-
tifying the IDH mutational status.?* The reasons for the different sodium distribution in IDH mutant and IDH wild-type tumours are not yet fully
understood. It has been shown that IDH mutant and IDH wildtype tumour cells exhibit significant differences in their metabolic profile.2> Current
hypotheses for the different sodium distributions in tumours are an enlargement of the interstitial fluid compartment caused by the leakage of
plasma proteins, an exhaustion of the ATP level in rapidly proliferating cells, which is necessary to maintain the sodium gradient, or dysfunction of
cellular sodium channels.?%

Enhanced SISTINA is a modified triple quantum filter with two separate readouts: an ultrashort echo time (UTE) readout train after the first
hard RF pulse, and a Cartesian, multiple gradient echo readout after the third hard RF pulse, which yields information about single-quantum
(SQ) and triple-quantum (TQ) coherences after the application of an appropriate phase cycle scheme.?” In previous studies,®>?® the sequence
obtained sodium tissue relaxation times T*»; and T*, in healthy tissue and allowed the estimation of sodium tissue parameters from sodium
images?? for the supposed tissue model. It was assumed that SQCs originated from both restricted (mostly intracellular sodium) and nonrestricted
sodium (mostly extracellular sodium), while TQCs evolved largely in a restricted environment only.2?2%2223 |n the current study, this approach
was extended to a detailed quantitative analysis of sodium concentration in restricted and unrestricted environments in the aforementioned
group of brain tumour patients, in order to shed light into the basic mechanisms of this promising approach of predicting IDH mutation status
noninvasively. In order to obtain further insights into the dynamics of the relaxation processes, a quantification of the two-compartment tissue
model was created. This model relies on several sodium parameters, such as intra- and extracellular sodium concentrations, intracellular molar and
volume fractions, total sodium concentration, and the relaxation times of sodium. Numerical ROIs with several realistic combinations of these
parameters (provided below in the Methods section) and using signal relaxation behaviour derived from quantum mechanical description of den-
sity matrix evolution were created. The time dependence was investigated on the timescale upon which the patient measurements were per-
formed. This numerical modelling of sodium in tissue is used to optimise the curve-fitting procedure and thus assists in the quantification process.
However, the parameter estimation in this study has been based on the assumption of an adequate two-compartment model, nevertheless, verifi-

cation of this model has not been performed.

2 | THEORY

As observed in Shymanskaya et al,?* the ratio of total sodium to restricted sodium in tissue is dependent on the mutational status of the
tumour; the increase of total sodium and the change in the restricted sodium fraction can be reflected in the change of the intracellular sodium
molar fraction (ISMF) y, which is defined as the fraction of the molar content sodium M, inside the cells divided by the total sodium molar content
Mt = MexsMin, ¥ = Min/M1. If the amount of nonrestricted sodium is significantly increased in tissue, and y is low, the relaxation behaviour of the

sodium signal might be dominated by the relaxation time of the nonrestricted sodium Te,.
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3 | METHODS: RELAXOMETRY AND SIMULATIONS

3.1 | Relaxometry using enhanced SISTINA

The enhanced SISTINA sequence and the relaxometry routine used for the estimation of relaxation times have been described elsewhere 228
Here, however, the application of these methods is studied for different tissue compositions. The UTE data are weighted by total sodium, which
consist of restricted sodium (relaxing with fast relaxation time T*,¢ and slow relaxation time T*,.) and nonrestricted sodium (relaxing with T*c,).

The TQ images are weighted by the presence of restricted sodium, which relaxed biexponentially with T*»¢ and T*,.

3.2 | Numerical tissue model

In order to investigate the applicability of the methods from the earlier studies?>?® to the diseased tissue, several simulations were performed.
For these simulations, numerical datasets with different sodium tissue parameters were created to serve as numerical phantoms. The sodium tis-
sue parameters included intra- and extracellular sodium concentrations, intracellular volume and molar fractions, and relaxation times. The
relaxometry-fitting routines were performed, where the same echo times were selected as in patient measurements, with noise added using the
Monte Carlo method. The whole procedure is summarised in Figure 1. In the first step, the accuracy of the T*,; estimation was evaluated. These
results were used to choose a better-suited fit routine for a certain tissue composition. Furthermore, these fit results were used to determine the
accuracy of the T*,, estimation.

3.3 | UTE relaxometry

The first set of simulations was performed on the UTE data to estimate the influence of tissue parameters on the estimation of T*,. For this pur-
pose, multi-exponential gradient echo data were generated using Equation 1A, with fast and slow relaxation times T*»¢ and T*,, the magnetisation
amplitude of the restricted sodium M;,, extracellular relaxation time Te,, and ISMF y. In this case, the amount of nonrestricted sodium is
Mex = Min( L) ™.

Sute =Min [3 exp (— TE-B“) +2exp < - TEETE)} +Min 1-x exp < - T?ETE) (1A)
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FIGURE 1 Fast and slow relaxation rates for tumour, contralateral tissue and white ".
matter are obtained from the dynamics of UTE and TQ filtered datasets through the

appropriate choice of fitting routine
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Rician noise was added to the magnitude images using MATLAB, as described in Gudbjartsson and Patz.%° Simulations were performed using

10 000 instances of noise generated with the Monte Carlo method. In the region of no signal, the noise obeys a Rayleigh distribution.*° The

unbiased signal 3 was estimated by correcting the signal amplitude to reduce the effect of noise by using £= \/)mean(signal)2 - with the

2
Onoise |*

-1
noise*

standard deviation of the noise distribution 6,ise, and SNR=X - ¢

3.4 | UTE relaxometry: T*,¢ estimation method 1

This simulation was performed for the case investigated in Worthoff et al.2® Standard deviation of noise Gnoise aNd M, were chosen according to
the required SNR value, comparable with the values measured in white matter (WM) in the UTE images. The fitting function is given by Equa-
tion 1B, with the echo times TEytg, and offset G, representing the slow relaxation term.3!

Sute =Aexp —TEUTE +G (1B)
T2f,fit

Fits were performed for T*»: = 1 and 3 ms; T*5s = 15, 20, 25 and 30 ms; T*. = 55 ms (for cases of T*., = 35, 45 and 65 ms, no significant dif-
ference was observed); and y = 0.1, 0.6 and 0.8. M;, was chosen as a fixed value, so that in the case observed in normal tissue in Worthoff et al,®
SNR = 4 (T*y = 3 ms, T"5s = 30 ms, ¥ = 0.6), and in the case of low ISMF, SNR = 11 (y = 0.1). The corresponding errors were estimated, as
suggested in Bouhrara et al®?; the relative bias was calculated as ® = 100-(T*y -mean(T*¢.6i))/ T*25.

Furthermore, the dependence of the fitting performance of Equation 1B on the SNR of the first echo was estimated. In this simulation, y was

chosen to be 0.1 and 0.6. The fast relaxation times were T*»; = 1 ms and T*»; = 3 ms.

3.5 | UTE relaxometry: T*,¢ estimation method 2

The failure of the T*» estimation method 1 (Equation 1B) for the low values of y (see Results) suggested that in tissue with a negligible amount of

fast-relaxing sodium, the fast relaxation constant could not be estimated reliably. Therefore, an alternative to the fitting routine used in the earlier

23,28

studies was examined. In this case, the values were fitted to the function given in Equation 1C, where the value of T*exfix = 55 ms was fixed

and the parameters K, T*5¢t, and L were obtained.

Sute=Kexp| — TEUTE +Lexp| — TEUTE (10)
Tot it T

ex,fix

The simulations were performed for T*e fix of 35, 45, 55 and 65 ms using Equation 1C, where 55 ms is the ground-truth value in Equation 1A.
The dependence of the fitting performance on the SNR values was also investigated for method 2. In these simulations, y was 0.6 and 0.1,

while the fast relaxation times were T*2¢ = 1 ms and T*2¢ = 3 ms. T*exrix = 65 ms was chosen to result in the maximum error in T3¢ it.

3.6 | TQ relaxometry: T*,, estimation

Furthermore, the performance of the fitting routine, introduced in Worthoff et al,?® for the estimation of the slow relaxation time, T*,, was evalu-
ated. Multi-exponential gradient echo data were generated using Equation 2A, with the fast relaxation times T*,¢ six taken from the results of the
T*,¢ estimation methods 1 and 2 (see the supporting information Tables A1 and A3). T*,s was assumed to be 15, 20, 25 and 30 ms, and y = 0.1,

0.6 and 0.8. Only one compartment was considered to contribute to the signal. The fitting function is given in Equation 2B. Again, Rician noise

was added. Simulations were performed using 10 000 instances of noise generated with the Monte Carlo method.

Stq =Mi, |exp —TE:Q —exp —TEJQ exp —L* —exp| — T* exp —i* (2A)
T2f 2s 2f 2s 2s
TETQ TETQ T T o
Stq=D|exp| — = —exp| — = exp| —= —exp| — = exp| —= (2B)
e { ( T2f,fix) < Tos it Tatfix Tos it Tos it
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The fitting performance was evaluated for the values acquired with T*, estimation method 1 (Table A1) and method 2 (Table A3). The magnitude
of M;, was chosen in such a way that for the case observed in Worthoff et al,>®> SNR = 6 for y = 0.6 and y = 0.8, and SNR = 3.3 for = 0.1. This
allowed direct comparison of the sensitivity of the fitting routine from Equation 2B with the values of T*, ¢ acquired from the fitting using
Equation 1B and Equation 1C. However, caution is advised, because M;, was not proportional to ISMF (y), and instead, it additionally depends on
the change in M, and on relaxation times. Therefore, the value M;, assumed for the fits was calculated based not on the value of y, but on the
resulting value of the SNR.

Furthermore, as for the UTE echo fits, the dependence of the fitting performance of Equation 2B on the SNR of the first echo after the third

RF pulse was estimated.

3.7 | TQrelaxometry: combined T*, and T*, estimation
As demonstrated in the Results section, the estimation of T*,¢ with the UTE fitting routines might be incorrect if a large portion of slow-relaxing

sodium is present (low ISMF y). Therefore, the possibility of estimating T*,¢ and T*,5 from the TQ signal decay was considered under the assump-

tion that only the restricted compartment generated TQ signal. The fit function is given by Equation 2C.

Stq=D

TETQ TETQ T T 13
exp| ——=— | —exp| —= exp| —=— | —exp| —=—| |exp| - = (2C)
( T2f,fit> ( T25,fit T2f,fit T25,ﬁt T25,ﬁt

The performance of the fitting function from Equation 2C was simulated for T*,¢ and T*,s. T*,¢ was 1 and 3 ms, while T, was 15, 20, 25 and
30 ms. The dependence on the SNR was investigated. This routine was independent of T*,.

4 | METHODS: QUANTITATIVE PATIENT MEASUREMENTS
4.1 | Patient cohort

Ten patients (four females aged 43 + 12 years, and six males aged 54 + 15 years) were referred from the Department of Nuclear Medicine of the
University Clinic of Aachen, and underwent brain tumour assessment with [*8F]-FET-PET. Additionally, the patients were offered morphological
proton imaging in a 4 T MRI scanner, as well as sodium imaging. All subjects gave prior informed written consent. The local ethics committee of
the University of Aachen waived the requirement for additional approval due to the retrospective nature of the study. The study adheres to the
standards established in the declaration of Helsinki.

The patients received a neuropathological diagnosis based on the 2016 WHO classification.? Grounded on biopsy, five patients
were identified as having an untreated IDH mutated glioma (one astrocytoma WHO Grade I, three anaplastic astrocytoma WHO grade
lll, and one glioblastoma WHO grade V), with an additional five patients having an untreated IDH wildtype glioma (three anaplastic
glioma WHO Grade lll, one diffuse midline glioma WHO 1V, and one glioblastoma WHO grade |V). These are the same patients who
were considered in Shymanskaya et al.>* Further details regarding the patient cohort are provided in the supporting information,
Table A10.

4.2 | [*®F]-FET-PET and tissue segmentation

The [*8F]-FET-PET measurements that were performed are described in Shymanskaya et al?* in more detail. [*®F]-FET-PET images were cor-
egistered with proton MRI using MPI Tool (version 3.28, ATV, Kerpen, Germany). Tumour ROIs were chosen based either on the [*®F]-FET-PET
scans, or on the proton MRI abnormalities. For the lesions without an abnormal [*8F]-FET uptake, an ROI was selected manually on the area of
signal abnormality in T4- and T,-weighted transversal MR scans. In the tumours with increased [*8F]-FET uptake, the ROl was chosen as a circular
ROI with a diameter of 1.6 cm in the transaxial slice around the lesion maximum. Contralateral (CL), normal-appearing brain including WM and
grey matter (GM) was chosen as a reference ROL.3® Furthermore, a region of healthy WM was manually segmented and used as a reference in

case CL tissue was affected (Figure 2).
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FIGURE 2 Quantitative tissue parameters are

% gathered from enhanced SISTINA datasets.
e Parameter ratios are compared with the IDH
2 status found by biopsy
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4.3 | Sodium measurements

Sodium imaging with the enhanced SISTINA sequence?® was performed on a home-assembled 4 T MRI scanner centred around a
Siemens (Siemens Healthineers AG, Germany) console and a Siemens Sonata whole-body gradient system capable of a maximum
gradient strength of 40 mT/m and peak slew rate of 200 mT/m/s. The RF probe was a dual-tuned Na/H birdcage coil (Rapid Biomed
GmbH, Germany). Sequence parameters are given in Table 1, with sequence timing and echo spacing being the same as in Worthoff
et al.?® Figure 3 shows exemplary enhanced SISTINA image data of two patients. The sodium images were coregistered with the
proton MR images, and the UTE and Cartesian sodium images were coregistered among each other using the FSL library (FMRIB,
Oxford, UK).343¢

Bo and B, corrections on the sodium images were performed during postprocessing. Bo maps were acquired with a multiple-echo gradient
echo sequence.

Flip angle maps with the field of view (FOV) and resolution matching those of the enhanced SISTINA sequence were acquired using the
Bloch-Siegert method.®” This involves the generation of two Cartesian images using a 2 kHz off-resonant Fermi pulse (flip angle 410°, pulse

duration 5 ms).%®

TABLE 1 Parameters used for the acquisitions of the enhanced SISTINA images in 9 hours 52 minutes (TR = 150 ms)

Acquisition TE [ms] Bandwidth [Hz/pixel] Imaging parameters

UTE 0.36, 1.75, 3.14, 4.53, 5.92 1,000 FOV: 320 x 240 x 160 mm?®
3948 projections
44 points per half-out projection
FWHM of PSF: 6 mm
Regridded to 2.5 mm iso
DISCOBALL sampling scheme®

SQ/TQ 7.0,16.2,25.3,34.5,43.6,52.8 120 FOV: 320 x 240 x 160 mm?®
Voxel size: 10 mm iso

Cartesian MGRE
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IDH mutated IDH wildtype

non-restricted restricted non-restricted restricted
sodium (a.u.)  sodium (a.u.) sodium (a.u.)  sodium (a.u.)

p,weighted (a.u.)

o,

B

FIGURE 3 Enhanced SISTINA images of two male patients: a 38-year-old diagnosed with an IDH mutated glioblastoma WHO grade IV (blue)
and a 78-year-old with an IDH wildtype anaplastic astrocytoma WHO grade Ill in the right basal ganglia (green). Images originate from (A) the
total sodium-weighted UTE readout train and (B) nonrestricted sodium-weighted and restricted sodium-weighted gradient echoes

4.4 | Sodium relaxometry and tissue parameter quantification

From these sodium data, the following sodium parameters were estimated: the total tissue sodium concentration pr, intracellular sodium concen-
tration pj,, the ISMF y and intracellular sodium volume fraction (ISVF) n. The methods used to calculate these parameters are given in Fleysher
et al” and Worthoff et al?®: of the pr and ISMF the signal decay of SQ- and TQ-weighted sodium images is used, and hence p;, and ISVF can be
determined for a given extracellular sodium concentration. For the quantitative estimation of the sodium concentrations the vitreous humor of
the eyes was used as the reference, with a known sodium concentration of pr = 135 mmol/L37741

To estimate the relative change between tumorous tissue and healthy tissue, the following parameters were estimated from the sodium mea-
surements: T*2¢/T*2¢cL. T 25/ T*2s.cL, N/NcL, X/ XL, @and pin/pincL, PT/p1.cL. This provides an instrument to evaluate the sodium tissue parameters in
tumour tissue in comparison with normal-appearing CL tissue (ie, healthy tissue) within the scope of the two-compartment models (see Figure 2).
Estimated relaxation times and the ratios alluded to above are given as mean and standard deviation for all patients as well as for IDH mutated
and IDH wildtype groups separately. The Wilcoxon rank-sum test was used to compare sodium MRI parameters in patients with and without IDH

mutation. P-values of .05 or less were considered significant. Statistical analyses were performed using R software.*?

5 | RESULTS: RELAXOMETRY AND SIMULATIONS IN NUMERICAL PHANTOMS
5.1 | UTE relaxometry: T*,¢ estimation method 1

The results of the simulations using T*,¢ estimation method 1 (Equation 1B) are presented in Figure 4AB, Figure 5A,B, Figure A2(AB) and
Table A1. For the case observed in Worthoff et al®® (T*2¢ = 3 ms, T*,s = 30 ms, y = 0.6, T*., = 55 ms, SNR = 4), the estimated fast relaxation time
was T*y¢ gt = 3.62 + 0.72 ms. The relative bias © was 20.67% (ie, 0.62 ms), reflecting the overestimation of the value of T*,. For other relaxation

time values, @ is shown in Figure 5A,B. At first, the simulations for SNR dependence were investigated for y = 0.6. The dependence of the fitting
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FIGURE 4 Relaxation times estimated from fitting to UTE data with method 1 (A, B) and the method 2 (C, D), simulated using a Monte Carlo
method for both methods with different y values and 16 different combinations of T*,s/T"exsix (for method 2), for theoretical values Tos = 1 ms (A,
C) and Ty = 3 ms (B, D)

performance of Equation 1B on the SNR of the first echo is shown in Figure A1(A,B) and the values are provided in Table A2. The minimum SNR
value that delivered reliable results in the case where T*»¢ = 1 ms was SNR = 2, and in the case where T*,; = 3 ms, SNR = 3 (Figure A1(A,B)), which
also have the lowest relative bias with a mean value of ®ean(T*2f = 1 ms) = 21.38% (1.21 ms) and Opean(T ¢ = 3 ms) = 24.98% (3.25 ms). Mean
value here means that values of ® were averaged for all considered T*,.. The higher SNR values were more reliable for the fitting routine, that is,
they resulted in relative bias below a threshold deemed sufficient, in the case of the UTE data ® <30%. However, a saturation was observed and thus
the balance between measurement time and signal dispersion can be achieved at approximately SNR = 5. At this value, ®y,ean remains below 25%.
Simulations for the case of y = 0.1 are provided in Table A2. The relative bias ® varied from 57.53% to 102.65% and from 1.8 to 5.1 ms,

showing a possible limitation to the reliable estimation of T*5¢ in tissue with low ISMF y.

5.2 | UTE relaxometry: T*¢ estimation method 2

The results of the simulations for the T*,¢ estimation method 2 (Equation 1C) are given in Figure 4C,D and Figure 5A,B as well as in Figure A1(C,
D) and Table A3.

For the case observed in Worthoff et al?® (T*y = 3 ms, T*,s = 30 ms, x = 0.6, T, = 55 ms, SNR = 4), the estimated fast relaxation time with
method 2 was T*¢ ¢ = 3.33 = 0.73 ms. The mean value of the relative bias ® was 11% (3.33 + 0.73 ms), reflecting the overestimation of the value
which, however, represents a 45% improvement compared with the value estimated with the T*, estimation method 1 (Equation 1B). The perfor-
mances of the methods are compared in Figure 5A,B. The highest ® was observed for the fitting routine given by Equation 1B. In both cases, ©
decreases with increasing T*,5 and increasing ISMF y. Also for this method, the dependence of the fitting performance on the SNR values was
investigated. The results are presented in and are provided in Tables A4 and A5 and Figure A1(C,D). For y = 0.6, the minimum SNR value that
delivered reliable results in the case where T*2f = 1 ms is SNR = 2, and in the case where T*2f = 3 ms, SNR = 3 (Figure A1(C,D)), which also had
the lowest relative bias ®mean = 6.60% (1.07 ms) and ®mean = 18.17% (3.55 ms) (Figure A2(C,D)).

For y = 0.1, the minimum SNR value that delivered reliable results in the case where T*5¢ = 1 ms is SNR = 9, and in the case where T*5¢ = 3 ms,
SNR = 10. However, this method delivers more reliable results (lower ®p,ean) than the T*¢ estimation method 1 for SNR > 6. Due its lower relative
bias, method 2 is used to estimate the fast relaxation component T*,.

High errors on the fitted values arose whenever the SNR was low and the nonrestricted sodium amount was high, that is, y was low (see UTE
relaxometry: T*, estimation method 1), rendering both fitting routines for the UTE data ill-suited. Nevertheless, the fast relaxation time could be
estimated from the TQ signal of the restricted sodium, as shown below.
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5.3 | TQ relaxometry: T*,, estimation

The results of the fitting routine to the TQ data to estimate T*,, are given in Figure 5C,D as well as in Tables A6 (method 1) and A7 (method 2).
For the case observed in Worthoff et al?® (T*x = 3 ms, T* et = 3.62 £ 0.72 ms, T* 55 = 30 ms, x = 0.6, T*ex = 55 ms, SNR = 6), the estimated slow
relaxation time was T*,5 ¢+ = 28.10 + 0.53 ms, and the relative bias ® was 6.33% (1.9 + 0.53 ms). The fast relaxation time was estimated with Equa-
tion 1C to be T*3¢ st = 3.33 £ 0.73 ms, the appropriate estimated slow relaxation time was T*p it = 29.00 + 0.55 ms, and the relative bias ©® was
3.33% (1 = 0.55 ms), which was an improvement compared with method 2. ® was low and comparable for both routines, having decreasing ISMF.

,2% is therefore reliable. However, the influence of

The fitting routine for the estimation of T*5; given by Equation 2B, suggested in Worthoff et a
uncertainty on the estimation of T*,¢ ¢+ on the T*,¢ was very limited in both cases.

The dependence of the fitting routine on the SNR of the first TQC echo after the third RF pulse are shown in Figure A2(A,B) and Table A8.
Due to the insignificant dependence of the routine on T*¢ ¢, fixed values for T*,¢ = 1 ms and T*,¢ = 3 ms were assumed. The fitting routine deliv-
ered reliable results (chosen threshold for TQ data ® < 20%) for the literature values of T*,; = 3 ms and T*,5 = 30 ms for SNR larger than 3. For

T*,¢ = 1 ms, the lowest limit for SNR is 4. These values give the lowest SNR limit for the reliable estimation of T*,4 values.

5.4 | TQ relaxometry: combined T*,; and T*,, estimation

The TQ fit results for T*5; and T*,, estimation are given in Figure A2(C-F) and Table A9. For T*,; = 3 ms, the fitting results for both T*»¢ and T*,¢
had relative bias ® < 8% for all possible T*, values for SNR > 8 and thus are considered to be sufficient to deliver reliable fits (threshold of TQ
data ® < 20%). For the smaller SNR values, the T*,¢ values were underestimated, while T*,s were overestimated. However, in the literature range
(T 25 > 20 ms*®) , © is lower than the acceptable value of 20%, if SNR 2 5 in the case of T*zs estimation or if SNR > 4 in the case of combined T
and T, estimation. Compared with the fitting routine given by Equation 1C (method 2), however, the performance of the TQ fitting of both
relaxation times was better for low UTE SNR and low ISMF (y = 0.1 and SNR (TE4 yte) < 5). For T*3¢ = 1 ms, however, © of T*,¢ remained high.

6 | RESULTS: QUANTITATIVE PATIENT MEASUREMENTS

The combined T*,¢ and T*,, estimation from the TQ data (Equation 2C) was applied to tumour and CL tissue, where previously the estimation of
T*,¢ with the UTE fitting was not possible or unreliable (SNR (TE1 yte) < 5). In WM with y = 0.6, the T*5¢ estimation method 2 was applied to the
UTE data, delivering more reliable results in this case. The sodium tissue parameters and their ratios to healthy tissue were estimated and are
given in Table 2. The statistical comparison of IDH positive and wildtype gliomas was performed. Patient #4 was not considered because of the
unrealistic values of ISMF and ISVF (both >1) due to insensitivity of the presented method in tissue with extremely low ISMF y (as seen above).
The fact that the tumour in this case possessed low y was evident due to a high and slowly decaying UTE signal. The missing values for patient #4

and all parameters estimated for WM are provided in Tables A11-A13.

7 | DISCUSSION
7.1 | Relaxometry

The limits for the fitting routine for relaxometry are clearly evident from the simulations on the performance of the enhanced SISTINA sequence.
The performance of methods 1 (Equation 1B) and 2 (Equation 1C) for estimation of T*,¢ from the UTE data was evaluated using Monte Carlo sim-
ulations for a number of possible combinations of theoretical values of T*,;, T*,s, T*cex, x and SNR. Method 2 delivered reliable results for WM
(x = 0.6). However, method 2 is inappropriate for a combination of low SNR and low y.

Furthermore, the estimation of T*,s from the TQ-weighted data was evaluated with T*»¢ estimated using two methods. The fitting routine
appeared to be mostly independent of the method used to estimate the T*»; and T*, reliably (© < 17% except for the special case: [y, T*2,T 2,
T*ex] =10.1, 1, 15 and 55 ms], where © = 32%).

If fitting of UTE data is unreliable due to low SNR and low y or if the fit fails to converge, T*»¢ can nevertheless be estimated from TQ-
weighted data instead. While the relative bias ® for T*,¢ did not change significantly, the estimation of T*,¢ improved if SNR (TE4 y1e) < 5 and
x = 0.1. Under this condition the TQ fitting routine delivered T*,¢ independently of SNR (TE1 carT)-

The experiments performed here indicate that T*,¢ in IDH mutated tumours is shorter than in healthy CL tissue (T*,¢/T* ;¢ = 0.64 + 0.15),
while in IDH wildtype tumours, it was comparable (T*,¢/T* ¢, = 0.97 + 0.20). The difference in T*2¢/T*5 ¢ between these two groups was found
to be significant (P = .05).
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TABLE 2 Results for 10 tumour patients

No. T3 T*26/ T 2L T2 T*2/T*2sc. /McL X/ %cL Pin/ PincL p1/prcL
Untreated IDH mutated gliomas

1 0.50 +£0.10 047 40.32 +4.81 0.97 0.77 0.42 0.99 1.79
2 1.23+1.27 0.61 44.52 + 9.20 1.30 0.60 0.13 0.52 2.34
3 2.00+4.54* 084 45.12 + 20.62* 1.45 0.64 0.29 1.06 2.28
4 - - - - - - - -
5 243+384* 0.3 36.48 + 16.57* 1.46 0.62 0.19 0.65 2.09
Mean: 1.54 £ 0.85 0.64 +£0.15 41.61+4.03 1.30+0.23 0.66 £ 0.08 0.26 £0.13 0.80 £0.26 212+0.25

Untreated IDH wildtype gliomas

6 240+ 233 0.87 4318 + 3.63 1.67 0.79 0.55 1.10 1.59

7 210+ 1.01 1.07 61.21 + 14.05 1.86 0.80 0.55 1.48 224

8 343+ 1.65% 081 18.61 + 4.03* 1.21 0.89 0.70 1.22 1.52

9 594+951* 128 17.07 £+ 19.54* 112 0.99 0.89 091 1.01

10 400+ 1.64* 084 26.42 + 583" 1.32 1.02 1.26 1.30 1.06
Mean: 3.57 +1.53 097+020 33.30+1873 144+032 090011 079+030 120+021  1.49+0.50
P-Values .06 05 39 72 02 02 .07 07

#T*,¢ values were estimated with the TQ fitting routine. Additional parameters can be found in the supporting information, Tables A11-A13

However, the T*, difference in IDH mutated and IDH wildtype tumours was found to be insignificant compared with healthy CL tissue
(T*26/T*25.cL = 1.30 £ 0.23 and T*2s/T*25 L = 1.44 + 0.32, respectively). Also, the difference between the two groups was found to be insignificant
inT*3 (P=.39) and inT*2s/T* 25 c1 (P =.72).

The large fitting error on the estimated relaxation times in both tumour and normal-appearing white matter (NAWM) originate from high
tumour or tissue heterogeneity and partial volume effects. In the case of very low SNR, T*,s are prone to significant error for the chosen TE
(see case 7). In such a case, it is beneficial to increase the range of acquired TEs (in particular delaying the final TE appropriately) in order to
improve the quality of the relaxometry data. It should be noted that parameter estimation in this study has been based on the assumption that
an appropriate two-compartment model is sufficient to describe the tissue of interest, nevertheless verification of this model has not been

performed.

7.2 | Quantification

The ISVF n, measured in both IDH mutated and IDH wildtype tumours, were lower than in CL tissue nc.. The fraction n/nc_ in the IDH mutated
tumours was significantly reduced compared with IDH wildtype tumours (0.66 + 0.08 vs. 0.90 + 0.11 with P = .02), meaning that the amount of
extracellular sodium increased. This phenomenon could be observed if either the number of cells was reduced in the unit of volume, or if the cell
volume had decreased, or both.

The ISMF y in IDH mutated tumours was significantly lower than in CL tissue and the ratio y/yc. was reduced compared with IDH wildtype
tumours (0.26 £ 0.13 vs. 0.79 + 0.30 with P = .02). The intracellular concentration p;, in IDH mutated tumours was lower than in CL tissue, in con-
trast to an increase in IDH wildtype tumours (0.80 + 0.26 vs. 1.20 + 0.21 with P = .07), yet these changes were statistically insignificant. A reduc-
tion might mean that the function of the sodium-potassium pump in IDH wildtype tumours was disturbed, leading to the increase in the number
of sodium ions in the remaining cells.

The estimated total sodium concentration pr preserved the pattern observed in Shymanskaya et al.2* The fraction pr/prcL in the IDH
mutated tumours group was higher than in IDH wildtype tumours (2.12 + 0.25 vs. 1.49 + 0.50), and in IDH mutated tumours pr was strongly
increased compared with healthy tissue, yet the sample size is too small for it to be statistically significant (with P = .07). The increase in p;, in IDH
wildtype tumours was offset by a slight decrease in intracellular volume leading to a moderate decrease in ISMF. The mechanism behind it might
be cell shrinkage or a reduction of the cell number along with the disruption of the sodium-potassium pump. In IDH mutated tumours, the
increase in the amount of extracellular sodium was more pronounced, however, the function of sodium-potassium pump was not disrupted, which
would be evident due to the absence of an increase in p,.

Therefore, we suggest that sodium imaging allows differentiation between IDH mutated and IDH wildtype tumours based on a possibly
malfunctioning sodium-potassium pump in the latter. ISMF ratio threshold x/yc. = 0.42 represented a sensitive parameter (P = .02), and allowed

definite separation between both tumour types.
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Here it was suggested that sodium plays an important role in tumour metabolism and that the enhanced SISTINA is sufficiently sensitive to
detect these changes. While this hypothesis is supported by the statistically significant results obtained here, allowing differences in sodium
metabolism between IDH mutated and IDH wildtype gliomas to be detected, several limitations of the method should be noted and addressed.
The study is based on a rather small number of subjects, which limits the significance of statistical analysis. Furthermore, the resolution of the
sodium-imaging sequence implemented in this study was low, which might have led to partial volume effects that could have influenced measured
values, particularly when the tumorous tissue is highly heterogeneous or surrounded by edema. This disadvantage can be mitigated to some
extent if ultrahigh field scanners (7, 9.4 T) are used.”?8 CL tissue is assumed to be healthy and unaffected by disease; great care was taken that
this region did not show any visible alterations, neither in FET-PET nor proton MRI, nevertheless there is no means of verification beyond these
modalities within this study.

The use of a two-compartment sodium tissue model represents a further limitation, as there is currently no consensus on sodium relaxation
processes in the community. Nevertheless, the observed differences are significant, and in the scope of the assumed model, they support the the-
ory that sodium metabolism might reflect genetic mutations.

12,44

Several studies on human brain tumours showed that the total sodium content in tissue could provide information on tumour

response to different treatment approaches. A further study using ultrahigh field MRI has demonstrated that the ratio of intra- and extracellu-
lar sodium in cerebral gliomas can predict the IDH mutational status.*®> The findings of the present study therefore support the results
observed in the literature.

8 | CONCLUSIONS

Sodium MRI using the enhanced SISTINA method is a promising tool to gauge and characterise metabolic information in brain tumours. Detailed
sodium relaxometry, quantitative analysis and modelling of intra- and extracellular sodium parameters reveal abnormalities in cerebral gliomas and

relate to the IDH mutational status, potentially complementing invasive biopsy and findings from PET molecular markers.
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